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Abstract

1 Abstract

Technical bronzes tend to form both macrosegregatand microsegregations during
DC-casting due to the particular phase diagranasdn, kinetics of phase transforma-
tion, and changes in the relative velocity betwkguid and solid. As a result a hetero-
geneous cast microstructure forms. This can bereédefter casting even in wrought
alloys with a tin content from 4 to 8 wt.% Sn. Sinthe tin rich phases are brittle at
room temperature as well as at hot working tempeeatworkability deteriorates. The
intensity of macrosegregation in DC-casting careaiVely be influenced by casting
parameters like casting velocity, primary coolingrdet geometry which in fact change
the relative flow between the melt and the fornsigd.

The aim of the presented work was to apply an dyreeveloped solidification model
on continuous casting of technical bronze alloysc&the thermodynamics of Cu-Sn-P
IS necessary as an input for the simulation ofdgaiation, the ternary system has been
studied by computational thermodynamics and expariai work.

For the thermodynamic data input it was necessamatidate already published data.
Therefore, DSC (Differential Scanning Calorimetrig)easurements and diffusion ex-
periments have been performed for the binary, CuaBd Cu-P, and the ternary,
Cu-Sn-P, systems. For the binary systems the peeidrDSC measurements confirm
the already published phase diagrams. In addigi@nformed diffusion experiments
allow an estimation of diffusion coefficients fgpexific conditions. In the ternary sys-
tem it is of special interest to define and confilme ternary eutectic point which is
thought to be responsible for specific rigidity ngas in technical bronze alloys. The
presented experimental work shows generally goodeagent with already published
phase diagrams and published numerical assessroehnt w

In order to understand influence and interactiothefrelated phenomena during solidi-
fication, simulation methods are applied to 2D 8bdgeometries. The first step was to
apply, adapt and further improve an already deedapultiphase solidification model
for continuous casting of bronze. For this the C@dmputational Fluid Dynamic)
software FLUENT was used in combination with UDRUser Defined Functions). The
solidification of the strand as well as the forroatof macrosegregation are simulated
with a two phase volume averaging model. Corresjpgyl the velocity field of the
melt flow is explicitly calculated by solving theomentum conservation equations.
Within the mushy zone the local formation of miegsegation in the presence of feed-
ing and buoyancy flow is estimated. The thermodynarof the Cu-Sn system is ac-
counted for in the binary simulations by lineariaatof the binary phase diagram and in
the ternary calculations thermodynamics of Cu-Ss-icluded by a thermodynamic
model. In both cases, it is distinguished explciietween interface and average con-
centrations.

To investigate the influence of different flow plo@mena (thermo-solutal buoyancy
flow, feeding flow and forced convection) on thenf@tion of macrosegregations, sev-
eral case studies have been performed. Based @xi@Bymmetrical simulations with
the binary alloy CuSn6, the results of several siadies are discussed by separating
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the individual convection mechanisms: (i) considgronly forced confection induced
by injection at the inlet while ignoring feedingoW and thermo-solutal convection;
(i) considering only solutal buoyancy driven flogij) considering only thermal buoy-

ancy driven flow; and (iv) considering only feedifigw. In all 4 cases the same Blake-
Kozeny-type mush permeability model was assumettlllyj the case which combines
forced convection, thermo-solutal buoyancy drivenwection, and feeding flow is dis-
cussed. Additionally, similar cases have been tegeaith a higher Blake-Kozeny-type
mush permeability.

By comparing the above mentioned case studies, demonstrated how the different
flow phenomena contribute to the final macrosegiegalistribution. Besides, a study
on the influence of the casting speed on macrogagos is presented. Since, in case of
low mush permeability, the results show that fegdiow is the most important mecha-
nism for the macrosegregation destribution, a ttadiscussion on the formation of
macrosegregation is performed using this simulatesults. A further step to as cast
rectangular continuous casting is done by perfognsimulations for a 3D geometry in
a laboratory scale and by applying the proposedetnidthe ternary alloy CuSn6P0.5.
This was simulated with the 2D axis symmetric getoyna order to give qualitative
predictions for both, P and Sn macrosegregatiors riound strand. The validation of
the macrosegregation distribution shows good cuialé agreement with experimental
measurements.
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Kurzfassung

Bei der Herstellung von technischer Bronze werdeder Industrie sowohl Mikro- wie
auch Makroseigerungen beobachtet. Ausschlaggebafinl sind das Phasendiagram,
die Kinetik der Phasentransformation und Relatiegesndigkeiten zwischen Schmel-
ze und Festkérper. Resultierend daraus ergibtesish inhomogene Gussmikrostruktur,
die selbst durch Glihen oder Kneten nicht entfaretden kann. Sogar das Absenken
des Zinngehaltes auf 4-8 wt.% kann diese Inhomaé&gem nicht verhindern. Zinnreiche
Phasen sind sowohl bei Raum- wie auch Warmbeargstamperatur spréde und min-
dern daher die Bearbeitbarkeit. Die Auspragung Mekroseigerung im Strangguss
kann nach Beobachtungen in der Praxis durch eiménderungen der Giel3parameter,
wie zum Beispiel Giel3geschwindigkeit, Starke dampren Kihlung wie auch der
Tauchrohrgeometrie beeinflusst werden. Diese Vendamgjen fihren meist zu einer
Anderung in der Relativgeschwindigkeit zwischen8elze und Festkorper und damit
zu Modifiktionen der Erstarrungsbedingungen.

Das Ziel der prasentierten Arbeit war es ein beresirhandenes Erstarrungsmodell auf
den Stranggussprozess von Bronze anzuwenden unghaasen. Nachdem die Ther-

modynamik des terndren Systems Cu-Sn-P notwentignisden Erstarrungsprozess
genau zu beschreiben, wurden parallel zu der Stiookarbeit Experimente durchge-

fuhrt.

Diese sollten in der Literatur vorhandene thermaahyische Beschreibungen evaluieren
und ihre Anwendbarkeit fur die Prozesssimulatiomerpbifen. Deshalb wurden DSC

(Differential Scanning Calorimetrie) Messungen ubdfusionsexperimente fir das

System Cu-Sn, Cu-P und Cu-Sn-P durchgefuhrt. DissElgebnisse bestétigen die
publizierten bindren Phasendiagramme. Aul3erdemewantglich fur die bindren Sys-

teme Diffusionskoeffizienten fir bestimmte Bedingan abzuschatzen. Im ternaren
System ist im Speziellen der ternare eutektisch&kPwon wissenschaftlichem Interes-
se, da durch diese Reaktion auch in industriellezéssen Gy, eine sehr phosphor-

reiche Kupferphase auftreten kann. Diese wiedesimnsehr sprode und wird damit in

gewissem Mal3e fur die Sprodigkeit im erstarrtear®frverantwortlich gemacht. Gene-
rell zeigen die experimentellen Untersuchungen giliereinstimmung mit den verof-

fentlichten und auch numerisch berechneten Phasgnasdihmen.

Um die Interaktion und den Einfluss der untersclicéén mit der Erstarrung im
Strangguss auftretenden Geschwindigkeitsphenomarstudieren wurden numerische
Simulationen fir eine achsensymmetrische 2D Gedenetd eine rechteckige 3D Ge-
ometrie angewandt. Daflr war es vorerst notwendig laereits entwickelte Mehrpha-
senmodell fir die Anwendung an einem Stranggussadifizieren und weiterzuentwi-
ckeln. Dies geschah durch den Einsatz der Fluidabyk Software (CFD) FLUENT
unter Einbeziehung von User Defined Functions (WpHErstarrung wie auch Makro-
seigerungsverteilung werden mit einem Volume AverggVodell berechnet. Dabei
wird das Geschwindigkeitsfeld der Schmelze exptizitch das Lésen der Impulserhal-
tungsgleichung ermittelt. In der Mush (Zweiphasdneg wird Mikroseigerung im Zu-
sammenhang mit Nachspeisungseffekten und thernubagen Konvektion berechnet.
Die Thermodynamik von Cu-Sn wird durch ein line@riges Phasendiagramm bertick-
sichtigt, wahrend fir das terndre System Cu-SmaRtermodynamisches Modell ent-
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wickelt wurde. In beiden Fallen wird explizit zwiggn Oberflachenkonzentration
(Grenzflache zwischen Schmelze und Festkdrper) Dthschnittskonzentration in
der Schmelze unterschieden.

Um den Einfluss der verschiedenen Geschwindigkedspméane (thermo-solutale
Konvektion, Nachspeisung und Giel3geschwindigkédsfeuf die Makroseigerung zu

ermitteln wurden verschiedene Falle studiert. Athaon achsensymmetrischen 2D
Simulationen mit der binaren Legierung CuSn6 wurderschiedene Félle diskutiert,

die die bereits genannten Einwirkungen auf das I&esdigkeitsfeld, und damit auf

die Makroseigerung, bericksichtigen: (i) nur dasdbevindigkeitsfeld verursacht durch
die Geometrie und GielRBbedingungen; (ii) zusatztiaim Einfluss des Inlets (Tauch-
rohr) wird solutale Konvektion bertcksichtigt; Yizusatzlich zum Einfluss des Inlets
wird thermale Konvektion bertcksichtigt; und (iwisétzlich zum Einfluss des Inlets
wird Nachspeisungsinduzierte Konvektion beruckgythtSchliellich wurden auch

noch Berechnungen durchgeftihrt, die alle genarktarvektionsmechanismen mitein-

schlieRen. Dieselben Falle wurden auch fur eineitewdush Permeabilitdt durchge-
fuhrt. Zusatzlich wird der Einfluss weiterer Permdititswerte und der Giel3geschwin-
digkeit auf die Makroseigerungsverteilung disktti&ie 3D Simulationen wurden fir

einen rechteckigen Laborstrangguss durchgefuhrtzengen ahnliches, wenn auch ab-
geschwéachtes Makroseigerungsverhalten wie die ashisenetrischen 2D Simulatio-

nen.

Der Vergleich der erwahnten Berechnungen zeigtdigeverschiedenen Konvektions-
mechnismen auf die Makroseigerung wirken. Es wikidg dass fir die verwendeten
Randbedingungen der Nachspeisungseffekt und délugsndes Inletjets am wichtigs-
ten sind. Hier fiihrt die Nachspeisung zu positi8eigerung an der Strangoberflache
und zu negativer im Zentrum des Stranges. Wahrénatktdr Kontakt der Mush mit
dem Inletjet zu Ausspulung von Sn und damit zu tiega Seigerung an der Strang-
schale fiihrt. Die durchgefuhrten ternaren Berecheonzeigen prinzipiell &hnliches
Verhalten, wobei sowohl fiir P als auch flir Sn Makigerungsverteilungen berechnet
werden konnten.
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2 Introduction

Bronzes and especially Phosphor bronzes are anmengldest engineering materials,
intensively used from thé%o the £ millennium B.C., called “Bronze Age”, for manu-
facturing almost all articles for daily life suchk bBowls, sculptures, jewellery, weapons
etc. in Europe, Asia, and North AfricagBNNER 90]. In America the oldest archaeo-
logical bronze findings were dated back to 600 AlGwadays, Phosphor bronze is still
used for many different applications, such as dtadt connectors, contact springs,
plain bearings, sieve wires, and musical instrusieihe main reasons for the wide-
spread popularity of Phosphor bronzes are theih mgpchanical strength, corrosion
resistance, and good electrical as well as thecoraductivity.

The main alloying elements in Phosphor bronzesTarg§Sn) and Phosphorus (P). Sn
ensures excellent corrosion resistant propertiggevhlowers the viscosity of the melt

and improves the filling capability during castipgocesses. The production of almost
every product of bronze starts with casting. Sitheemost economical way to produce
Phosphor bronze is continuous casting, the inhomemées distribution of the solute

elements (macrosegrations) occurring in the saddistrand is one of the critical prob-

lems in bronze production [J0ASHOV 05].

Melting
Furnace

Holding
Furnace

Pinch Roll
a— Driva

Saw Blade

Flying Saw

Cast Product

Floor Lavel

Figure 2-1: Schematical picture of a vertical contous caster for bronze NEHOR-
BRONZEQ7].
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Figure 2-1shows a schematical sketch of a vertical contisw@sting process. A verti-
cal continuous casting machine consists mainijhefrhold with a tundish or a melting
furnace and the mechanical-hydraulic strand witlvdtanechanism. The melt is kept at
casting temperature in the heated tundish from eviteis flowing into the mold. The
mold itself is holding and in addition extensivaldgoling the melt. This leads to the
formation of a solidified shell at the beginningdaimally to complete solidification of
the strand. Since bronze is a metallic alloy witlsadidification intervall of about
200 °C, dependent on the alloy composition, duragting a region is developing
where both, liquid melt and solidifying dendritere gpresent. This region is called
mushy zone where as the sump contains both, thal ligelt and the solidifying den-
drites. The already solidified metal is then tramspd by the mechanical-hydraulic
withdrawal mechanism to further production. Pronmth segregation takes place in
Phosphor bronzes because of the slow diffusiornoh$he solid and the wide solidifi-
cation intervall [©0K 41,DIES67].

Two types of segregations can be distinguishedheyléngth scale of the solidified
structures, namely microsegregation and macrosatjoeg Microsegregation is occur-
ring at the length scale of dendrite arm-spacingsed by thermodynamics which leads
to a solute rejection at the solid-liquid interfatfehere is a relative motion occurring at
the solid-liquid interface enriched solute can t@sported away into the melt or the
mushy zone. In the used context the term “macregggion” means any deviation in
the local average concentration from the originasting alloy concentration at the
length scale of the castingigure 2-2shows a picture of positive macrosegregations
found at the strand surface caused by exudatioesdl features appear if the strand is
contracting at the beginning of solidification. $hnechanism forces already enriched
melt to move towards the surface, draining throtghalready partly solidified surface
(so called inverse segregation). The presence oficBnphases at the strand surface
leads to deterioration of the product during theher production steps. Therefore parts
of the strand have to be displaced.

Figure 2-2: Exudations lead to the presence of téghregated Sn droplets at the surface of
bronze strands in production of vertical continu@astings [REDLE 06].

In industry both, positive and negative macrosegfiegs are observed in the solidified
continuous casting strand. Since the discusseg alleither a Cu-Sn or a Cu-Sn-P al-
loy, positive macrosegregation occurs in parts wherhigher content of Sn or P in
comparison to the average alloy concentration senked. Therefore negative mac-
rosegregation specifies a locally decreased Sn @ynent in the solid. lifrigure 2-3
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microsegregations are displayed, visible in a ngcaph after metallographic specimen
preparation.

S LV il L el
“r I’ “ "' ',z/,.
f E AP c,p.'{:f, 4
4

g'

Figure 2-3: Etched microstructure of an as-cast 68 &lloy. Microsegregations are occuring
in between the dendritic microstructure as darkaar§GRUBERO7A].
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Figure 2-4: Ultimate tensile strength,Rlepending on the Sn-content of chill castirigse ul-
timate tensile strength,Hs shown as a line [BENSON51] and the squares indicate measured
values for annealed Tin bronzes for varying Sn-eotjHH OFMANNO5].

According to European standards the Sn-contentonze is limited to 9 wt.% Sn in
wrought alloys and to 13 wt.% in cast alloys. Doesegregations in the as-cast state,
the microstructure of the often used bronze CuSntists ofa phase ¢) and the eu-
tectoid ofa phase an@d phase §). & is present as interdendritic precipitate whicldea
to inhomogenities in the solidified material, botrrespondingly, the strength of Cu-Sn
alloys rises with increasing Sn-content. This isveh in Figure 2-4for the as-cast state
[HANSON 51] as well as for strips which were finally heatated. Micro hardness
measurements give 2.5 times higher values for thiecwid than for the Sn poaer
(Figure 2-4) [HOFMANN 05]. Figure 2-5shows macroscopic concentration profiles in
castings of different size, cross section, and ayerconcentrations. The Sn-content
measured by X-ray fluorescence spectroscopy chamgagdistances comparable to the
dimensiond of the casting. Generally, the Sn-content in theepparts of the ingots is
significantly higher than in the center. Howevée o called inverse macrosegregation
at the outer surface layer of the casting rots adoegjualitatively depend on the dimen-
sion of the casting.

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 8
Introduction

In general segregations are inhomogeneous anddeaduniform distributions of me-
chanical properties. Based Bigure 2-4andFigure 2-5 the Sn-content depending de-
viation of the tensile strengfR,, between the surface and the center of the ingobea
estimated with at least 20 MPa. Furthermore, byetimechment of Sn towards the sur-
face, interdendritic precipitation of the tin ridtphase is pronounced. This uneven dis-
tribution of strength, hardness and brittlenesa pifecipitations impedes the subsequent
plastic deformation processes. Hence, undesiradgeegations have to be removed.
One possibility to handle this is to homogenizehleat treatment. But diffusion in the
solid is too slow to remove macrosegregation aedeffore it has to be minimized dur-
ing solidification by choosing appropriate castpagameters.

Numerical calculations provide the possibility teeck the influence of casting parame-
ters on the macrosegregation distribution beforagl@xperimental work. Besides,
simulation offers the possibility to study the piegsbehind a process especially in im-
portant regions like the mushy zone, where measemenasults are very difficult or not
to obtain. In this respect, the experiments arel iseevaluate the accuracy of the nu-
merical model.

1.1
5
&
7
U; -
2 10-
@®© |
x
[
.8
e
=
()
O
[
@]
O
0.9

0O 01 02 03 04
Normalized dstance from the surfax/d
Figure 2-5: Segregation along crosssections in masi bronze ingots of cylindrical and rectan-
gular shape. The profiles show high concentratianshe wall and low concentrations in the
center of the castings. d [mm]= dimension of thsticay; x = position of chemical analysis

measured from the surface; g = average Sn-content of the ingot;,Sn actual Sn-content
at position x [modified after RUBERO7A].

During the last decades much work has been pertbtmenderstand the formation of
macrosegregation during solidification. Based terditure a general conclusion can be
drawn [AMBERG 05, BECKERMANN 02, FLEMINGS 00, LAN 05, LubwIG 05]: Macrosegre-
gations are originated from mushy zone procesdesy @re caused by the relative mo-
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tion between different phases with the mechaniaimb ss thermal-solutal convection,
forced convection (inlet flow), feeding flow due swlidification (shrinkage), grain
sedimentation, and exudation. There has been sadelimg work carried out in order
to visualize the main phenomena present in contiaor direct chill) castings. Most of
them are for Aluminum alloys EkIN 07, REDDY 97, ROUSSET 95, VREEMAN 00,
VREEMAN 008] where Copper is often used as an alloying elemdotreover, due to
the nature of the complexity of the multiphase mmeena involved, only partial success
was achieved in the beginnings. The idea to tteatmiushy zone as separated phases,
l.e. the solidified dendrite and the interdendritielt, started in later 1980’s EBKER-
MANN 93, RAPPAZ 87A, RAPPAZ 878, RAPPAZ 90, VOLLER 89]. It is generally assumed
that ideal diffusion occurs in the interdendritielip and the volume averaged concen-
tration of the interdendritic meltc() at the phase interface is equal to the equilibrium
concentration § ). This approach was later extended=¢RERMANN 93] to consider
more general non-equilibrium situation (for exampie ¢, ). A 3-phase model for
mixed columnar-equiaxed solidification was develbpased on the previous globular-
equiaxed solidification approachybwic 02,LubwiG 05, Wu 03a, Wu 038, Wu 06]. In
this solidification model the morphologies of coluan and equiaxed phases are simpli-
fied as cylinders and spheres correspondingly,tieitcompetitive growth of both co-
lumnar and equiaxed phases, melt convection, eqgdigxain sedimentation, and their
influence on the species transport and macrosegpagare taken into account. This
three phase model was applied for shape casting.

In the presented study, the model odflwiG 02,LubwiG 05,Wu 03A, Wu 03, WU 06]

is applied for two phase simulations that includdumnar and liquid phase whereas
nucleation and growth of the equiaxed phase areregh In this two-phase columnar
solidification, the permeable mushy zone is assumeetie composed of cylindrical
“dendrites” with a given primary dendrite arm spaci;. The influence of feeding
flow, as well as thermal and solutal buoyancy drilew on the solute distribution es-
pecially throughout the mushy zone are studied.tRemumerical solution the compu-
tational fluid dynamic software FLUENT (Fluent IndSA) is used in combination
with user defined functions (UDF’s).

Publications during the last three years discussfohmation of macrosegregations in
continuous casting of bronze in detail JBER 05, (RUBER 07A, LUDWIG 06A,
LubwiG 07]. By studying the influence of the differendvii phenomena (feeding flow,
thermo-solutal convection and forced convectiodeaper understanding of the forma-
tion of macrosegregations in the Sn bronze contiswasting was achieved.

For further development of the continuous castirgcess of bronze the following strat-
egy is necessary. First of all, it is importanirtgrove the knowledge about the proper-
ties and workability of the alloy. Secondly, sintida and modeling work has to be
used to improve the understanding of the invisgilgsical processes taking place dur-
ing solidification. The connection between these strategies is kept by the compari-
son of experimental and simulation results. Mosthef fundamental research related to
bronze has been performed many years agEs[B7, HANSON 51, HANSON 58,

RAYNOR 49, SCHUMANN 90, STEUDEL 60, VERO 53, VILLARS 97, WATSON 03]. During

the last decades the improvement of experimentéhans, and with that measurement
accuracy, was remarkable. However, only little ekpental work has been performed
on thermodynamics of the system Cu-Sn-P, whiclsssimed to represent the thermo-
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dynamic behaviour of common technical bronze alloMseady published phase dia-
grams and assessment work for the binary systemSrnCand Cu-P [EFENBERGO7,
MASSALSKY 86, MASSALSKY 90, MIETTINEN 01, SHIM 96,VILLARS 97,ZHANPENG87] is
based on experimental observations of the 1930'th¢01980’s. Therefore it makes
sense to validate those results with present measmt methods. The ternary system
itself was assessed by [MTINEN 01] based on major publications on the binary and
one experimental study on the ternary systemkgEMoTo 87]. Mainly based on this
publication, a database was implemented for th&S@GUR system in the Cu rich corner
by Thermo-Calc [RERMOCALC 03, THERMOCALC 05] for the presented computational
thermodynamic description of the system. The nucaéthermodynamic simulation of
the software Thermo-Calc is based on the CALPHABI¢Gation of Phase Diagrams)
approach [HLLERT 01, SAUNDERS 98, SUNDMAN 85, THERMOCALC 06]. The output of
these calculations is used as thermodynamic imputhe solidification simulation. Al-
though direct coupling methods between a thermomhmasoftware (for example
Thermo-Calc) and a fluid dynamic software (for exdenFLUENT) is still very time
consuming, a model for ternary and higher ordertesys has been developed
[LubwiG 068, LubwiG 07].

The following studies were performed to gain infatimn about the physical phenom-
ena causing macrosegregations in continuous castibgonze as a pre-step for studies
on casting parameters like casting speed, casgtimgérature, cooling conditions and so
on. In addition, information about almost unknowargmeters like mush permeability
and the flow field appearing during casting anddsfitation is gained from simulation
work. As studied in this work, permeability is oakthe most important parameter in-
fluencing the macrosegregation in continuous cgsfiine presented experimental work
Is used to verify the input for the thermodynamatadnecessary for solidification simu-
lation. And at the end verification of the simutatiresults is done by comparison with
experimental measurements.
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3  Thermodynamics in CuSnP Bronzes

In the following chapter basics of thermodynamiosl applied experimental methods
are given. This is followed by the performed thedyrwamic description of the ternary
Cu-Sn-P system, the performed experimental worll, the information gained by the
presented investigation.

3.1 Basics and State of the Art

3.1.1 Thermodynamic Description of Phase Diagrams

Basics

Thermodynamic systems are defined as material tbfeat enable the observation of
thermodynamic properties. These systems can bedlogpen, or enclosed for ex-
change of matter, heat, and work with its surrongsgi A thermodynamic system is
composed of components and phases. Systems thafustvone phase are homogene-
ous systems, whereas, systems with several phasesheterogeneous systems
[THERMOCALC 06]. In metallurgy both kinds of systems are obsdrv

Thermodynamics deals with systems that are in bguim. This means that a system
has reached a stable state against internal flictisain a number of variables, such as
composition. The variables that show defined valoegroperties at the equilibrium
state are called state variables. These are fangbkapressureR), the chemical poten-
tial (u), or temperatureT). A number of relations between these state veesahre
given by thermodynamics that enables the calculatioother variables of the system.
The state variable can be either extensive or gnen The value of an extensive vari-
able depends on the size of the system, for exaitgol®lume, whereas the value of an
intensive variable does not depend on the sizesyksteem, as for example temperature
(T) [THERMOCALC 06].

The chemical thermodynamics helps to define pha&ggaims based on thermodynamic
data. The “Gibbs Phase Rule” defines the numbgrhakes in the different phase re-
gions occuring in a system in equilibriumRGHBERG81, HILLERT 98, PREDEL 82]. The
phase regions of a system itself are seperatechgepboundaries. The “Gibbs phase
rule” correlates
* the number of independent chemical constituethtat are necessary to define
the equilibrium system as componer@s, (
* the number of the present phas@s (
* the number of the state variables that can be dvanéependent of each other
without disappearing of one of the phases as degrefeeedomit),
* the number of linear independent reactions betwkercomponents of the sys-
tem R), and
* the number of additional conditionB)(

The "Gibbs’s phase rule” is therefore defined as

F = (C-R-B)-P,+2. 8-1)
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In metallic alloys,R andB are usually assumed to be zero and thereforedbatien
turns to

F =C-P,+2. (3-2)

According to the first and second law of thermodyies, the change of the internal
energy U) of a system and with that the fundamental equdtothermodynamics, the
Gibbs equation is defined [HLERT 98]:

dU =TdS-PadV+2 pdn, (3-3)

whereT is the temperatures the entropy,V the volumeu; the chemical potential of
phasea, P the pressure, and the number of particles of phaise

For the definition of the thermodynamic equilibridhe chemical potentigi; of phase
Is used. It is defined as [HEERT 98]

on,

Hi = (O_Uj ,with j #1, (3-4)
S,V,nj

wheredU is the change in internal energdp. is the change in particle number of phase
I at fixed entropy$), fixed volume V), and fixed number of other particles;( of
phasg. In thermodynamics two different phases that arequilibrium at certain condi-
tions have to have the same chemical potentjal sually, phase diagrams are used to
describe the phase distribution in thermodynamigilégium, therefore the chemical
potential (1) of the phases are connected by tie-lines. Inrisgstems tie-lines are
parallel to the concentration axes. Phase bourslageveen two phase regions are de-
fined by Gibbs energy curves. The Gibbs enefgy ¢f phasa is related tqu; by

Gi = 2 Xil, (3-5)

whereG; is the Gibbs energy of phasandx; is the mole fraction. The change of the
Gibbs energy of a system is defined by

dG=-SdT-VdP + iZuidni. (3-6)

For binary systems Gibbs energy curves are geggrlitted versus weight fraction or
atomic fraction of one of the elements. That metluas in a heterogeneous system a
phase is only stable if its Gibbs energy is lowsrt the Gibbs energy of the additional
phases of the system (segure 3-1). Figure 3-1shows the correlation between the
phase diagram and the Gibbs energy curves fordiffi@rent temperatures for a eutectic
binary phase diagram with marginal solubility. Bsing the common tangential method
the phase regions for various temperatures araeatefi
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Figure 3-1: Molar Gibbs energy for a eutectic biggohase diagram with certain solubility.
The common tangential method is applied for théniiein of the phase regions for various
temperaturesa, S, and L are appearing phases; B@dicates the differential Gibbs energy val-
ues, I, II, Il show the differential Gibbs energyurves for the phases, £ and L
[FROHBERGS1].

The phase diagram for ternary systems is a 3D nast&in with a triangle at the bottom
showing the phase distribution at room temperatline. concentration of the three ele-
ments is plotted on the three sides of a trianglenale or weight fraction and the tem-
perature on alaxes perpendicular to the base aFegure 3-11(see page 30) displays
as an example the 3D ternary phase diagram of thec@ corner of the Cu-Sn-P sys-
tem.

For ternary systems the tie-lines are in the plahan isothermal section at a certain
temperature. Therefore one chages from 2D to 3Qrdms, where there is one more
degree of freedom. That is the reason that the ¢esyre, in binary systems presented
by a line, is extended to a planar projection. €f@e the isothermal section itself is
located in a plane perpendicular to the concentngtlane of a ternary phase diagram
and is displaying the phase distribution occurah@ne specific temperature in thermo-
dynamic equilibrium. Again, phase boundaries betwe phase regions are defined
by Gibbs energy curves.

A ternary molar Gibbs energyG() diagram is shown in three-dimensional diagrams
(Figure 3-2 with a surface like a canopy at constant tempeeafl) and constant pres-
sure P), plotted as function of mole fraction. For a $¢gbhase it is convex everywhere
downwards, as displayed figure 3-2 The tangential plane on the two plotted surfaces
Is also visible inFigure 3-2 The intersections of the tangential plane with éixes of
the ternary system assign the chemical potentidlen the two Gibbs energy surfaces
are displayed, this tangent plane is rolled undbemt and thus describes the different
equilibrium situations each represented by ondirige-between two tangent points in
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the plane [HLLERT 98]. In equilibrium the two stable phases reachdame value for
the chemical potential of each compongny, (Us, [ic). The general equilibrium condi-
tion in a ternary system B,% = pa = Ga®, Gg® = g = Gg®, Gc® = pe = G, whereG?

are the Gibbs energy values for elemeand phasé. These three equations leave one
degree of freedom for the two-phase equilibriuntcsiaach phase can vary its composi-
tion by two degrees of freedomIfHERT 98]. The contact points of the tangential plane
with the Gibbs energy curves give then the conegiotrs at the phase boundaries in the
alloy. For further details the reader is referrediterature [A'KINS 82, FROHBERGS81,
HILLERT 98, MORAN 98, RREDEL 82, THERMOCALC 06].

Gi T %,
Gg®
GA®
p Gc"
Ga” f
¥ GCB
HA
LN
= Hc

Figure 3-2: Molar Gibbs energy diagram for a twogse equilibriuma and S in a ternary
system. The phase regions are defined by the conangential plane rolled under the two
surfaces. W, Ps, Mc: chemical potential of the phases? Gibbs energy values for element i and
phaseg [HILLERT98].
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State of the Art

The two binary systems of Cu-Sn and Cu-P are de=drin literature [FANSON 58,
MASSALSKY 86, RAYNOR 49, SCHUMANN 90, STEUDEL 60]. Figure 3-3aandFigure 3-3b
show the phase diagram of Cu-Sn and Cu-P as promsgVIASSALSKY 86]. The nu-
merical assessment of the binaries have been pstbby Shim et al. [8m 96] and by
Mey and Spencer [El 90] respectively.
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Figure 3-3: (a) Phase diagram of the system CusBodffied after [MASSALSKB6]). (b)Phase
diagram of the system Cu-P (modified aftein®8ALSKB6]). Appearing phasesr = Cu (max.
Sn 15.8 wt.%) 8 ~ Cu;Sng; y~ y(CwSn_DO03);0~ CuiSny; € ~ CuSn; &~ CueSns (Nomen-
clation taken from [EFENBERGO7]).

After [SCHUMANN 90] Cu and Sn build substitutional crystalls. Apptytechnical heat
treatment, the equilibrium phase distribution adaag to the phase diagram is not or
just partly observed. Thex phase (face cubic centered (fcc)) contains up to
15.8 wt.% Sn. At lower temperatures, the solubitifySn is reduced and is expected to
reach almost zero at room temperature. The larlgifsmation interval (for example an
alloy with 10 wt.% Sn solidifies from 1000 °C to B3C) is one of the reasons for
strong macrosegregations often observed in broazengs. In addition, diffusion of Sn
in the solid is rather small, and therefore alrefatyned segregations do not disappear
naturely. Here Sn-poor, and therefore weaker deegjrare imbedded in a Sn-rich, hard
matrix. Thef3 phase (CwSns, body cubic centered (bcc)), occuring above 588a€ a
body cubic centered structure and changes witthéartooling to they phase [EFFEN-
BERGO7]. Quenched/ (CusSn)is found as/' (Cw;Snp) as a metastable phase which has a
martensitic form EFFENBERGO7]. It is expected that the phase and thB phase have
almost the same microstructurecfJMANN 90]. After [STEUDEL 60] the phase regions
of these two phases are not well defined becaugeeofact that both phases tend to
disolve after quenching. This leads to metastabtephologies that have a kind of
martensitic structure [SHUMANN 90]. y reacts at 520 °C by a eutectoid reactioruto
andod phase (CuSnyi, which itself is a prototype). This tin rich phaeereases the brit-
tleness of the alloy. The formation of thghase below ~350 °C is not observed even
with low cooling rates. [8EUDEL 60] proposes different phase diagrams depending on
the kind of the casting in technical applications.

Since technical bronze alloys have a Sn-conterto U8 wt.% Sn and a P-content up to
1 wt.% P, the Cu rich corner of the ternary SystemSn-P is of special interest for
experimental studies. Steudel published conceatragections of the ternary system
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after [STEUDEL 60, VERO53]. In addtion parts of the ternary phase diagram Cdr e
described in [BUER 30, CHADWICK 39,DIES 67, EFFENBERGO7, SHOWELL 51].

The strong advance in computer technology durimgldkt few years enabled the con-
nection of material science and thermodynamics watmputer calculations and simula-
tions. Over the same periode the CALPHAD approachaf comprehensive combina-
tion of thermodynamic and kinetic models was depetb This approach evolved from
just performing complex equlibrium calulations redat to materials science to simulat-
ing phase transformations involving diffusion. Thisables to predict material composi-
tion, structures and properties resulting from @asi material processing. Since 1997,
the Ringberg Workshops on Computational Thermodyeosirhave produced two re-
ports on the status and evolution of “ApplicaticfsComputional Thermodynamics”
[AGREN 02a, KATTNER 00]. Various publications on applications of congiignal
thermodynamics are given in literaturedReN 028, COSTA ESILVA 06, HALLSTEDT 07,
HILLERT 97, HILLERT 04, LARSSON 06]. Although the simulation of thermodynamic
properties is based on experimental observatitvescomputational power helps to de-
cide where particular experiments have to be pewar in order to validate and im-
prove already established thermodynamic information

The assessment of the ternary system Cu-Sn-P faputional thermodynamics has
been performed 2001 by [ErrTINEN O1] for the Cu rich corner up to 15 wt. % P and
40 wt. % Sn. The numerical thermodynamic descniptabthe Cu-Sn-P system is based
on one series of measurements in the ternary systaioh itself is based on DTA (dif-
ferential thermal analysis) measurements and SBEMstigations, and literature for the
binary systems [METTINEN 01, TAKEMOTO 87]. Figure 3-4shows two vertical sections
(isopleth) at 5 wt.% P of the ternary phase diagreigure 3-4ashows the section
based on experimental investigation where the posttow DTA measurements
((Cu) =0a) interpolated by lines [AkemoTO 87], andFigure 3-4bshows the calculated
isopleths published by Miettinen (Fos P = CuP, B =3) [MIETTINEN 01]. The main
difference between these two phase diagrams isytaatl with that the three phase re-
gions containingy have not been obtained by the experimental inyasbins
[TAKEMOTO 87]. In this case the region @fextends further to both, lower Sn content
and lower temperatures [ErTINEN 01]. The red circles show that different phase dis-
tributions are given in the two phase diagrams.
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Figure 3-4: (a) Vertical section (isopleths) of tte¥nary phase diagram Cu-Sn-P at 5 wt.% P
based on the experimental investigation oRHEMOTO87]. Displayed points show DTA
measurements ((Cu) =), and the lines show the interpolated expecteds@heegions
[TAKEMOTO87]. (b) Vertical section of the ternary phasegti@m Cu-Sn-P at 5 wt.% P (iso-
pleth) based on the numerical assessment work npeefb by [METTINEN O1]. The displayed
dark small squares show DTA measurement&EMoOTO87] and the lines show the calculated
phase diagram (F =r, P = CwP, B =) [MIETTINENO1]. The two phase regions LB and LFB
in (b) have to be changed to LFB for LB and LBLfBB. Based on the binary phase diagrams
is included in the numerical assessment althoug¥ai not observed in the experimental study
of Takemoto [AKEMOTO87]. Red circles indicate the position around temary eutectic point
of the system.
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3.1.2 Diffusion in Bronze

Basics

The following chapter is mainly based onL[G&SMAN 00]. In general, diffusion is a
Kinetic process that leads to homogenisation cfoumi mixing of the chemical compo-
nents in a system or phase. Although mixing ofuadfcould occur in different length
scales, diffusive mixing only occurs at microscop&ales by the motion of discrete
entities (atoms, molecules, clusters, lattice vaeg). Such motions are caused by the
fact that the system tries to reach the equilibrstatistical distribution of kinetic and
potential energy among the atoms. The extent ofdg@misation by diffusion increases
with time and with that the level of mixing extendsmacroscopic distances. Since dif-
fusion results in a net transport of matter overhsmnacroscopic distances, it is consid-
ered to be non equilibrium although thermodynangjailérium is achieved when the
process is completed. For solid matter, diffusi@m be described as a mass transfer
over distances, which is bigger than lattice spacifhe single atoms move in a static
translation. An atomic interpenetration is only gibte, if the components are dissolv-
able into each other (mixed crystal system).

Diffusion is based on the chemical potential and [grocess that starts optional and is
not reversible. Because of the fact, that the cbehpotential of a homogeneous phase
depends on the concentration, a phase with a ctratien gradient can not be in ther-
modynamic equilibrium - the atoms start to travebithe direction of the highest con-
centration gradient. In case of one dimensiondusiibn, taking place for example in a
stick, this leads to continuous diffusion of a qutgnof the dissolved matter at an
imaginary cross-section, which is proportional tee tconcentration gradient at this
cross-section [GCKSMAN 00].

The main diffusion mechanisms are interstitial usfbn, and substitutional diffusion,
such as ring diffusion, and vacancy-assisted ddfusnterstitial diffusion occurs if the
diffuser atom is sufficiently small relative to tiadom of the host lattice. At this point
jumps can occur from one interstitial size to arotithere the interstitial sites are given
by the host lattice. Even if the diffusion atons fivithin the interstial site, it gets local
repulsions from the nearby lattice atoms. Theseef®iare getting stronger with increas-
ing atomic displacement from the equilibrium inteéed position. If the activation force
is applied by the surrounding lattice to a diffysemwill move from its mean equilib-
rium site to an adjacent interstitial siteLf&KsMAN 00].

If the size of the diffuser atom in respect to host lattice increases and approaches or
exceeds the size of the host lattice atoms, intifstnotion deminishes. In this case a
different mechanism is necessary to move the atdimesying diffusion. This mecha-
nism can lead to an exchange of atoms in a ring the neighbor atoms. The ring or
cyclic exchange diffusion mechanism proposes aangement for the diffuser which
decreases the local lattice distortions but in@sabe amount of cooperative motion.
Ring exchange occures rarely in crystalline stiegibecause the energetics of cycle
exchange are not favorableiGksMAN 00]. Diffusion can also take place due to van-
cancy-assisted diffusion. Nowadays this mechanisnthought to be the dominan
mechanism for mixing of substitutional atoms inselepacked metals at elevated tem-
peratures. The origin of lattice vacancies canhHamal or stoichiometric. The Inter-
change of a vacancy with one of the neighbor atisnimsed on local distortion of the
lattice.
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Since Sn and Cu are both metals with an atomiaisagitio of Cu:Sn = 0.8 HFRIODEN-
SYSTEM 07, FILNACHT 07, UNITERRA 07, WIKIPEDIA 07] it is thought that diffusion
within these two metals takes place either by diffusion by vacancy-assisted diffu-
sion. The ratio of the atomic radius of Cu to hishe order of Cu:P = 1.1-1.3 and with
that a little bit greater than (bere different values are publishedRRODENSYSTEMO7,
SEILNACHT 07, UNITERRA 07, WIKIPEDIA 07]). In this case, diffusion of a non metallic
element is taking place in a metallic matrix. Basedthe fact that P has almost the
same atomic size as Cu it is thought to diffus¢éhieysame mechanism as Sn does.

Those mechanisms taking place in the atomic scae o be described analytically.
The laws of diffusion are mathematical relationshipat associate the rate of diffusion
with the concentration gradients occurring in thatter and therefore leading to net
mass transfer. Such laws are considered to be piemwogical and are used to de-
scribe physical effects. The scientist Adolf Ficksmhe first one who reported the be-
haviour of a salt-water system undergoing diffusibar his description the diffusion
coefficient O [m*s?]) as used in equation 3-7, is defined as matepi@perty
[Fick 55A, Hck 558]. The linear response between the applied conagortr gradient
and the diffusive mixing salt and water establisl@dempirical fact. These observa-
tions help to predict the quantitative responsea afystem to an undergoing diffusion
[GLICKSMAN 00].

Estimation of diffusion in binary systems can bae oy using first Fick’s law for one-
dimensional diffusion shown in the vector form guation 3-7.

J =-DUc, (3-7)

where J [molm?s?] represents the flux vector, a physical quant®yjm?®s?] is the
diffusion coefficient, andc (for 1 dimensional diffusio@c/ox [mol-m™]) the concen-
tration gradient. The flux vector is parallel teethoncentration gradient but opposite
directed. Its magnitude is proportionallfic according to equation 3-7. The first Fick’s
law gives a quantitative expression for the statidtrection of the movement of the
atoms and describes how many atoms of an elememhaving through a part of a sur-
face that is perpendicular to the diffusion direntin a specified time slot. The second
Fick’s law is the diffusion equation based on thatauity equation for flux:

—=-07J, (3-8)

wheredc/ct is the time derivative of the concentration. Imthg equation 3-7 the for-
mulation can be rewritten as

@= DAc, orfor 1 dimensionﬁzi(D@) (3-9)
ot ot ox\ o0x

The second Fick’s law shows the connection betwleertemporal and local concentra-
tion gradient. Equation 3-9 is used for the desinp of time dependent diffusion

whereas the first Fick’s law describes the diffesiux constant with time. For the
equation analytical as well as numerical solutioase applied in literature

[CARSLAW 59, BENSTEIN 05, HCK 55a, FICK 558, GLICKSMAN 00, GRAHAM 29, (RA-
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HAM 33,GRAHAM 50]. In case of one dimensional diffusion, the kanof diffusionx for
an alloying element in a matrix after a definedainand at a certain temperature can be
described by [GCKSMAN 00]

x =+/2Dt . (3-10)

Based on an average value of the diffusion coefficD = 10™2 [m?*s?] for CuSn20 at
648 °C, the path of diffusion of Sn in Cu can b@ragimated byx = 2.98:1¢ m per
hour (equation 3-10). The interdiffusion of spediesnulticomponent alloys is a sub-
ject of considerable complexity, but very importantmaterial science. The basic lows
of multicomponent diffusion are not fundamentallffetent from those of binary diffu-
sion. Although Fick’s laws still apply, they hawe lbe extended, as unusuall behaviors
arise because each component flux, in general,ndispen the gradient of every com-
ponent. Therefore the extension of Fick’'s laws isppsed by literature [BCKS-
MAN 00, MADELUNG 90, ONSAGER 31, ONSAGER45] for unidirectional diffusion in ter-
nary systems. According to [€ksMAN 00] Fick’s first law in one spacial dimension
can be rewritten by the interdiffusion flux of component expressed as a linear func-
tion of two independent concentration gradientse €kpandet version for diffusion of
Sn and P in Cu can be written for 1 dimensinalugifin as

= ac ac
J. =-D ~—Sn_p. —P ,
Sn SnSn ax SnP ax
= oc,, ac
Jp = _DPSna_)j - DPPa_XP' (3-11)

In this case a matrix of 4 different diffusion cheénts is needed to describe the diffu-
sion in the ternary system Cu-Sn-P mathematicafigesthe interaction of the two al-

loying elements has to be taken into account. Ténvaktive of Fick’s second law is

given by

% = —%, withi = Sn, P. (3-12)
ot oX

Fick’s first law for a ternary alloy Cu-Sn-P in ospatial dimension may be substituted
into equation 3-12 and with that the time depend@&ndcan be defined by

95 _ 0( D aL_DaL)

ot oaxl " ax ox

ac, 0 ac ac

P = | Dy - D, —2 | 3)13
ot ax( Phax axj 3
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State of the Art

Diffusion experiments in metallurgy are described literature [B.UMENAUER 94,
CIA-AN 87, KAWANAMI 97, MADELUNG 90, MULLER 97, Roux 84, ZHANPENG 87]. In-
formation gained from diffusion experiments is usedneasure diffusion coefficients
for different temperatures and concentrations. dditgoon, thermodynamic phase dia-
gram information is obtained. However, the methpgdliad for diffusion experiments
depends especially on the used material.

[MULLER 97] describes the preparation of the samples as welieagxperimental per-
formance of diffusion experiemtents for the Ag-Arstem. In this case pure Ag and
pure Zn were taken as diffusion partners. The sasgbelf had a cylindrical form
where the Ag cylinder was put into the Zn tube aftdrwards it was annealed.H&N-
PENG87] used a cylindrical geometry, too. But in thése a ternary sysem was studied.
The cylindrical samples, touching each other at orwsssection, were prepared by
spotwelding for diffusion experiments of Ni-Co-Q€IA-AN 87] proposes rectangular
geometries for ternary diffusion experiments. lis tase the diffusion couple specisms
were prepared from a tungsten bar W for diffusi@pegiments with Cu and Ni. A rec-
tangle hole was worked into a nickel board by lm#ting. The blocks of W and Cu
were grinded to suite the hole and pressed intsatthat all metals were touched
closely.

It is still a big issue to prepare diffusion couple a proper homogeneous way for Cu-
Sn-P [RANzL 08]. Casting and homogenisation of binary Cu-Sngas are well known
up to a Sn content of about 20 - 25 wt.%, althotlgh daily used materials contain
mostly just up to 13 wt.% Sn. The task gets moficdit for the preparation of binary
Cu-P samples and ternary samples. The P contaetcimical bronze alloys lies in a
range of about 0.025 to 0.25 wt.% P. This is thenmeaason why there are no tech-
niques available for casting and homogenisatioallofys with high P contents. This is
still a challenge because P reduces the ductifith® alloy and makes it very porous.
Therefore it was not possible up to now to achievisme homogeneous microstructure
in ternary samples with higher P content. In additit has to be mentioned that P starts
to evaporate at higher temperatures. The highitygwf the ternary alloy CuSn20P6
leads to a porous surface and with that the ddfusnterface between the diffusion
partners is rather rough.

According to literature, diffusion coefficient® (m*s?]) for Cu-Sn are in a range of
D = 10™to 10" [m*s’] depending on temperature, concentration and phase
[COoGAN 84, EBERLING 68, ADOS 70, HSHINO 80, HSHINO 82, LuBYOVA 75, MADE-
LUNG 90, QKAWA 75, ONISHI 75, RRINZ 80, SPINDLER 76, SARKE 64, YOKOTA 80]. In
the binary system Cu-P, for P a impurity diffuswoefficient was measured in Cu with
D = 1.510™ [m?s?] [MADELUNG 90]. Since the P is usually rather low in technical
bronze alloys, the diffusion coefficient for impties can be applied as first estimation
for the diffusion time. The leakage of informatiahthis point shows the importance of
fundamental research in this area. For the tersgstem Cu-Sn-P, diffusion gets more
complicated because Fick’s law has to be extendegyroposed by literature [GKs-
MAN 00, MADELUNG 90, ONSAGER31, ONSAGER45]. The diffusion coefficients of Sn in
Cu and P in Cu are changing to a matrix of diffastmefficients where the interaction
of the different elements is taken into account.tdéd moment there are no diffusion
coefficients available for the ternary system iarkture.
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Nowadays many people are working on proper moaetiescribe diffusion by simula-
tion work [AGREN 07, ANDERSSSON 92, DAYANANDA 89, DAYANANDA 96A,
DAYANANDA 968, DICTRA 05, QICKSMAN 00, HELANDER 99, HILLERT 05, KuL-
KARNI 05, LARSSONO6, THOMPSONS86]. Since there is no literature available forfidif
sions coefficients of the ternary Cu-Sn-P systentoupow, it is not possible to use nu-
merical techniques for the estimation of diffusofiles.
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3.1.3 Measurement Methodes for Phase Detection

Basics in DSC Measurments

DSC is a thermo-analytical technique for the devecdf phase transformationghere
are two types of DSC systems in common use, nathel\Power-Compensation DSC
and the Heat Flux DSOF(gure 3-5. For the Power Compensated D3&g(re 3-53
the temperatures of the sample and reference saan@leontrolled independently by
using separate, identical furnaces. Since the teatyres of the sample and reference
sample are kept identical by varying the power infputhe two furnaces, the energy
required to do this can be used to define the gmthar heat capacity changes in the
sample relative to the reference.

In Heat Flux DSC Figure 3-5), the sample and reference are connected by a low-
resistance heat flow path which can be, for exajgleetal disc. The assembly is en-
closed in a single furnace. The detected enthaidyeat capacity change in the sample
causes a difference in the temperature of the sanghtive to the reference sample.
The temperature difference is recorded and reladeehthalpy changes in the sample
using calibration experiments H8DESHIA 02].

reference pan sample pan reference pan sample pan

Crucibles sample

pans - sample

- = ffflyx plate

Pt resistance
- thermometer thermocouples

Power Compensated Heat Flux Plate

Figure 3-5: (a) Power Compensated DSC; (b) HeakFM$C [3MUEL07].

The direction of the heat flow depends on whethergrocess is exothermic or endo-
thermic. For example, as a solid sample transithediquid stage it will require latent
heat to melt. This endothermic process leads tertaia heat flux. In the opposite, exo-
thermic processes (such as crystallization) wibatause a heat flux but in the other
direction. To quantitatively evaluate a DSC measwnet, such as shown kigure 3-6,
the enthalpy of transition can be expressed by

AH = KA (3-14)

whereAH is the enthalpy of transitioi. is the calorimetric constant, aAdis the inte-
greated area of the measuring curve as shovguare 3-6 The calorimetric constant
can vary from instrument to instrument, and thaethe DSC measuring device has to
be calibrated by analyzing a well-characterizedamwith known enthalpies of transi-
tion [PUNGOR 95]. In addition, the reference sample has to have &dedhed heat
capacity in the interesting temperature range.
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Figure 3-6: Analysis of a DSC peak when Q [mWhis heat flux, and T [°C] the temperature
[HOHNE96].

The output of a DSC measurement is a heatingoamdoling curve that gives informa-
tion about the enthalpies of transitions. Usuathg accuracy of the determined tem-
peratures increases with lower cooling rate. Tackhais influence the measurements
can be done with varying cooling rate and samge. $h addition the measurement can
be influenced by the thermal conductivity of thengde, the mass and heat capacity of
the sample, the structure of the sample (powdamdates, foil,..), the microstructure
(for example grain sizeand the location of the sample in the cruciblehef measure-
ment system. Besides also the kind of gas in thé@ycaf the measuring system could
influence the separation of closely adjacent peaid therefore the resolution and the
calibration [HOHNE 96].

The analysis of the measurements is showigure 3-6[HOHNE 96]. The zero line is
the curve measured either with the empty instrumehich means without samples and
without sample containers, or with sample containeut still without samples. This
curve shows the thermal behaviour of the measwsysgem itself. The repeatability of
the measurement is direct proportional to the Btaluf this curve. The baseline is the
line that connects the measured curve before aed the peak as if there would be no
heat exchange. A peak in the measured curve appéeays when a thermally acti-
vated heat production or consumption in the sarnygites place. A peak begins Bt
which is the point of the first deviation from tibaseline.T, indicates the maximum
temperature and correlates with the highest pditite@peak. After this the peak merges
into the baseline again ifx. Te shows the extrapolated peak onset temperatureewher
the auxiliary line through the ascending peak slopersects the baselin&e shows the
extrapolated peak completion temperature (sameagodation like forTe). Here the
peak is completed [BHNE96]. Since further detailed description of DSC meaments

is out of the scope of this work, the reader iemefd to literature [BADESHIA 02,
DEAN 95,HOHNE 96, MASBERG 99, PUNGOR 95, SKOOG 98].

Dissertation DI Monika Grer-Pretzler



A Study on Macrosegregation in Continuous CastinBronze 25
Thermodynamics in CuSnP Bronzes

Basics in SEM Measurements

For the detection of phase and concentration digians, diffusion and DSC measure-
ments have to be combined with microscopy and S&&&iining Electron Microscope)
measurements. Optical microscopy can be used tuifgehe phase distribution to a
maximum resolution of approximately 500 nm, depegdon the wave length of the
used (visible) light. The resolution of SEM mesuesnts depends on diameter and pene-
tration depth of the primary electron beam andremch down to 1-6 nm [BNGER95].

A general picture of the construction of a SEM hiewn in Figure 3-7 [FLEWITT 94].
The heating of a tungsten wire (cathode) causeseapy electron beam (sated electron
cloud), and the occuring high voltage (1-30 kV)vbe¢n cathode and anode accelerates
the electrons (Electron gun). This electron beanfomused by a control cylinder
(wehnelt-cylinder). Electromagnetic inductors (twondenser lenses, one objective
lens) bundle the primary electron beam to a foaigsEnt on the surface. By using a
XY-deflexion system the primary electron beam igusmntially scanning the surface of
the sample.

The focused primary electron beam causes interactiath the electron sheath of the
sample atoms, where back-scattered electrons a@oatdary electrons are emitted. This
process has to take place in high vacuum to eliraittae possibilities of interactions of
the primary electron beam with atoms and molecofeke air. The back-scattered, high
energetic electrons are mainly reflected at théaserof the sample. The electrons with
lower energy are generated by interactions of th@gyy electrons with the electron
sheath in the atomic layers close to the surfat¢his case the energy loss is induced
by inelastic interactions of the primary electrovith the electron sheath of atoms. The
slower secondary electrons are collected by a twté€Electron collector) and a scintil-
lator causes light flashes on the detector for edetiron that impinges. A photomulti-
plier (Amplifier) converts and amplifies the flagh® an electrical signal. This signal is
then displayed on the monitor. Parts of the surfalsieh emit a large number of secon-
dary electrons look brighter than areas which éesi. With that information it’s possi-
ble to create a picture of the surface (CRT—dispGathode Ray Tube) / Camera). The
picture itself is built by line-by-line scanning.

The two main measurement types for the elementtieteare EDS (Energy Dispersive
X-ray Spectroscopy) and WDS (Wave length Dister3vey Spectroscopy) measure-
ments. In case of EDS X-ray radiation is transfairbg a detector crystal into an elec-
tric charge which is proportional to the energytlod radiation. A field effect transistor
transforms the charge into voltage and amplifieBatr a low-noise signal it is necessary
to cool down the crystal and the transistor witjuid nitrogen. The output signal is
transformed into electromagnetic pulses. An analigdal transducer assigns a digital
value for each pulse depending on the level opthlse. This information is sorted by a
multi channel analyser and finally the number ofspsa per channel builds the spectrum
of the x-ray radiation on a monitor INGER 95]. The combination of SEM and EDS
enables semi-quantitative chemical analyses opttesesFigure 3-8shows an exam-
ple of a characteristic EDS spectrum of Cu-Sn-fhbeo The detection of P with EDS is
rather difficult due to its small molecular weigkspecially in combination with Cu or
Sn which have a clearly higher molecular weightadidition to that there is also some
noise occurring during the measurements that léads certain error in the results.
Therefore, for quantitative analysis of P, one é#iser to calibrate the EDS measure-
ments or to use WDS calibrated with a standardPfowith WDS the angle of the re-
flected x-rays is detected, based on the Bragdlsat®n of x-rays on crystalls. The
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radiation that reaches the detector is only rediédt the distance of the atomic layeks
the reflexion angl®, and wavelengti fulfill the condition

2d sin@ = N4, (3-15)

whereN is the diffraction order [AHNGER95]. The calibration and comparison with the
standard during the measurement increase the agcsignificantly. For further infor-
mation about SEM measurements the reader is rdf¢oréterature [BUMENAUER 94,

FLEWITT 94, HUNGER95].

Ele;ctron zun
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N ]
Scan generator
Scan coils—+] R L l
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Figure 3-7: Schematical drawing of the constructaira SEM [FEEWITT 94].
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Figure 3-8: Characteristic EDS-spectrum of Cu, &mg P. Amplitudes of the peaks are related
to the weight fraction of the corresponding element
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3.2 Thermodynamic Description of the System Cu-Sn-P

Although parts of the ternary system in the Cu @ohner are already described in lit-
erature [EFENBERGO7, MIETTINEN 01, TAKEMOTO 87], the comparison of the experi-
mental observations in the ternary system and timenical results show some differ-
ences according the presence of some phases agaimple they ande phase. There-
fore the basic aim of the following experimentalestigation was to verify the known
binary systems as well as ternary system. In theatg system, the ternary eutectic
point is of special interest for industry becautsepresence and temperature range is
still questionable [EFENBERGO7]. The presence of @R, occurring at the ternary eutec-
tic point, influences the brittleness of the filbabnze product.

The presented thermodynamic investigation includaserical simulations of the ter-
nary CuSnP system in the Cu rich corner with therrtftodynamic software Thermo-
Calc. In addition DSC measurements for the bingsfesns and diffusion experiments
for both, binary and ternary alloys, have beenqgrenéd.

3.2.1 Computational Thermodynamics

Based on literature [MTTINEN 01, THERMOCALC 03] the numerical Cu-Sn-P database
CuSnl was implemented for the calculations perfdrmvéhin the scope of this work
by Thermo-Calc. This database, in combination whté software Thermo-Calc, was
used in the present work for the numerical desiomnpof the system. The binary Cu-Sn
and Cu-P phase diagrams are displaydgigure 3-9QaandFigure 3-9b(calculated with
database CuSnl in Thermo-Calc). Further detaitherphase distribution of the binary
systems are given in chapter 3.2.2 in connectidh thie analysis of the DSC measure-
ments.
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Figure 3-9: (a) Phase diagram for Cu-Sn calculatedh Thermo-Calc (database CuSnl).
(b) Phase diagram of Cu-P calculated with ThermdeQdatabase CuSnly = Cu (max. Sn
15.8 wt.%);5 ~ Cu7Sn; ¥y~ CwSn; 0~ CuiShy; € ~ CuSn; & ~ CueSn (nomenclation taken
from [EFFENBERGO7]).

Since the main scope of the experimental work ishenternary system, in the follow-
ing it is described in detaikigure 3-10shows isothermal sections of the ternary Cu-Sn-
P system fofl = 1032, 1000, 900, 780, 700, 648, 645, 640, 6@6, 800, and 300 °C.
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The CuSnl database is restricted to the Cu richeroup to 15 wt.% P and about
40 wt.% Sn. Therefore the sections are calculatddmthis range.

Starting with 100 % liquid (L), the phase @, red regionsFigure 3-1Q T = 1032 °C)
forms after the melting point of Ciiic, = 1085 °C is reached. The first isothermal sec-
tion was chosen a little beloWc, (Figure 3-1Q T = 1032 °C). The one-phase regians
and L are separated by the two phase regidnaccording to the Gibbs phase rule
(equation 3.1). Below the melting point of the cauapd CyP (appears as a point in the
isothermal sections)cuzp=1022 °C, the two phase regions£tL is present in the iso-
thermal sectionKigure 3-1Q T = 1000 °C). With decreasing temperature the orzsgh
region ofa and the two phase regions @fL and CuP-L are increasingFjgure 3-1Q

T =900 °C).

In the isothermal section at= 780 °C,3 is present as a result of the peritectic reaction
L + a — 3 starting aff = 799 °C With solidification of the third phase, the threleape
regiona-B-L (bright blue triangleFigure 3-1Q T = 780 °C) can be observed. In the
isothermal section at = 700 °C,y is occuring in addition to the already mentioned
phases as a result of the peritectic reactionf.— yat T = 756 °C, and with that the
three phase regigBry-L (orange triangle) appears. Besides, the eutgctiove between

a and CyP is reached and the three phase regi@uP-L is visible (dark green trian-
gle, Figure 3-1Q T = 700 °C).

Further cooling leads to a decrease of the L retposm small area af = 648 °C which
iIs even smaller in the isothermal sectiorTat 645 °C. At slightly lower temperature,
namely at approximatelyy = 644.1 °C, the ternary eutectic point is reachied concen-
tration of 15 wt.% Sn and 5.5 wt.% P (red pointnier |,Figure 3-11.

At T = 648 °C the decreasing of the liquid phase l¢adse presence of two more three
phase regions, namely ¢uy-L (black triangle) and GiP-€-y (purple triangle). The
€ phase €) is located at ~38 wt.% Sn in the binary phasgrdim and therefore its one
phase region (appearing as a point in the isothesaion) is not visible in the pre-
sented ternary sections. In the isothermal seeidn= 640°C the, phase §) occurs in
the three phase region §R4y-§ as a result of the peritectoid reactotft y — &. Sinceg
has a Sn content of approximatley 36 wt.% Sn thee mimase region of the binary sys-
tem is also not visible in the ternary sections.

The liquid phase has already disappearefi=a640°C but four three phase regions are
present, namely GB--¢ (pink triangle), CyP-y-& (brown triangle), CgPf-y (gray
triangle) and CgP-a-f3 (middle blue triangle). The calculations with Ther@alc indi-
cate a two phase region R« where, after Gibbs phase rule, a three phasemndgio
expected. Sincé is handled as a compound in the thermodynamiaitzion the two
phase region is reduced to a line.

Dissertation DI Monika Grer-Pretzler



A Study on Macrosegregation in Continuous CastinBronze

29

Thermodynamics in CuSnP Bronzes

0.15
a
£0m L
s
2
=
ll'll
HETLE
S

14

Ol
A 005 010 015 020 025 030 0¥

MASS_FRACTION SN

T=1305.15K, 1032 °C

Cu_g,li‘ : .
% 0.10 4
5]
4
g 0.05 <
U — I
A o 030 025 030 035

mASS_FRACTION SN

T=1053.15K, 780 °C

CusP

MASS_FRACTION P
=)
b
:

‘——....__ Ny
0.20 025

A B ms;Fﬂ.ncmu s Y
T=918.15K, 645 °C

CU}E“"

]
=
=
I

MASS_FRACTION P

:

R

i
A © 005 010 05 02 02
MASS_FRACTIONSN ()

T=798.15K, 525 °C

S
S

5 Pl,l
it

e
$
A

MASS_FRACTION P
—

=
:

>

04
] T T T T T T
@ 0 005 010 0.5 020 025 030 035
MASS_FRACTION SN

T=1273.15 K, 1000 °C

Cu,P -

B 5020 025 %, 034
MASS _FRACTION SN '}(

T=973.15K, 700 °C

0.15+

o

=

=]
n

MASS_FRACTION P
ind
e
&
L

CX_D, S
A lJ.o[ﬁ5 0

MASS_FRACTION SN

T=913.15K, 640 °C
CuyP
~

Y

o
=
=
I

MASS_FRACTION P

5

R

o . T T
@ 0 005 010 035 020 0325
MASS_FRACTION SN

T=673.15K, 400 °C

o
&
o

MASS_FRACTION P
—

g

dy
3

1
M
1

(0} --?h"‘n ‘ 1

A O 005 010 095 0.20 0.25 030 0.3
MASS_FRACTION SN

T=1173.15K, 900 °C

[

=

=1
L

o020 0254, b
MASS_FRACTION SN

T=921.15K, 648 °C

Cu,P .

=
]

MASS_FRACTION P

8

[ =
A O 615 020 0.25
MASS_FRACTION SN

T=873.15K, 600 °C
Cu,P |

=
=
=

MASS_FRACTION P

8

Q

A 0 005 0.0 045 020 025 Fol L35
MASS_FRACTION SN

T=573.15K, 300 °C

Figure 3-10: The presented isothermal sectionshefternary phase diagram of Cu-Sn-P in the Cu
rich corner are calculated with Thermo-Calc (databaCuSnl).a = Cu (max. Sn 15.8 wt.%,
P 2 wt.%); 5 ~ Cu;Sng; y~ CwSn; d~ CuuSny; € ~ CuSn; & ~ CueSn (nomenclation taken from
[EFFENBERGOT]).

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous CastinBronze 30
Thermodynamics in CuSnP Bronzes

At T =600 °C the same phases are stable ds=a$40 °C, but position and size of the
phase regions change. At=525 °C thedphase §) has already appeared while
¢ disappeared caused by the peritectoid reactiery — &. In this section the three
phase regions of GB-0-¢ (yellow triangle), and CG#P-a-d (bright green triangle) are
present3 disappeared due to the eutectoid reacfionr a +yat T= 588 °C. With fur-
ther cooling only the solibilty of Sn ia is decreasing and thereforeTat 400 °C the
same phases are stable ag at525 °C.

Further decrease of the temperature leads to thecteid reactiond — o +¢€ at

T ~350 °C and therefor@is not present in the isothermal sectiod a 300 °C. At this
temperature the stable phasesRa, ande are connected by the three phase region
CuwP-<-a (dark green triangle).

1022 °C

CllgP

Ve
14 wt. % P

1084 °C

Te=644.1 °C
15 wt.% Sn
5.5wt.% P

Cu =

35 wi.% Sr

Figure 3-11: 3D liquidus surface of the ternary gbhadiagram Cu-Sn-P in the Cu rich corner
up to 35 wt.% Sn and 14 wt.% P based on calculatiwith Thermo-Calc (database CuSn1l).
The colored lines show the monovariant lines oflidigdus surface and the front view the bi-
nary system Cu-Sn. Black line (1): monovariant lmoeresponding to the peritectic reaction
L+ a— G green line (2): monovariant line corresponding tbet peritectic reaction
L + B — y bright blue line (3): monovariant line correspondito the peritectic reaction
y+ L — & pink line (4): monovariant line corresponding to etheutectic reaction
L—- CwP + & blue line (5): monovariant linecorresponding to theutectic reaction
L —» CwP + ), purple line (6): monovariant line corresponding tbe eutectic reaction
L — CwP + g, red point (I) is theéernary eutectic point.

Figure 3-11shows a 3D projection of the liquidus surfacehsf ternary phase diagram
Cu-Sn-P in the Cu rich corner where the front vé&wws the binary Cu-Sn phase dia-
gram up to 35 wt.% Sn. The isothermal lines (bléck lines) and mono variant lines
(colored lines) of the liquidus surface are dravasddl on the calculations performed
with Thermo-Calc. The black line (number 1) is thenovariant line corresponding to
the peritectic reaction L & — [3, the green line (number 2) the monovariant line €orr
sponding to the peritectic reaction L3+ y, whereas the bright blue line (number 3) is
the monovariant line corresponding to the reacyierL — €. The pink line (number 4)
iIs the monovariant line of the eutectic reaction—t CwP + € and the blue line
(number 5) the monovariant line of the eutectictiea L — CwP +Yy which ends in
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the ternary eutectic point (red, ). The purplelimumber 6) represents the monovariant
line of the eutectic reaction+t CwP +a.

Figure 3-12displays the vertical section (isopleths) at 5%w® of the ternary phase
diagram calculated with database CuSnl. The are&echavith the red circle corre-
sponds to the area also marked in the presentepleies of [METTINEN 01,
TAKEMOTO 87].The calculated isopleth generally complieshwiihe published one of
[MIETTINEN 01] but it differs in both, phase distribution and phasinsformation tem-
perature from the experimental study oAKEMOTO 87] especially due to the absence
of yin the experimental work.
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Figure 3-12: Vertical section (isopleth) of thertary phase diagram Cu-Sn-P at 5 wt.% P cal-
culated with Thermo-Calc (database CuSnl). It issgae to reproduce the published isopleth
of [MIETTINENO1] (see Figure 3-4b, page 17). Based on the bimpdugse diagram Cu-Swy, is
included in the numerical assessment although & m@ observed in the experimental study of
[TAKEMOTOS87]. Red circles indicate the position around teenary eutectic point of the sys-
tem.

3.2.2 DSC Mesurements

The samples for the DSC measurements have beearpdepy Wieland Werke AG
with the following binary concentrationsigure 3-13shows micrographs of the seven
samples. The nominal concentration is applied her gample name and the detected
concentration of wet-chemical analysis is givebrakets:

. Cu (99.991 wt.% Cu)

. CuP2 (2.03 wt.% P)

. CuSn4 (3.62 wt.% Sn)

. CuSn10 (9.75 wt.% Sn)
. CuSn20 (19.7 wt.% Sn)
. CuP5 (4.84 wt.% P)

. CuP8.3 (8.2 wt.% P)

~NOoO b WNBE
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SRS 100pm E
Nr. 1: Cu Nr. 2: CuP2 Nr. 3: CuSn4

Nr. 4: CuSnl0 Nr. 5: CuSn20 Nr. 6: CuP5

50pn

. 50pn

: uP.

Figure 3-13: Micrographs of the pure Cu sample, bieary CuSn and the binary CuP samples
[RIEDLE 04].

Experimental Description

The DSC measurements have been performed by thetridn Foundary Institut
Leoben®, by Heat Flux DSC. To ensure high measun¢raecuracy the measurements
were done with low (2 Kmif) and high (20 Kmift) cooling rate and with varying
sample size. The samples were first heated abavéghidus temperature of the alloy
and afterwards cooled to room temperature.

The DSC was calibrated using Al (99.999 wt.% Al,cdtellow Metals, Cambridge,
UK, with a heating/cooling rate of 2 Kmty, Au (99.995 wt.% Au, “NETZSCH Kali-
brierset, NETZSCH Gerétebau, Selb, D, with a hegétoling rate ot 2 Kmin), and

Cu (sample No. 1 (OFE-Nr.1), with a heating/cooliage of 2 Kmift). According to
the calibration results, the DSC measuring devare ddeviation ofl75 =-0.1 °C, for
super purity Al at melting temperature. The dewiasi from the melting point for Au
wasA 7= -2.4 °C and for pure Cd7c,=-2.5 °C. The deviations have been compen-
sated by the calibration. The negati¥é values are negative deviations of the measur-
ing device from defined reference values as givelitérature [VASSALSKY 90]. DSC
investigations were carried out by using pure Gurgle Nr. 1) and the binary samples
CuSn4, CuSn20, CuP2, and CuP5 (sample Nr. 2, 3)d56a For the temperatures
around 660 °C the accuracy of the measurementxgdected to be in a range of
AT=+/-2 °C and for the temperatures around 1000 °@ iange of47= +/-4 °C. As
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an exampldrigure 3-14shows the cooling and heating curve of the DSCsoneament
of CuP5 (sample Nr. 5). SEM and microscopy wasiaegdbr phase detection. For that
EDS measurements have been performed at the “Depatrtof Metallurgy” of the

Montanuniversity of Leoben.
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Figure 3-14: Cooling (violet line) and heating (réide) curves of the DSC measurement for

CuP5 (sample Nr. 5) [KSCHNITZ07].

Measurement Data

Two series of measurements have been perform@&fi0s and 2007. The second series
of measurements was carried out to check the ddatamansition temperatures in 2005.
In Tablel andTable 2the obtained temperatures of phase transformatiempresented
whereasTable 3andTable 4show the detailed measurement data. The deviatibns
tained in the measurments are lying within the messent accuracy.

Sample Name 1. PT 2. PT 3.PT 4.PT Date
Nr. 1 Cu 1084 28.01.05
Nr. 2 CuP2 1034 709 28,30.01.05;04.02
Nr. 3 CuSn4 1059 956 01,02,07.02.05
Nr. 5 CuSn20 898 793 576 518 03,07,09.03.05
Nr. 6 CuP5 922 709 04,08,10.03.05

Table 1: Temperatures [°C] of phase transformatibthe DSC measurements in 2005.

Sample Name 1. PT 2. PT 3.PT 4.PT Date
Nr.5 CuSn20 906 794-801 16.07.07
Nr.6 CuP5 928 709 17.07.07

Table 2: Temperatures [°C] of phase transformatibrthe DSC measurements in 2007.
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Sample Date Weight Cooling rate T-Range
[mg] [K/min] [°C]

Cu DSC 1 28.01.05 40.8 2 1050/110(¢

28.01.05 2 1100/1000,

28.01.05 2 1000/1100,

28.01.05 2 1100/1000,

CuP2 DSC 1 28.01.05 40.9 20 20/1100
28.01.05 20 1100/20

28.01.05 2 900/1100

31.01.05 2 1100/900

31.01.05 20 600/1100

31.01.05 2 1100/600

CuP2 DSC 2 04.02.05 31.8 20 20/1100

04.02.05 20 1100/600

04.02.05 2 600/1100
04.02.05 2 1100/20

CuSn4 DSC 1 01.02.05 41.9 20 20/1100
01.02.05 20 20/800

01.02.05 2 800/1100

CuSn4 DSC 2 02.02.05 44,2 2 800/1100
02.02.05 20 20/1100

CuSn4 DSC 3 02.02.05 184.7 2 800/1100
02.02.05 20 20/1100

CuSn20 DSC 1| 03.03.05 45.1 20 20/1100

03.03.05 20 1100/100

03.03.05 2 100/1100

03.03.05 2 1100/100

CuSn20 DSC 2| 07.03.05 33.1 20 20/1000

07.03.05 20 1000/300

07.03.05 2 300/1000

07.03.05 2 1000/300

CuSn20 DSC 3| 09.03.05 179.7 20 20/1000

09.03.05 20 1000/300

09.03.05 2 300/1000

09.03.05 2 1000/300

CuP5 DSC 1 04.03.05 38 20 20/1100
04.03.05 2 100/1100

04.03.05 20 1100/100

04.03.05 2 1100/100

CuP5 DSC 2 08.03.05 40.6 20 20/1000

08.03.05 20 1000/600

08.03.05 2 600/1000

08.03.05 2 1000/600

CuP5 DSC 3 10.03.05 173.1 20 20/1000

10.03.05 20 1000/600

10.03.05 2 600/1000

10.03.05 2 1000/600

Table 3: DSC measurements performed in 2005.
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Sample Date Weight Cooling rate T-Range
[mg] [K/min] [°C]
CuP5 17.07.07 183.9 2 600/960
17.07.07 183.9 2 960/600
CuSn20 16.07.07 171.2 2 450/980
16.07.07 171.2 2 980/400

Table 4: DSC measurements performed in 2007.
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Phase Detection

SEM and microscopy have been applied to defingohizse distributions of the samples
after DSC measurements. In the following the olatéiphase distributions (by picture
analysis in vol.%) are compared with the theorétmaes. Figure 3-15ashows the
phase diagram for Cu-P afdgure 3-15ba micrograph of CuP2 (sample 2). The red
line shows the average sample concentration. Imticeograph eutectico(+ CwP) (1)
anda (2) are visible. The measured average concentrafionwas 1 wt.% P, for G

13 wt.% P and for the eutectic 10 wt.% P. Sinced#iection of P for the binary sam-
ples was performed by EDS, the variation of thedatent lies within a range of
+ 1 wt.%. The following percentages of the diffarghases are qualitativley estimated
according to the phase diagram information in wa8d the visible phase distribution in
the micrographs. According to the phase diagra@wf 92 wt.% crystallizes during
cooling untill the eutectic temperature is reach&dthe eutectic temperature, eutectic,
consisting of 55 wt.% G and 45 wt.%: is formed. The phase distribution changes at
lower temperatures due to a decrease of solibilit? in the secondarg. In the ex-
periment 14 vol.% eutectic is observédgure 3-15h gray-brown regions, (1)).

P

1200 1 L : P e /
-—_\ - 1t
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& go0 o + Liquid L
© o zm
0,
g co0 8.3% Sl
g E
= g
=1 =
E 400 = | 8
o] o+ Cu,P S -]
E
200 A +
0.6 i
0 100 |
0 0.05 0.10 0.15 =
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a) b)

Figure 3-15: a) The calculated phase diagram forEis displayed up to 15 wt.% P. b) A mi-
crograph of CuP2 (samplr. 2) shows (1) the eutectio{CusP) and (2)a. About 14 vol.%
eutectic is observed in the sample.

Figure 3-16ashows the calculated phase diagram for Cu-P, wshégure 3-16bdis-
plays a micrograph of CuP5 (sample 6) after the Df€asurements. Here eutectic
(o + CwsP) (1) anda phase (2) are visible. The measured average caatentofa is
1wt.% P, and of G 14 wt.% P. The SEM measurements of the eutebhtisggive a
concentration of 9 wt.% P, slightly above the expdcconcentration. According to
Figure 3-16 42 vol.%a has crystallized before reaching the eutectic teatpee. The
phase diagram shows that 50 wt.% eutedtigyre 3-16b gray-brown regions, (1)) is
formed at the eutectic temperature which consis&bavt.% CuP and 45 wt.%.
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Figure 3-16: a) The calculated phase diagram forEis displayed up to 15 wt.% P. b) A mi-
crograph of CuP5 (sample Nr. 6) shows (1) the ditéa+CusP) and (2)a. Roughly 42 vol.%
eutectic are observed in the sample.

Figure 3-17ashows the calculated Cu-Sn phase diagramFgdre 3-17ba micro-
graph of CuSn4 (sample 3) after the DSC measuremeigre 100 %@ is observed.
According toFigure 3-17a the whole liquid crystallizes as. Due to the fact that the
solubility of Sn decreases to 1.3 wt.% Sn, therioh € phase should occure at room
temperature. But in the investigated samples it maspossible to identifg, neither in
the micrographs, nor in the SEM investigations.
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Figure 3-17: a) The calculated phase diagram for&uis displayed up to 45 wt.% Sn and in
b) a micrograph of CuSn4 (sample Nr. 3) is presgrttere 100 % is observed.

Figure 3-18ashows the phase diagram for Cu-Sn &iglre 3-18bdisplays a micro-
graph of CuSn20 (sample 5) after the DSC measurnsmé&he detected average con-
centration ofo is 16 wt.% Sn, fob 34 wt.% Sn, and for the eutectiod 28 wt.% Sn. The
volume fraction of the eutectoid is 29 vol.%. Acdioig to the phase diagram, 50 wt.%
a crystallizes during cooling until a temperature78® °C is reached. Further cooling
leads to growth of3 due to the peritectic reactiom+ L — (. Reaching 588 °C
70 wt.% 3 is built-up whilsta is reduced to 30 wt.% and with that phase distioiou
changes to about 50 wt.eoand 50 wt.%3 due to the reduced solubility of Sn. Further
cooling leads to the transformation Bfto a and ydue to the eutectoid reaction
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B — a +y, where the eutectoid consists of 10 wiund 90 wt.%y. Further cooling
changes the composition to 60 wtdand 40 wt.%y. At 520 °C, the eutectoid reaction,
y— a + 9, leads to a composition of 70 wt.&and30 wt.%d. At 350 °C the last eu-
tectoid reaction, namely the transformatiormdaf a ande takes place. Hence, 70 wt.%
o and 30 wt.%e is expected at room temperature. Due to the factttieasolubility of

Sn decreases to 1.3 wt.%, the volume fraction efSh riche should increase during
cooling to room temperature. Therefore a final cogifon of 1.3 wt.% primaryr and
98.7 wt.% eutectoid (50 wt.%, 50 wt.%e) is expected according to the phase diagram.
However, it was not possible to detedfsee also CuSn4) by SEM. The measured con-
centrations indicate mainky (Figure 3-18h brown regions, (2)) and eutectoid With

a) (Figure 3-18h grey regions, (1)). The measurement data of HM $vestigation is
listed in [GRUBERO7A, PANZL 08] of the binary DSC samples.
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Figure 3-18: a) The calculated phase diagram for&uup to 45 wt.% Sn and b) a micrograph
of CuSn20 (sample 5) is displayed. (1) assignsthectoid &+0) and (2)a. 29 vol.% eutec-
toid is present in the sample.
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3.2.3 Diffusion Experiments

Experimental Description

The experimental performance is described in detailhe bachelor work of Panzl
[PANzL 08] which was performed in the frame of the pregaaject. Therefore only
some information is given herEigure 3-19shows the test arrangement containing the
furnace, the used digital multimeter and the positof the sample during annealing
[PANZzL 08]. According to test measurements the furnacdshtiie temperature with a
deviation of AT = +/-1 °C. Radial symmetrical diffusion is appnowted by an axis
symmetric geometrie as schematically demonstratdeéigure 3-20 Since P tends to
evaporate, a cylindrical geometry is used congjstiha outer tube (about 2 mm exten-
sion and a radius of about 8 mm) of Cu or Cu-Bgyre 3-2Q bright brown) and of a
core made of Cu-P or Cu-Sn-Fdure 3-2Q blue).

Figure 3-19: The test arrangement consist of (£)gshmple, (2) the furnace and (3) the digital
multimeter [RANzLO8].

26

Cu

1 _ _cup-orcusnPalloy _ _ _ _ _ _Im se ﬂ

3
Figure 3-20: The cylindrical geometry applied faretdiffusion experiments [EDLE 06] is
shown. The outer tube consists of Cu or CuSn (bghwn) and the inner cylinder of CuSnP or
CuP (light blue). Cu pieces at the top and thedratpieces close the sample. Dimensions are
given in [mm].

In addition, the sample was closed at the top dnthea bottom by Cu pieces as dis-
played (Figure 3-20, orange) to avoid evaporatibR {Riedle 06]. For further informa-
tion about the sample preparation as well as detaithe experimental performance the
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reader is referred to [Panzl 08]. SEM and microgceps applied for phase detection.
Here, EDS measurements have been performed aD#gattment of Physical Metal-
lurgy & Materials Testing” of the Montanuniversity Leoben and at “Wieland Werke
AG” and WDS measurements at the “Chair of Minerg&igetrology” of the Monta-
nuniversity of Leoben. The detailed measuremerda datained by SEM investigations
for the diffusion experiments is listed in RGBER 078] whereas in the following the
results are shown and the discussion is givendrctiresponding chapter 3.3.

Binary Diffusion Studies

The presented binary diffusion experiment was peréd with two samples, namely
CuSn20 and CuP8.3, & = 648 °C fort, = 3 days. After annealing, the sample was
guenched in cold water and prepared for furthersmeamentsFigure 3-21displays
the ternary isothermal section of the system CWRST, = 648 °C (+/-1 °C) in the Cu
rich corner, whereas the red arrows mark the saogieentrations.

Cu3P\“3

=
-
=

MASS_FRACTION P

[~
=}
I

o5 o0 0254
B MASS_FRACTION SN

Figure 3-21: The isothermal section for T = 648 6€Cthe Cu rich corner for CuSnP as dis-
played in Figure 3-10. The red arrows mark the si@ngpncentrations.

Figure 3-22shows a micrograph of the used reference samgteebannealing. The
matrix of CuP8.3 Figure 3-22 cylinder in the middle(1)) is slightly gold-red imbed-
ding the fine dispersed gray compoundsuAccording to the binary phase diagram
these two phases are forming thes;&u eutectic. The outer tube consists of the
CuSn20a-6 eutectoid Figure 3-22 less red-gold matrix with bright gray regiorig)).
Figure 3-23displays a micrograph of the binary diffusion s¢éemgiter annealing. In the
inner cylinder CyP-o eutectic is observed, but the microstructure @afigen the outer
tube has changed due to the formatiom¢¥ peritectic. At the contact interface, both,
the CuP-a eutectic andx-[3 peritectic are not visible any mo(g. The depleted area is
marked by the white broken line.

In this zone the change of concentration due tfusidn is visible. These regions are
depleted in Sn and P and therefore the concemrataches the values of(up to
15 wt.% Sn and 2 wt.% P) and eutectic/eutectoitbisstable any longer. The detailed
measurement data for the SEM investigations ofréierence and diffusion couple is
listed in [PANZL 08, GRUBER07B] whereas average concentrations are given indhe f
lowing.
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The detected average concentration of CuP8.3 aktleeence sample is 9.5 wt.% P and
the average concentration in an equivalent regidnth® annealed sample is

11.6 wt.% P.In both samplesx has a concentration of about 1.5 wt.% P andPCu

14.5 wt.% P. The detected average concentratioGu&n20 of the reference and the
annealed sample is 21.4 wt.% Sn. The concentrati@nis 15.6 wt.% Sn, the concen-

tration of thea-6 eutectoid and the concentration of i peritectic are almost the

same, that is 25.5 wt.% Sn. The measured concemsatre in the expected range ac-
cording to published phase diagrams.

(1) CuSn20

(2) CuP8.3

Figure 3-22: In the micrograph of the binary refaoe sample (1) marks the CuSn20 tube con-
sisting ofa-0 eutectoid, (2) the CuP8.3 cylinder consisting aiRza eutectic, and (I) the con-
tact between the two samples.

(2) CuSn20

Figure 3-23: In the micrograph of the binary diffois sample after annealing at 648 °C dis-
plays (1) the CuSn20 tube showingB peritectic, (2) the CuP8.3 cylinder consisting of
CuwP-a eutectic, and (I) the contact area between the saumples with pores. White broken
line indicates the Sn and P depleted region.
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Ternary Diffusion Studies

For the ternary diffusion experiments, geometrgparation and annealing were per-
formed as described for the binary experiments. déve of the sample was prepared
with CuSn20P6 and combined with a pure copper gajiemperature range and sam-
ple concentrations for the experimental study waresen to gain more information
about the ternary eutectic point which is still stenable and discussed
[EFFENBERGO7].

The experiments have been performed af{g 648 °C fort, = 6 days, (ii)Ta = 644 °C

for ta = 20 days, and at (iiija = 642 °C forta= 20 days with a measured average devia-
tion of the temperature during annealingdt, = +/-1 °C. After annealing, the samples
were quenched into cold water and prepared for $faMstigations. Detailed descrip-
tion of the experimental performance is given iaNEL 08].

Figure 3-24to Figure 3-26display SEM pictures of the unnealed ternary samiil
seems to be unavoidable that, after sample prepayahere is still a small gap between
the Cu tube Kigure 3-24 (1)) and the CuSn20P6 corBigure 3-24 (2)). In addition,
the CuSn20P6 core still features remarkable porediich is caused by the rigidity of
this ternary alloy. The fine structured matrix witkendrites of CsP is visible in
Figure 3-25 (i) which shows the region marked fiigure 3-24by the red area with a
higher magnification. G dendrites (gray phasé&jgure 3-294 can be identified
imbedded in light gray regionBigure 3-26displays the red marked areaFodure 3-25
with a higher magnification. In this picture it cha seen that the matrix imbedding the
CuwP dendrites has eutectic microstructure contai®i@sP eutectoid Kigure 3-26.
The detected average concentrations for the diffqphases are 31.6 wt.% Sn fband
14.6 wt.% P for CsP. The detected average concentration of the tersample is
18.5 wt.% Sn and 6.9 wt.% P and of (R€uP eutetoid 28.3 wt.% Sn and 3.8 wt.% P.
These measurements have been performed by EDS &l Ws expected by pub-
lished phase diagramddoes not contain any P andswo Sn.

Figure 3-24: In the SEM picture of the unnealed plm(1) marks the Cu tube, (2) the
CuSn20P6 core, and (I) the position of the intezfbetween the different materials.
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Figure 3-25: SEM picture of the unnealed sampl€un20P6 (Figure 3-24 (i) with higher
magnification). Point (1) marks GR dendrites in thé-CwP eutectoid matrix (2).

Figure 3-26: SEM picture of the unnealed samplgFé 3-25 (ii) with higher magnification).
Eutectoid microstructure is observed where (1) éaths the CyP dendrites (dark gray),
(2) J(light gray), and (3)0-CwP eutectoid.

(i) Diffusion: T, = 648 °Ct, = 6 days

Figure 3-27demonstrates a SEM picture of a cross sectiohentiiffusion sample after
annealing afl, = 648 °C and, = 6 days. The outer tube consitscof(= pure Cu(1))
and the inner cylinder of the ternary CuSn20P6ya®). The interface between the two
sample partners is thought to be at the positiorthef pores marked witlgl) in
Figure 3-27. In addition there are also some cracks visiblehi center of the inner
sample. The pores observed in the core of theawrder sample are not visible anymore.

It is possible to distinguish four different regggmamely(i) the one phase region of the
outer Cu ring (middle gray) which has increasingcBntent in the region close to the
interface between the samples (defined by the rekien line),(ii) the two phase region

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous CastinBronze 44
Thermodynamics in CuSnP Bronzes

following the one phase region where a bright magiimbedding dark gray dots, and
(i) a slightly darker region with a relatively homogens matrix. This region is ap-
pearing twice: once attached to the two phase neigithe lower part of the picture and
in addition in the center of the samjfile).

Regions(i) and(ii) are displayed with a higher magnificationFigure 3-28 The black
regions are pores that are thought to be closédatiginal sample boundaf}).The
gray level increases in brightness from the outbe to” (1), Figure 3-29 to the center
while a ((2), Figure 3-28 shows raising Sn content. As soon as the P comééses
above the solubility of P i (~2 wt.% B CusP is formed and the two phase region
CwP+a appears(B), Figure 3-28. The form of the C4P within thea-matrix seems to
be neither eutectic nor dendritic.

Figure 3-29displays arediii) from Figure 3-27and shows the next change in the mi-
crostructure moving further on to the center of shenple. A certain change from the
relatively coarse two phase region to a fine stmext area is observed. Attached to the
big CwP “grain” marked inFigure 3-29(1), a small two phase region with eutectic
growth (2), Figure 3-29 is visible close to a fine structured regi¢8)( Figure 3-29
that is slightly brighter than the surrounding atea

This fine structured region can be again dividetb im two phase region(3),
Figure 3-29 Figure 3-3Q Figure 3-31 andFigure 3-33 and a three phase regig@d)
Figure 3-29 Figure 3-3Q Figure 3-31 andFigure 3-33. After “Gibbs phase rule” a
one phase region is always touching a two phasermrrdgllowed by either a one phase
or a three phase region. The phase of the one phagsm has to occur in the attached
two phase region and again in a following threesgheegion. In addition, two phase
regions always have to be separated by a one lmea phase region. Measurements in
the two phase region marked Kigure 3-32 (2) identify a-CuwP eutectic.(3) in
Figure 3-32 shows the slightly brighte in eutectic formation with G (dark gray).
The three phase regidqd) marked inFigure 3-32contains (bright gray),a (middle
gray) and CgP (dark gray). The same three phases are observé&igure 3-33
Figure 3-34, andFigure 3-35according to the “Gibbs phase rule”. The fine m&truc-
ture observed ifrigure 3-35shows different concentrations for Sn and P tharcorser
microstructure shown iRigure 3-34

The detected average concentrations for the diffgphases are 13.2 wt.% P fors@u
12.5 wt.% Sn and 2 wt.% P for, 23.5 wt.% Sn and 2.2 wt.% P f3r The P content of
B is high in comparison to published data, whereoatrmo P is expected. Since the re-
gions containing3 show a fine phase distribution (~1 um) the measargraccuracy is
limitated. The detected average concentration @thihee phase region ¢R:a-3 in the
center of the sampldiy) Figure 3-27, is 16.5 wt.% Sn and 4.4 wt.% P, of thesRw
region (ii) Figure 3-27), is 10.7 wt.% Sn and 4.6 wt.% P, of thes{ region
((3) Figure 3-33 is 17 wt.% Sn and 4.7 wt.% P, and of the thregsptregion GiP-a-3
displayed inFigure 3-3414.7 wt.% Sn and 4.6 wt.% P. These measurementslieen
performed by EDS and WDS.
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Figure 3-27: SEM picture of the annealed samplé&,at 648 °C, = 6 days. (1)marks the Cu
tube, (2) the inner cylinder consisting of CuSn20f6the one phase region, and (ii) the two
phase region (C4P: dark gray,a: bright gray). Sn diffusion is observed up to abe50 um
into the outer Cu tube. (iii) indicates a regionewd both, two and three phase regions £
CuwP) touch each other. (iv) shows the three phas@nrein the center of the sample, (5
CuwP) whereas (I) assigns pores as indicator for thengle boundaries). The red windows
dessignate the position of Figure 3-28, Figure 329 Figure 3-35. The diffusion depth of Sn
is marked by the red broken line.

Figure 3-28: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
(i) shown in Figure 3-27 with higher magnificatioHere the transition from the outer one
phase region ((1%" (= pure Cu), (2)a to the two phase region ((3) ¢u dark gray,a: bright
gray) is visible. () marks pores as indicator the sample boundaries.
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(4) CLtgP+a+[3

(3) CwP+B
(1) CusP

Figure 3-30

Figure 3-29: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
shown in Figure 3-27 (iii) with a higher magnifioa. (1) marks CsP (dark gray), (2) the two
phase region with the eutectieCwP (a. middle gray), (3) the two phase region®CuP
(£ bright gray), and (4) the three phase regiomefF-CusP.

(4) CuP+o+B

(2) CusP+a

(3) CleP+3

Figure 3-31

Figure 3-30: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
() shown in Figure 3-29 with a higher magnificatiq1) marks CsP (dark gray), (2) the two
phase region ot-CusP (. middle gray), (3) the two phase region®CwP (5. bright gray),
and (4) the three phase region @ftZ#CwP. The big CeP grain (dark region) in the right
corner is surrounded by (middle gray) on three sides, and by the two pleagectica-CuP
on the fourth side.
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Figure 3-32

(1) CwP

Figure 3-31: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
(i) shown in Figure 3-30 with a higher magnificatio(1) indicates C4P (dark gray), (2) the
two phase region of-CwP (a. middle gray), (3) the two phase region #CwP (5. bright
gray), and (4) the three phase regionaef>-CusP.

Figure 3-32: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
() in Figure 3-31 with a higher magnification. (farks CyP (dark gray), (2) the two phase
region of -CwP (a. middle gray), (3) the two phase region®CwP (5. bright gray), and
(4) the three phase region of-CuwsP.
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Figure 3-33: SEM picture of the annealed sampl&,at 648 °C, t = 6 days of the red window
() in Figure 3-32 with a higher magnification. (&gsigns CsP (dark gray), (2) the two phase
region of -CwP (a. middle gray), (3) the two phase region®CwP (5. bright gray), and
(4) the three phase region of3-CusP.

Figure 3-34: SEM picture of the annealed sampl&.at 648 °C for t = 6 days of the red win-
dow (ii) displayed in Figure 3-31 with a higher nméfjcation. The three phase region consists
of approximately (1) 30 vol.% (middle gray), (2) 35 vol.9g (bright gray), and (3) 35 vol.%
CwP (dark gray). The detected average concentrationhig area is 14.7 wt.% Sn and
4.6 wt.% P. Both, observed volume fraction and phamncentrations show good agreement

with the phase diagram as displayed in Figure 3@age 60).
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Figure 3-35: SEM picture of the annealed sampleB48 °C for t = 6 days of the red win-
dow in Figure 3-27 (iv) with a higher magnificatioh shows fine ternary eutectics in the cen-
ter of the diffusion sample. This three phase megionsists of about 25 vol.# (middle gray),

45 vol.%g (right gray), and 30 vol.% GB (@ark gray). The detected average concentration
in this area is 16.5 wt.% Sn and 4.4 wt.% P. Botiserved volume fraction and phase concen-
trations show good agreement with the phase diagramisplayed in Figure 3-47 (page 60).

(ii) Diffusion: T, = 644 °Ct, = 6 days

Figure 3-36shows a micrograph of the sample annealéld at644 °C fort, = 20 days,
whereadrigure 3-37andFigure 3-38display SEM pictures of the same sample. Diffu-
sion of Sn can be obtainedkigure 3-36up to ~300-350 ur(B) by the color change in
the Cu tubgl). The diffusion interface between the ternary sanfpiner cylinder(2))
and the Cu outer tube has pofBswhich seem to collect GB and are therefore en-
riched in P (up to 7 wt.% P) but depleated in SB\{#.% Sn). Attached to the interface
a two phase region of Gl-a is observed. The boundary between the two phagerre
and the attached three phase region is not veay deefined but indicated by the white
broken line inFigure 3-36 It is thought that the Sn depletion at the irdeef region
between Cu and CuSn20P6 leads to the presence aWwthphase regioo-CuP ac-
cording to the phase diagrafigure 3-37displays the red windoWi) in Figure 3-36
where the three phase regiorB-CusP (CwP (dark gray,(1)), a (middle gray,(2)),

B (bright gray, (3))) appears. Adjacent to this, a second two phag®me namely
B-CusP is obtained. Here about 55 volBAbright gray) and 45 vol.% GRB (dark gray)
are observed. The detected concentrations of theaamg phases confirm the previous
measurments. The average concentration in the rcehtide sample is 15.5 wt.% Sn
and 5.6 wt.% P.
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(2) CuSn20P6

Figure 3-36: Micrograph of the annealed sample atT644 °C, t = 20 days. The brown re-
gion at the top is the Cu tube(Q(l)) and the gray/brown region at the bottom tamary
sample CuSn20P6, where a two phase region elP-is visible (2). Sn diffusion occurs at the
boundary into the Cu tube up to a depth of ~3004360 The red broken line indicates the Sn
diffusion into the outer tube whereas the whitekbroline marks the depletion zone of Sn in the
ternary sample. The boundary between the two sansgileshows pores (I).

(1) CwP

“2)a

SOorm ———————— Z20KU 1Zmm
23594170607 = HIELAND £

Figure 3-37: SEM picture of the diffusion sampleTat= 644 °C for = 20 days of the red
window (i) in Figure 3-36 with a higher magnificati. The observed three phase region con-

sists of (1) CsP (dark gray), (2)a (middle gray), and (3)3 (bright gray).
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Figure 3-38: SEM picture of the diffusion sampleealed at T= 644 °C for § = 20 days. The
Sn depleted region as shown in Figure 3-37 is diggdl with a higher magnification. The three
phase region ((1) GR (dark gray), (2)a (middle gray), angq3) S (bright gray)) is observed.

(iii) Diffusion: T, = 642 °Ct, = 6 days

Figure 3-39shows an overview of the annealing sample= 642 °C anda= 20 days
whereadgrigure 3-40andFigure 3-4lallow a look at the microstruture at two different
magnifications.Figure 3-42displays a SEM picture of a region attached to GogP
“grain” at higher magnification (red window kigure 3-4).

@a
[0

Figure 3-40 (2) CuSn20P6

Figure 3-39: Micrograph of the diffusion sample aafted at T = 642 °C for t = 20 days. (1)
shows the Cu=(0(E5 sample, and (2) the ternary sample CuSn20P6n(Bates the one phase
region a where Sn diffusion is observed up to ~350-400 mtmthe outer tube. (I) shows the
position of the pores at the boundary betweenwtegamples. The red broken line shows the

depth of Sn diffusion into the outer tube.
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(2) CwP, v, B.

200 pm

Figure 3-40: Micrograph of the diffusion sample eated at T = 642 °C for { = 20 days of
the red window shown in Figure 3-39. (1) indicapge Cu, and (2) the ternary sample
CuSn20P6, where the gray phase isf”Ciand the brown matrix consists pand £. (3) shows
the a region where Sn diffusion is observed into therowtiee. (1) indicates the position of the
pores at the boundary between the two samples.rdthéroken line shows the depth of Sn
diffusion into the outer tube whereas the whitekbroline indicates the depletion of Sn in the

ternary sample.

Figure 3-41

Figure 3-41: Micrograph of the diffusion samplenaaled at T= 642 °C for § = 20 days as
indicated by the red window in Figure 3-40 (i). (Marks CeP(dark gray), (2)8 (bright
brown, between the white broken lines), and/{@rown) in the ternary cylinder.
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Figure 3-42: SEM picture of the diffusion sampleeaed at T = 642 °C for { = 20 days
indicated by the red window in Figure 3-41. Here@mplex microstructure is visible after
etching. (1) marks a GB corn at the left hand side of the picture, g2Wwhich shows a “nee-
dle” structure, and (3)3, which appears to be a little bit darker color thg The small num-
bers 1-7 show the position of the different measerdg points as describgGRUBERO7E].
Measurement point 6 is located in a deeper etchred,ashows relative low Sn content and

appears with that darker.

The upper part of the picture iigure 3-39is the Cu tubdl) where the lower part is
the inner CuSn20P6 cylindé2). The brighter region attached to the inner cylimckn
be identified as the diffusion area of Sn into @y Herea (3) occurs and Sn is ob-
served to a depth of ~350-400 um of the Cu tubdidated by the red broken line).
According to the phase diagram the sample shouldnadt during annealing. The mi-
crograph inFigure 3-41shows fine deviations in the color of the matretveeen the
CwP grains which allows to differetiate between dlighbrighter regions(2) and
slightly darker one§3).

The SEM picture (the sample was etchEgjure 3-49 illustrates the complex micro-
structure of this sample. Here the gray scale dffee, as well as the structure of the
different phases is strengthened by etching. Th€>@orn Figure 3-42(1)) is visible at
the left hand side of the picture. Attached toat,region with 25.5 wt.% Sn and
0.7 wt.% P Figure 3-42(2)) can be seen. According to literaturecffENBERGO7, MIET-
TINEN 01] this could bey which shows a needle-like structure. The regiomkexh with
(3) is a little bit darker and has more or less aamif matrix. It has a slightly lower con-
centration, that is 24 wt.% Sn and 0.5 wt.%3R, than the surrounding regions. The de-
tected phase concentrations of this sample arbamnsame range as already measured.
The average concentration in the center of the Eampl4.2 wt% Sn and 6.2 wt.% P,
where the observed phase fractions of the thresgsharey 20 % (bright gray)p 25 %
(bright gray), CyP 45 %(dark gray).
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3.3 Discussion

3.3.1 Comparison of the Calculated Phase Diagrams with lterature

Based on literature [MTTINEN 01, THERMOCALC 03] the numerical Cu-Sn-P database
CuSnl was implemented by Thermo-CaleifRMOCALC 03]. This database, in combi-
nation with the software Thermo-Calc, is used ia phesented work for the numerical
description of the system and with that for the panson of published phase diagrams
with the calculated ones as already shownFigure 3-3 Figure 3-4, Figure 3-9
Figure 3-1Q andFigure 3-12 The calculated phase diagrams are simplifiecpfased,

€ and¢ in the Cu-Sn system by handling these phasesmapaands Figure 3-9. Be-
sides, the calculations performed with Thermo-Galow good agreement with the pub-
lished phase diagrams but the liquidus line of lis slightly lower in the calculated
ones in comparison to the published ones accorin@MASSALSKY 86] (Figure 3-3
Figure 3-9. However, the phase transformation temperaturegslanost the same in the
published and the calculated diagramagyure 3-12presents the vertical section (iso-
pleth) 5 wt.% P calculated with the database Cu3heg. isopleth shows, as expected,
good agreement with the published phase distribudgfidMIETTINEN 01] (Figure 3-43.
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Figure 3-43: (a) ) Vertical section of the terngrlase diagram Cu-Sn-P at 5 wt.% P (isopleth)
based on the numerical assessment work performedAErTINEN 01]. The displayed dark
small squares show DTA measurementskEMOTO 87] and the lines show the calculated
phase diagram (F =, P = CwP, B =) [MIETTINENO1]. (b)Vertical section (isopleth) of the
ternary phase diagram Cu-Sn-P at 5 wt.% P calcuatéh Thermo-Calc (database CuSnl). It
is possible to reproduce the published isoplettMoETTINENOL]. Red circles indicate the posi-
tion around the ternary eutectic point of the syst@&he calculated isopleth shows good agree-
ment with the published one of BMTINENO1].

Although they phase is taken into account in published binaryS@uyhase diagrams,
the experiments performed by AREMOTO 87] did not show the presence gf
and €. However,[MIETTINEN 01] includes they phase in his assessment work for the
ternary phase diagrang.is thought to establish based on a kind of a maitie transi-
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tion out of 3 [ DIES 67, SHUMANN 90]. The absence of this phase in the experimental
observations of [AKEMOTO 87] could have several reasons. Besides experiing@ta
formance, a reason for missing of thehase could be explained by very rapid transi-
tion which unabled a detection after the DTA meamants by SEM or by the low con-
centration difference betwedghandy[ EFFENBERGO7]. € was not detected in the ex-
perimental work. This could be explained by thet fdtat according to literature
[DIES 67, SITH 55, SCHUMANN 90] € is thought to establish after very long diffusion
times in the order of months or years. This mightabsufficient reason to ignore this
phase for the estimation of phase distributionsnducontinuous casting of bronze.

It has to be stated that the calculations performid Thermo-Calc by using the data-
base CuSnl show problems in the area of the tematgctic point and some of the
three phase regions includiggande. Here, two phase regions are labeled in regions,
where according to “Gibbs phase rule”, a three phagion is expected. This was ob-
served in the proposed three phase regions @€ (pink triangle) and (ii) CsP-0-€
(yellow triangle) (sed-igure 3-1Q. However, the present implementation shows good
agreement with the published results ofigMINEN 01] in the region of interest for so-
lidification simulation of bronze alloys.
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3.3.2 Discussion of the DSC Measurements

The analysis of the DSC measurements shows tenuperdifferences as listed in
Table 5and Table 6in columnATyin. ATmin is defined by the minimum temperature
difference observed by taking the measured DSCevalinus the appropriate value
from literature or Thermo-Calc. The phase transttioms for all different phases of the
binary phase diagram CuSn have been observed extcy one o€.

y DSC | MAsS86 | ATy |  DSC | MASS86] AT
CuSn4 3.6 wt.% Sn CuP2 2wt% P
T 1059 °C| 1062 °C -3 T 1034 °C| 1030 °C +4
Ts 956 °C| 960 °C -4 Ts 709 °C| 714 °C -5
T, 260 °C
CuSn20 19.7 wt.% Sn CuP5 54wt%P
T 898 - 905 °C; 906 °C -1 T 922 - 928 °C| 907 °C +15
Tp 793 -795°C 799 °C -4 Ts 709 °C| 714 °C -5
T, 576 -577°C, 588°C| -11
Ts 518 -522 °Cl 520°C| +/-2
T, 350 °C

Table 5: Comparison of the measured DSC phase ftvsemation temperatures and the ex-
pected temperatures after MSALSK6]. T;: liquidus temperature, JI solidus temperature,
Ts,T, Tsand T phase transformation temperature@®.min = Tpsc- Twmassalsky

[ DSC | TC [ATma | DSC | TC | ATw
CuSn4 3.6 wt.% Sn CuP2 2wt%P
T 1059 °C| 1060 °C -4 T 1034 °C| 1030 °C +4
Ts 956 °C| 941 °C +5 Ts 709 °C| 715°C -5
Te 481 °C
CuSn20 19.7 wt.% Sn CuP5 54wt% P
T 898 -905°C| 878°C| +20 T 922 -928°C| 874°C +48
Tp 793-795°C 798 °C -3 Ts 709 °C| 715°C -5
T, 576 - 577 °C| 582 °C -5
Ts 518 - 522 °C| 520°C| +/-2
Te 330 °C

Table 6: Comparison of the measured DSC phase ftvsemation temperatures and the ex-
pected temperatures based on calculations with mbeCalc (TC), database CuSni}. lig-
uidus temperature, T solidus temperature, s, T,, Tsand T, phase transformation tempera-
tures. AT min = Tpsc— Tre.

Although, the SEM investigations of the DSC samylase been performed with EDS
and are therefore semi-quantitative, both, meascoedentrations and phase distribu-
tion, generally agree with literature BdsALSKkyY 86] and thermodynamic calculations
with Thermo-Calc Generally, it can be stated that the deviatio@smithin an accept-
able range according to the expected measuremeuntaay, based on the fact that in
literature for example the melting point of pure &s within a certain accuracy of val-
ues betweel = 1083.5 °C and = 1085 °C. There are four measurement points that
show big deviationsT, for CuSn20 and, for CuP5 in the comparison with A8SAL-
SKY 86] andT, for CuSn20 and CuP5 in comparison to calcuatiois Whermo-Calc
Here, it has to be mentioned, that the two tempeeatthat show deviations from
[MASsASKY 86] show rather small peaks. As also mentionelitenature the transfor-
mation betweer8 andy is difficult to obtain. Having this in mind, theediations are,
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still, in anacceptable range. And according to the calculatwitis Thermo-Calc, there
seems to be a certain error in the calculatiorhefliquidus curve in both binary dia-
grams. However, due to the fact that the numestaly will not have very high Sn or P
contents, this error can be accepted for the restedy.

It was not possible to detect the Sn recphase by SEM or DSC investigations. It is
known from literature [$EUDEL 60] that& needs more time to form than the other
phases (up to weeks or months). Therefore, theéddreating rate in the DSC meas-
urements could be one reason for its absence.
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3.3.3 Discussion of the Diffusion Experiments

Binary Diffusion Experiments

For the binary diffusion experiments, the deteatedcentrations as reported in chap-
ter 3.2.2 show good agreement with published valMesssALSKY 86]. Slightly higher
average concentration of P in the diffusion sanipleomparison to the reference sam-
ple was obtained. But due to the rigidity, the pmgpion of the samples with high P
content is difficult and the casted alloy is ratiromogenuous. This has to be kept in
mind when comparing the reference sample and theaded sample.

Figure 3-44: Concentration measurements in the tyirtiffusion sample for Sn (brown) and P
(blue) at the diffusion interface. The Sn concdidrashows a smooth distribution whereas the
P concentration has big jumps. The red broken lcgselate the depth of diffusion according
the SEM investigations with the observed microscspiucture change in this area.

0
EAYY

—+—profil 1 P [wt.%]
&profil 1 Sn [wt.%]
== profil 2 P [wt.%]
& profil 2 Sn [wt.%]
== profil 3 P [wt.%0]
=& profil 3 Sn [wt.%]
—+profil 4 P [wt.%)]
—+profil 4 Sn [wt.%]
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Figure 3-45: Micrograph of the binary diffusion splm in the diffusion area. The red broken
lines mark the boundaries between the two and drase regions whereas the white broken
line indicates the expected boundary between fifiestin partners

Figure 3-44displays the concentration distribution along foveasured profiles starting
in the CuSn20 sample, crossing the boundary ofwieediffusion partners, and ending
in the CuP8.3 samplé&igure 3-45shows a micrograph of the diffusion sample in the
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diffusion area. The two red broken lines mark tbermaries between the two and one
phase regions whereas the white broken line assignboundary between the two dif-
fusion partners in the miroscopic picture. Thesediare used to visualize the location
of the profiles displayed iRigure 3-44relative to the sample.

As shown inFigure 3-45the samples are connected at the interface althaugertain
amount of pores is still present after annealinige Jumps in the detected concentra-
tions in both, the CuSn and CuP sample, are cabigatle fact that the measurement
series has been performed as point measuremernharefore sometimes the Sn and P
rich phases themselves are detected. The low Rmpdétected i corresponds to its
solibilty according to the shown phase diagramselms that this low solubility slows
the diffusion of P down towards the boundary arati¢eto diffusion towards the centre
of the CuP sample where moresz@us built. Here higher P concentrations are detect
(up to 14 wt. % in the measured profile) in comgpawi to the reference sample.

Based on the SEM measurements rough diffusion iceeits can be estimated for the
temperature of 648 °C according to the measuretilgsdor Sn in thea region with
aboutDsy ~ 10™° m?-s* and for P in thex region with abouDpy ~ 3-10**m?s™. The
value observed for Sn lies in a range as propogeddsature for binary CuSn diffu-
sion. Since for P just a diffusion coefficient fiompurities is available in literature, no
comparison is possible for the diffusion in Cu wati3 wt.% P.

Ternary Diffusion Experiments

The ternary eutectic point of the Cu-Sn-P systewf imajor interest and therefore the
presented experimental work was performed. Calicuatwith Thermo-Calc proposed

the ternary eutectic point @t = 644.1 °C. After [EFENBERGO7] the range of the trans-

formation temperature for a reaction ofd.+ +CuwP is from 642 °C to 655 °C which

demonstrates that a ternary eutectic reaction isesrpected based on published work,
therefore diffusion experiments were performed 48 6C, 644 °C, and 642 °C with a

CuSn20P6 alloy.

Figure 3-46: The upper picture shows a SEM pictofehe diffusion sample at 648 °C. The
numbers indictate the position of the differentgheegions displayed in the phase sequence at
the bottom of the figure. The observed phases(&jeCu, (2)a, (3) CuP, (4) 5. (5) indicate

the three phase region (CuSn14.7P4.6), and (6jhiee phase region (CuSn16.5P4.4) (modi-
fied after [PaNzL 08]). The red broken line marks the expected baopndf the liquid region.
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Figure 3-47: Isothermal sections of the Cu richroar of the Cu-Sn-P system are displayed at
a) T, =648 °C and b) T = 640 °C. The red broken arrandicate the expected concentration
of the remaining solidifying liquid (measured 1&6% Sn and 4.4 wt.% P in the center of the
annealed sample). The isothermal sections are ki with Thermo-Calc.

b R

The first sample was annealed at 648 °C for 6 daysnsure that liquid forms. After
annealing it was quenched in cold water and prepéve the SEM measurements.
Figure 3-46 shows an overview of the observed phase distdhutdescribed in
chapter 3.2.3Figure 3-47 shows two isothermal sections, one at 648 °C amel &
640 °C.

It can be seen that the calculatios with Thermczc@abpose a liquid region at 648 °C
near the applied sample concentrations. The iswidlesection at 640 °C is taken just
below the expected ternary eutectic point to gaformation about the expected con-
centrations and phase fractions of the solidifigdidl.

It appears that the actually observed phase digioib of the sample is caused by a so-
lidification sequence during the 6 days of annepéis described in the following.

The outer Cu tube has a melting temperaturBff= 1084°C and is therefore expected
to stay solid during annealindgrigure 3-48a(1)). The ternary alloy CuSn20P6 of the
inner cylinder Figure 3-48a(2)) consists o®-CuwP and CuP and lies at the applied
annealing temperature within the two phase regiosPGnd liquid Figure 3-48Db(3)).
Therefore CgP is not expected to melt during annealing. Howether dendritic shape
of CwP observed in the unnealed sample is not conseafted the heat treatment
(Figure 3-23. Sn and P are detected in the Cu tube closeetbdlindary to the ternary
diffusion partner Figure 3-48b(1)). This leads to the formation afwith a Sn content
up to 15 wt.% Sn and a P content of up to 2 wt.@kigure 3-480(2)).

Due to the diffusion of Sn and P out of the ternaner cylinder into the outer Cu tube,
a lack of Sn and P develops at the solid-liquiérifaice of the inner sampléj-(3) in-
terface in(b)). This leads to an increase in liquid temperatamd thereforex is ex-
pected to grow at this interfac&igure 3-48c(1)). As the concentration of the two
phase region in thermodynamic equilibrium is reag¢l@ygP stays in equilibrium with
a (Figure 3-48c(2)).
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(b) (d)

Figure 3-48: Schematical drawing of the diffusiomdamelting/solidification sequence of the
annealed sample. (a) displays the diffusion sarbefere annealing. (b) The solid Cu shell
shows diffusion of Sn and P (2). In the inner ddmCuSn20P6 (3) a two phase region is ex-
pected at T= 648 °C where C4P and liquid L is in equilibrium. (c) marks the exped diffu-
sion of Sn and P out of the ternary inner cylinoigo the outer Cu cylinder (1) which induces a
decrease of Sn and P at the solid-liquid interface leads to an increase in liquid tempera-
ture. a and CyP grow as soon as the necessary concentrationhertivo phase region of
thermodynamic equilibrium is reached (2). In thatee the liquid is depleted in Sn and P but
still liquid. (d) Quenching leads to rapid solidifition of the liquid and ternary eutectia, (8,
CwP) is formed.

Another feature could have happened due to dewsifgrences in the mush. Since
CwP has a lower density than the surrounding P pigoiid (Figure 3-48b(3)), it
moved upwards in the sample. This could be onega®that led to the observeds;Bu
enrichment at the bottom &igure 3-27(the sample is displayed upside down). Addi-
tionally, as quenching took place, it is possilfiattthe liquid itself got stirred by the
process of taking the sample out of the stove arting it into cold water. At the solid
and liquid interface, solidification started velpidly during quenching which led to a
fine imbedding of C¢P at the grain boundariesf a. Figure 3-32(Figure 3-49a)dis-
play for example one GB droplet which is surrounded by a two phase eisteegion
(CwP anda, white rectangle) on the upper side. This coulomskhat thermodynamics
tried to balance the concentration at the bounadrthe CuP droplet. In addition, a
three phase region with not clearly defined bouiedas occurring close to it. Attached
to it, a second two phase region with eutectic cstme of CyP andf is observed
(Figure 3-49a,red rectangle). Those examples indicate that thediwas cooled rap-
idly and therefore the thermodynamic equilibriumswaot reached. The three phase
regions inFigure 3-34(Figure 3-4%) and Figure 3-35(Figure 3-49c)show a rather
fine distribution which is thought to be causedtbg fast solidification during quench-
ing (Figure 3-48d (1)). The observed average concentration of the hinase region in
the center of the sample should show the concaotraf the liquid just before solidifi-
cation Figure 3-47aFigure 3-471).
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Figure 3-49: (a) shows a detail of Figure 3-32, @#)Figure 3-34. Here Sn depletet melt at the
solid liquid interface is expected. Occruing phases 8, CwP. (c) shows a detail of of
Figure 3-35 where a higher Sn content than in treaalisplayed in (b) is observed. This region
lies in the center of the sample. Occruing phage®, CuP. White rectangle: two phase region
CuP+a, red rectangle: two phase region £a S.

Figure 3-50shows the isothermal sectionat 640 °C. The green labels are the de-
tected concentrations and phase distributionshfertwo and three phase regions of the
annealed sample at, = 648 °C whereas the red labels are the detected contiensa
of the one phase regions. The observed phasebdisbmis agree with the proposed by
computational thermodynamics. The P content intééee and three phase regions lies
around 4.5 wt.% whereas the Sn content varies le#t\i@ to 17 wt.% Sn. The meas-
ured concentration in the center of the sampldésve in Figure 3-51(blue dot) in the
isopleth calculation at 4.4 wt.% P with databas&®&lu The expected concentrations of
the phases at the ternary eutectic point are, diowpto the phase diagram information,
15 wt.% Sn and 0.55 wt.% P fax, Owt.% Sn and 14 wt.% P for €R and
23.5 wt.%Sn foi3. The measured concentrations as showkigare 3-50are, concern-
ing the uncertainties of the detection of P with®®WDS ofAc” ~ +0.5 wt.%, in good
agreement with the assessed data used in the data®aSnl (see isopleth in
Figure 3-5). Based on the fact that the sample is thouglttatee been liquid during
annealing and with that convection has taken pldaeeradial element distribution does
not show a radial diffusion path. In addition, dqgpearing phases give different diffu-
sion conditions for the two alloying elements. Tdfere, further interpretation of this
diffusion experiment is not possible at the prestage.
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Figure 3-50: Isothermal sections of the Cu richroar of the Cu-Sn-P system are displayed at
T = 640 °C. The red broken arrows indicate the expeé concentration of the remaining so-
lidifying liquid (measured 4.4 wt.% P and 16.5 wiS% in the center of the annealing sample).
The isothermal section is calculated with ThermdeC&he black arrows show the different
detected concentrations in the solidified sample 548 °C. It is visible that the P content is
about the same in all of the two or three phaséaregy whereas the Sn content varies signifi-
cantly. Green lables show the two and three phaggons/concentrations measured by SEM,
and red lables the concentration of the single plsas
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Figure 3-51: Vertical section (isopleth) of thenary phase diagram Cu-Sn-P at 4.4 wt.% P
calculated with the database CuSnl. The blue doksithe average concentration detected in
the center of the annealed sample at 48 °C for § = 6 days (Figure 3-27 (iv)).

The second sample was annealed,at 644 °C fort, = 6 days to go close to the eutec-
tic temperature of the system. After annealing @swgquenched in cold water and pre-
pared for the SEM measuremenigure 3-52 shows an overview of the observed
phase distribution as described in chapter 3Rdgure 3-52ashows the phase distribu-
tion before annealing arfdigure 3-52bthe observed phases after quenching. A diffu-
sion area at the sample interfaces (red broker) imebserved in the Cu tube and
slightly in the inner CuSn20P6 cylinder. P is eheid in the porous area between the
two sample partners. White is formed in the outer tube, the attached Sn degplarea

of the ternary diffusion partner forms a two phesgion ofa and CyP.
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(b)

Figure 3-52: Schematical drawing of the diffusioegsence of the annealed sample at
T, = 644 °C. (a) displays the diffusion sample befan@ealing. Here (1) indicates the pure Cu
(a) tube and (2) the ternary CuSn20P6 cylinder. (hpves the sample after annealing.
(1) is &’} (3) is the diffusion area of Sn into the outemgée partner &), (4) marks the small
Sn depletet area in the CuSn20P6 cylinder, whe(Baindicates the two phase region in the
center of the sample. The red broken line is threym P rich boundary between the two diffu-
sion partners.
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Figure 3-53: Vertical section (isopleth) of theriary phase diagram Cu-Sn-P at 5.6 wt.% P
calculated with the database CuSnl. Blue dot mémixsaverage concentration in the center of
the annealed sample af ¥ 644 °C for t = 6 days (Figure 3-36 (iii)).

After a small three phase regionaff3, and CyP the two phase region ¢f and CyP

is observed in the center of the ternary sampigure 3-53displays the isopleth at
5.6 wt.% P to compare the measured concentratio® (@t.% Sn and and 5.6 wt.% P)
and the phase distribution in the center of themarwith phase diagram calculations.
The calculated phase diagram indicates that theesdration of the annealed sample at
Ta= 644 °C lies in the two phase regionsBtL. This indicates that besides the solid
CuwP dendrites a high viscous or even almost liquiasphwvas present during annealing.
It is thought that under this condition the diffusiof P is rather fast and with that the
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present CgP dendrites tend to form big dendrites. These areosnded by in the
solid sample (sekigure 3-39.

According to the isothermal section, three phasesild be present in this sample, but
they phase is not observed. One reason for that caulthdt the sample itself is rela-
tively inhomogenuous. The phase boundaries, ashgitly below, the ternary eutectic
point lie within a small range and the calculatamturacy in this area shows some un-
certainties. Therefore, a shift in concentratiortted sample of about 2 wt.% Sn leads
already to the absence pfand the presence af phase, and inbetween jU3tCusP is
expected. The same is valid for depletion of Pbafia 0.05 wt.% P.

The third sample was annealedTat 642 °C fort, = 6 days. After annealing it was
guenched in cold water and prepared for the SEMsoreanentskigure 3-54shows an
overview of the observed phase distribution descrim chapter 3.2.3Figure 3-54a
shows the phase distribution before annealing ligdre 3-54bthe observed phases
after quenching. A diffusion area at the sampleriiaces (red broken line) is observed
in the Cu tube and in the inner cylinder. P is @med in the porous area between the
two sample partners. Whike is formed in the outer tube the attached Sn deglatea

of the ternary diffusion partner forms a two phesgion ofa and CyP.

(b)

Figure 3-54: Schematical drawing of the diffusioegsence of the annealed sample at
T, =642 °C. (a) displays the diffusion sample befan@ealing. Here (1) indicates the pure Cu
(a) tube and (2) the ternary CuSn20P6 cylinder. (ives the sample after annealing. (1) is
a, (3) is the diffusion area of Sn into the outemgée partner, (4) marks the small Sn depletet
area in the CuSn20P6 cylinder, whereas (5) indisdite three phase region of the sample. The
red broken line is the porous, P rich boundary etwthe diffusion partners.
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Figure 3-55: SEM picture of the diffusion sampleealed at T = 642 °C for § = 20 days as
described in chapter 3.2.3. (1) marks aszBucorn at the left hand side of the picture,
(2) y, which shows a “needle” structure, and (8)which appears to be a little bit darker color
than y. The small numbers 1-7 show the position of tifferént measurement points as de-
scribed in [RUBERO7B]. Measurment point 6 is located in a deeper etciezh.

Attached to it, the three phase regioro¥, and CyP is observed in the ternary sample
(Figure 3-55. The visible microstructure iRigure 3-55shows thaf seems to transform
to the needle-likg phase, especially at grain boundarys, as for el@arpund the GP
grain. The detected concentration in point 6, whias located in a dark, and appear-
ingly, deeper area than the surrounding, shows ao®tent of about 20 wt.% Sn and
almost no P. This indicates that in this acephase starts to form. Due to the limitation
of the resolution of the SEM measurements the aunggon in this area is questionable.
In addition the etching and the uneven surface laasertain influence on the concentra-
tion distribution and with that this is a roughdntretation.

Figure 3-56displays the isopleth at 6.4 wt.% P. Based onntleasured concentration
(14.2 wt.% Sn and and 6.4 wt.% Mgure 3-56 blue dot) the expected phase distribution
in the center of the annealed sampldat 642 °C is compared with phase diagram cal-
culations. The detected concentration lies closthéaernary eutectic temperature in the
three phase region of gR, B andy. The observed phase distribution shows good agree-
ment with the phase diagram calculations.

In conclusion, it has to be mentioned that the erpental observations described in the
last chapter show good agreement with the propteedry phase diagram of [Mietti-
nen 01]. The observation gfn the annealing experiment Bt = 642 °C fort, = 20 days

is in good agreement with the thermodynamic cat@ra but controvers to the absence
of y in the DTA measurements of AKEMOTO 87]. The observed phase distribution espe-
cially in the annealing sample & = 648 °C indicates that the phase transition as pr
posed by [EFENBERG 07] (L+a-PB+CwP) should rather be a transition of
L - a+B+CuP.
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Figure 3-56: Vertical section (isopleth) of thertary phase diagram Cu-Sn-P at 6.4 wt.% P
(calculated with the database CuSn1l). Blue dotsknsapow the measured average concentra-
tion in the center of the sample annealed at 42 °C for { = 6 days (Figure 3-39, ii).

Thee phase could not be observed in the experimentdi/stdnich seems to justify the

exclusion of this phase for phase predictions gtcast” conditions. So far the obtained
temperatures in the DSC measurements and the dosens of the annealing experi-
ments indicate that the database CuSnl allowsrgigbion of thermodynamics in the

Cu rich corner of the ternary system Cu-Sn-P iajgoropriate way.

The observed diffusion pattern in the performedeexpental work does not allow pro-

posing quantitative numbers for different diffusiooefficients. The main reason is that
the diffusion interface is quite rough. BesidedHar studies have to be done to optimize
the preparation of the samples to ensure homogendiffusion conditions. Since there

is still a lack in values for diffusion coefficientand mobility values for the ternary

Cu-Sn-P system, further work has to be performeiddace the ability to use numerical

calculations for the prediction of phase distribati
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4  Multiphase Solidification Simulation for Continu-
ous Casting of Sn/P — Bronzes

In the presented work, a Euler-Euler multiphase@gmation model is applied to model
solidification in continuous casting of bronze. Ebe numerical calculations the com-
putational fluid dynamic (CFD) software FLUENT (Elt Inc. USA) is used coupled
with UDF’s (User Defined Functions). The followirdgescription of the Euler-Euler
multiphase solidification model of FLUENT is based [Wu 07]. In addition results
and discussion include parts of publications durihg last years [RUBER 05,
GRUBER 06, QRUBERO7, GRUBERO7A, LUDWIG 06A, LUDWIG 06B].

4.1 Basics and State of the Art

4.1.1 The Euler-Euler Multiphase Model

Basics

FLUENT is a CFD software with a finite volume diféatial (FVD) solver. The basic
element is a representative volume element of atipmalse system as shown in
Figure 4-1 In each volume element up to three phases, liggad, and solid phase, are
considered in this example. The definition of agehdiffers to the one in thermodyna-
mis and is used to identify the corresponding fugecuring based on the conservation
equations. The term “phase” is not necessarilytéchito the physical state. It can be
extended to a certain class of fluid (for examplenpry fluid, group of gas bubbles, or
moving solid particles) sharing the same thermojglayshydrodynamic and thermody-
namic properties or behaviors. The description weBan multiphase fluids is based on
the fact that the different phases are handledhi@spenetrating continua. For that the
different phases are thought to have a certainmeléraction, denoted here Iloy. The
subscriptq indicates here, for example, liquid, gas, or sphases (1, 2, ... n) [W07].

liquid

&) ()
_*\ / / gas

solid

%x.o Jonig

Figure 4-1: A representative volume element of #iphase system [WO07]. In this case three
phases are present in the volume element, thatit §quid, and gas.
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The sum of the volume fractions of all n phasesna volume element adds up to one
> f=1. (4-1)
g=1

The mass conservation has to be satisfied for paabke
a N n
o) 0o t)=2 My, (4-2)

=

where p, and U, are the density and velocity of phageM ,, is the interphase mass
transfer rate (kgifs") from phasep to g, and M oq = ~Mg,- The momentum balance for
each phase is fullfiled by

%(fquGQ)-'_ D [ﬁfqpqaq D GQ):

—quP+qu+lf+fqpng+Zqu(Dp—aq)+ M_ O
p=1

pa~pq *

(4-3)

p=1

Where ?q is the stress-strain tensor of phasand F the source term for other body
forces (e.g. lift force, virtual mass force,.[}, is a dyadic product, arfélis the pressure
shared by all phasesli,, is the interphase velocity, i ,, >0, which is for example
the case if the mass of phasés transferred to phasg thent,, =0,. On the other
hand, if M, < O, which meansM , > Qthenu, =0, and generali,, =0,,. The in-
terphase momentum exchange coefficient, dependingriction, pressure, cohesion,
and other effects is defined by, (=K,,).

The energy (enthalpy) conservation equation caaelseribed as

%(fqpqhq)+ 0, pa,h, )= OC{f k0T, )+ Zl H (T -T), (4-)
-

where h, is the specific enthalpy of phagewhich is defined as

Tq
h, = j CodT, + i (4-5)

T

ref

Here c,,, is the specific heat of phasg and h;ef the enthalpy at the reference tem-
peratureT ™" of phaseq. In equation 4-4k, is the thermal conductivity of phageand
H,, the volume heat exchange coefficient between hiaseggp andg.
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The species transport in each phiasea multicomponent system can be described as

2 (1o,0)+ 0frp,0)= 0ilr 0300 )+, (4-6)
wherec is the weight fractlon of speciesn phasey, DI is the diffusivity of species

in phaseq, and C' [kgm?s?] is the rate of productlon or destruction of spséiin
phaseq. Based on this the species exchange between pHaseg solidification is
modeled according to the solidification rate anel shlute partitioning or diffusion laws
at the interface between the phases. If additierelhange terms are necessary to define
specific values for the model, it is possible tévecadditional transport equations for
any arbitrary scalar in the same way as the abegeribed transport equations. The
general form of the arbitrary scalag' of phasey is

0

(@) rodipag)=0tie0i00)+s,. (47)

Here Dl is the diffusion coefficient ands ,the source term for tH& scalar quantity in
phaseq

Fundamentals about the solution methods for therdbesl multiple equation system
can be found in different sourcesRBANEN 05, FLUENT 05, FLUENT 06, KOLEV 02,
PATANKAR 72, PATANKAR 80, SPALDING 72]. The methods for solving the Eulerian mul-
tiphase flow are available, but there are big déifees in their infancy and timecosts.
Each of the methods has its advantages dependinigeoapplication area of the flow
pattern. There is no universal method for integasystems of partial differential equa-
tions describing all multiphase flow patterns\@7]. The method applied in the pre-
sented work is based on that implemented in the €&fBware FLUENT (Fluent Inc.
USA).
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State of the Art

As mentioned by [Wu 07Beckermann and Viskanta developed the theoreticald-
mentals of multiphase solidification models in ##90’s [BECKERMANN 88, BECKER-
MANN 93]. Based on this several two- or three-phaseefsadlith different assumptions
have been published and appli@EKERMANN 94, GANESAN 90, NI 91, N 93, N 954,

NI 958, WANG 95]. These models have separate volume-averaged eggidbio mass,
momentum, energy, and species conservation whlkdenived for a solid and a liquid
phase. This development is the basic for the trestraf disparate solid and liquid ve-
locity, thermal and solutal non-equilibrium, intecfal momentum, and heat and species
exchange. The inclusion of interfacial transfemeioffered the possibility to integrate
microscopic features like nucleation models, stileiggoal formulations, or microsegre-
gation features. Those microscopic and also maspisgphenomena, as for example
the formation of fragments and transport of equibsiystals Figure 4-2 [N1954], and
the dendritic morphology of the crystals HEKERMANN 96, WANG 93, WANG 96a,
WANG 968] are still based on simplified assumptions.
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Figure 4-2: lllustration of the development andrsport of solid structures [Nd54]. a) Het-
erogeneous nucleation, b) generation of fragments equiaxed crystals, c) transport of solid
crystals, d) packing impingement, coarsening, amal olid structures.
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However, they can be described for at least quilig. There are still some uncertain-
ties included in the model assumtions. Therefoeeethis a need in further development
of the physical models based on experimental rekef/u 07]. Such physical phe-
nomena are for example a realistic physical nuideainodel, or detailed volumetric
heat and mass transfer coefficients, and a costectological formulation for interfa-
cial area concentrationsLgGBUSI 00, N 95A, NI 958, WANG 95]. Figure 4-2gives an
overview about the main mechanisms taking parurcleation. However, only some of
them may occure under special circumstances dugiiiglification. As explored by
Beckermann and his coworkersg@&ERMANN 93, BECKERMANN 96, Nl 93, WANG 964,
WANG 968], there area number of phenomena which are not included iref@mple
continuum mixture models [W07]. The application for these models is mainlyitiéd

to a few benchmark cases as displaye#igure 4-3 Further research efforts and ex-
perimental verifications are still demanded.

adiabatic and impermeable

N AN

Rl fully liquid

stalionary ——=—}
particles

|
|

H=01m
fuully liquid
and

L

free
particles

fully liquid
and
packed
particles

|~7 G —P‘ 0.0 bulk solid frac 10
(a) (b) (c)
Figure 4-3: 3-phase (convective melt, stationarjidsanovable SiC particle) model was
developed to model the solidification of metal ixaarticulate composites (MMPCSs)
[FELLER97]. (a) lllustration of domain and boundary cotidhs used for the simulation.
(b) Solid fraction (grey scale) and liquid velocftgld at 100 s (arrows). (c) Predicted final
macrosegregation pattern of Si.
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Besides, studies on the influence of different flpkenomena on the flow field in the
mushy zone were performed for AI-Cu alloys yDD5, Du 06, ZALOZNIK 05,
ZALOZNIK 06]. Zaloznik applies the Bennon-Incopera one-plmasture model to study
the influence of casting parameters in direct-aalting of Al-Cu strands on the forma-
tion of macrosegregation pZozNIk 05]. But for the simulation of macrosegregations a
mixture model does not have the great advantagdseasready described multi-phase
models. Du and Eskin apply a multi-phase modelefpuiaxed solidification in Al-Cu
direct-chill casting [ 05,Du 06]. Here detailed studies on the influence of floe-
nomena like forced convection, feeding flow, thersadutal buoancy flow, and grain
sedimentation were taken into accont.

[MAYER 07,Wu 06, Wu 07] usethe multiphase model of Ludwig and WudhwiG 02,
LubwiG 05, MAYER 07, Wu 03a, Wu 038, Wu 06, Wu 07] to describe two and three
phase solidification for ingot casting and contins@asting of steel. The main objective
in these studies is the prediction of macrosegiega@ttern in steel production.
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For continuous casting of bronze studies on theamnioa description of solidification
have been published during the last three yearsthey author and coworkers
[GRUBER 05, QRUBER 06, GRUBER07A, LUDWIG 06A, LUDWIGO6B]. The applied physi-
cal model for multiphase flow is the same as degyedoand published by Ludwig, Wu
and coauthors from 2002-2006UhwIG 02, LubwiG 05, MAYER 07, Wu 03a, Wu 038,
Wu 06,Wu 07]. The basic features of the solidification processuoing in continuous
casting of bronze are (i) fluid dynamics in theuldjand mushy zone, (ii) solidification
for the transition from liquid to solid, (iii) defition of the growth mechanisms taking
place during solidification, (iv) inclusion of theodynamic features appearing during
solidification, and (iiv) influence of different c@ection mechanism like forced convec-
tion, feeding flow and thermo-solutal flow.

Since technical alloys usually consist of more ttvem elements macrosegregation stud-
ies imply the need for taking thermodynamics ohaey or higher order systems into
account. Most of the previous mentioned work wasedtr binary systems. A few
studies were performed on multicomponent systermgyusmplified thermodynamics.
Usually linearized phase diagrams with constantidigs slope and constant partitioning
coefficients are included $INEIDER 95A, SCHNEIDER 958B]. Since the pioneer work of
Kaufman and Bernstein in 1970 AKFMAN 70], the calculation of phase diagrams has
become a widely used tool for predicting thermodgitainformation by computational
techniques. This method is known as the CALPHADhwodt(CALculation of PHAse
Diagrams) [AIDERSSONO02, SUNDMAN 85]. Nowadays, more and more groups have
started to combine numerical solidification simidas with CALPHAD calculations
[BOETTINGEROO, GRAFE 00, GREVEN 99, KATTNER 97]. Since then it is possible to pre-
dict phase evolution and the according solidifmatpath based on the CALPHAD
method by taking into account effects of coolingerdack diffusion, and coarsening
[JIE 05, KRAFT 97, LAROUCHE 07]. [ESKIN 07] discusses formation of macrosegregation
for a ternary Al-alloy based on a two phase modekfjuiaxed solidification. It is men-
tioned that direct coupling between a thermodynaanidt a CFD software is rather time
consuming for real casting processes. Therefaseptoposed to use tabulation moduls
for the thermodynamic input.

Ludwig and co-workers recently proposed a new nektlhabwiG 068, LubwiG 07],
developped partly in the presented work, to cotlpée thermodynamic data with the
multiphase solidification model, where a way of pling solidification kinetics with
thermodynamics in multiphase solidification wasserged. Since direct coupling of a
thermodynamic software, like Thermo-Calc with a CE®ftware, like FLUENT, is
very time consuming, the coupling is done by prongdaccess to thermodynamic data
through either linerarization methods or the tatimfaand interpolation technique ISAT
(In-Situ Adaptive Tabulation) §HMURZzIN 08]. The presented calculations have been
performed for columnar solidification.
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4.1.2 Columnar Solidification

General Assumptions

During solidification of continuous casting of bmm both, equiaxed and columnar
dendritic growth is observed depending on the agptiasting conditions. The physical
model for multiphase flow, as described in thediwihg, has been developed and pub-
lished by Ludwig, Wu and coauthors from 2002-20@&gwiG 02, LubwiG 05,
Wu 03a, Wu 038, Wu 06, Wu 07, MAYER 07]. For the simulation of macrosegregation
features the growth of equiaxed grains is denied fast approximation. The main as-
sumptions of the used model can be briefly sumradras follows:

e Columnar dendrites are thought to start growinghatmold wall as soon as the
temperature drops below the liquidus temperature.

* The columnar dendrites are assumed to have anagiiadirical morphology (cel-
lular dendrite-like).

* Ashell-like growth driven by diffusion is assumaund the cylinder.

* Nucleation and growth of equiaxed grains are igdore

* Two phases are defined: the liquid phhss the primary and the columnar as the
secondary phase The corresponding phase fractions are given asnefraction
of the liquid phasef, and volume fraction of the columnar phadge with
f+f. =1

* The primary phase is thought to be a moving phasevhich the corresponding
Navier-Stokes equations are solved. The columnasels assumed to start grow-
ing from the mold wall, and to move with the comstand predefined casting
velocity U, Thus, no momentum conservation equation for tdéenecnar phase is
considered.

» Corresponding source terms are included to acclmurthermo-solutal buoyancy
driven flow.

» Shrinkage is modelled by feeding flow occurring doghe density difference be-
tween columnar and liquid phasg.& o, ).

* Mechanical interaction between mush and flowingtngktalculated via Darcy’s
law.

* The Blake-Kozeny permeability approachfB 60, LubwiG 02, LUubDwIG 064] is
applied to model the mush permeability.

*  Thermodynamic information for the binary Cu-Sn systis approximated by using
a constant redistribution coefficiektand a constant liquidus slope For the ter-
nary calculations of Cu-Sn-P the model publishefl SAMURzIN 08, LubwIG 068,
LubwiG 07] is applied. Here precalculated thermodynami@ da coupled with
computational fluid dynamics (CFD) and thereforedusor the calculation of the
interfacial concentration of Sn and P.

* A constant value for the primary arm spacing ofuomar dendrites/,, is as-
sumed.
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Mass Conservation and Growth Kinetics
The mass conservation equations for the liquidthaccolumnar phase are given by

2(fa)+0ilf ) =M., 49)

0 _
a(fcpc)-'-l]mfcpcuc):wllc' (4_9)

Here, 0, 0. are the densities and, U, the volume-averaged velocities of the two
phases. The source ternid,. (=-M_ , r¢present the net mass transfer rates from the
liquid to the columnar phase [kg>s?], which is positive for solidification and nega-
tive for melting. To define the net mass transtgey the diffusion controlled growth
kinetics around a cylindrical dendrite trunk is retatl by considering the growth veloc-
ity v in the radial direction:

v=IR_DG-¢ |n-1[5j. (4-10)
& RG -G (R

Here, ¢, and €, are the equilibrium liquid and solid concentrasoadjacent to the
solid/liquid interface, for which in a binary linezed phase diagrang, = k¢, and

¢, =(T -T,)/m, wherek is the solute redistribution coefficient antdis the slope of
the linearized liquidus line of the phase diagrays the average concentration in the
liquid, T volume average temperature, ahd the liquidus temperature of pure CD,

is the diffusion coefficient in the liquid anB, =d_. /& the average radius of a cylin-
drical dendrite trunkd, is the dendrite diametev,is the radial growth velocity of the
dendrite trunk. The far field radius B; =d.,, Aghered,,is the maximum dendrite
trunk diameter in case where no liquid is thoughbe left for the applied arranage-
ment. With equation 4-11 we can define the volumeraged net mass transfer rate by
combining the total surface area of columnar deéedrunks per volume in case of hex-
agonal arrangemeBy, = 7d_/ A7 for 2D, where/, is the primary dendrite arm spacing,
and the impingement factaf,, to become

_ . 2J3m

Mlc _IOCV 3/]f < 1:imp1 (4'11)

with
f,, 0<d<A, .
o= ' Y with
P fl,crit ’ /11 < d < dmax

f i :1—% for cylindrical growth (4-12)

Here f is the critical volume fraction which is reachetiem the dendrite trunks are

1, crit

touching each other [MER 07]. In case of a hexagonal dendrite adgg = 105/, .
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This condition assumes that the entire residuat melonsumed by the growing cylin-
ders. With equation 4.10 this leads to

o.f (4-13)

G A\ 2V3m,
3/15 c 'imp*

M, = D 1- n*
(d./2)@-K)|~ (T-T,)/m d,

This approach leads to a positive mass transfesoas as the temperature dependent
interface concentration in the liquid =(T —T,)/m, exceeds the average liquid con-
centrationc, available in the corresponding volume elemenaYER 07].

Momentum Conservation and Viscous Interaction betwighases
The velocity field of the melt is obtained by solgithe Navier-Stokes

a _ . . = — 't
a(flplul)-'-l:'[qflplul D uI):_flljp-'-l:'z-l + fIIOIg+UCI1 (4_14)

with

7 =uf(000+(@O0q)) (4-15)
being the stress-strain tensor of the liquid plzask

AT, = [+ B (T =T))+ B.(c™ ~c)] (4-16)

the temperature and concentration dependent deridity momentum exchange be-
tween the melt and the columnar dendrites includas contributions: (i) due to the
phase transitionJ ”, and (ii) due to the drag force between liquid aatid, U . Thus,
we have U, =U/ +Ug. The contribution due to phase change is describgd
Ul =uoM, with o =g for solidification andt =0, for melting. The momentum ex-
change due to drag is modeled by using the BlakeeKyp approach [BD 60,
LubwiG 02, LubwiG 06A]

Ul =K,.(o -q,). (4-17)

The drag coefficient is given by

2
K, = —% (4-18)
and a permeability taken as
f 3
K=K, — (4-19)

with K, =K, , where the pre-factoK, is assumed to be constant. Further details on
the applied momentum exchange approach can be faunfbrmer publications
[LubwiG 02, LubwiG 054, Wu 03a, Wu 038, Wu 06, Wu 07].
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Species Conservation and Solute Partitioning aSthiel/Liquid Interface
The volume-averaged concentration of liquid phaseand of columnar phase, are
obtained by solving the species concentration

2196 Jrodtoas )= otan oo Jec,, o
%(fcpccc )+ O Eﬁfc,ocﬁccc): O [ﬁfcpch Cc, )+ Ce., (4-21)

where D, is the diffusion coefficient in the solid.

The solute exchange among liquid and solid is a@huse solute partitioning at the
solid/liquid interface. It is straight forward, ththe corresponding exchange term is
given by C, =¢ M, and C, =c .M, where we assume, =k [€ for binary solidifi-
cation andc =c, for melting.

cl?

Enthalpy Conservation
We solve the enthalpy conservation equation foh gdnase:

0 -
a(flplhl)-l-m[qflplulhl):DmflkIDTI)-I-Qch (4'22)
%(fcpchc)-'- O |:ﬂfcpcuchc) =0 m 1:cchTc) +Qlc ' (4'23)

where the enthalpies are defined via

T
h = [c,,dT+h* (4-24)

T

ref

and

Te
h = [c,qdT+h (4-25)

T

ref

with the specific heat of the liquid being,,, and that of the solid phase beiog,,.
T, W and h*" are defined in a way that the enthalpy differenetween the liquid
and the solid, I, —h.), is equal to the latent heat of fusion. The seuszm for the en-
thalpie conservation equation is based on the sutheorelease of latent he& and
the enthalpy exchange between the ph&ggss Q. =QF + Q¢ . The release of latent
heat between the phases is treate@fy= h M. for solidification andQj =h.M for
melting. By solving the above described conservagguations (equation 4-22 and
equation 4-23), two different temperatur&s,and T, are gained. A quite large volume
heat exchange coefficient ¢f = 16 W-m>K™ is used to balance the temperatures be-
tween the two phased,(=T,). Thus, a volume heat exchange@}f =H (T, -T, is)
obtained In [RAPPAZ 90] it was verified that the calculated temperatdiféerence in
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the mushy zone between liquid and solid, wherergelamount of latent heat is re-
leased, is about 0.2 K.

Auxiliary Quantities

In order to study macrosegregation quantitatively mixture concentratioe,, is de-
fined according to
+
Cmix — CI pl fl Ccpc fc . (4_26)

pl fl +pcfc

The volume averaging approach relates the voluaeiém of the cylizndrical dendrites
to the ratio of the average cross section areasafgle trunk,77{d, /2), to the highest
available area for a hexagonal dendrite area

_+3md,’

f :
c 6 /112

(4-27)

This geometrical relationship is used to deterntivee volume-averaged dendrite trunk
diameterd,. Here, f. is known from the corresponding mass conservatigumation,
and 4, is given. For the presented results the primangddge arm spacing is thought to
be constant ad, =150pum.

Thermodynamic Description for the Ternary Model

The way of coupling ternary and higher componergfa@se diagram information with
the multiphase solidification approach proposed [lsHMURzIN 08, LubwiG 05,
LubwiG 068] is used for the ternary calculation. A brief mbdescription based on
[LuDwiG 068B] is presented here.

The above described two-phase volume averaging Insodsiders two interpenetrating
continua: the liquid, and the columnar dendrite trunksAt the solid-liquid interface
the dendrites have an average species mass fraftign in the liquid andc/in the
cylindrical solid. The assumption of a quasi-steatite diffusion field around growing
cylindrical dendrites of diameted, leads to the following expression for the solute
gradientG/, for cylindrical growth of thg-species in the liquid at the interface

i = _Ell —C
a2 "

(O

(dénan for cylindrical growth,j = Sn, P (4-28)

c

Neglecting solute diffusion from the interface inte solid, the solute flux balance at
the interface leads to an expression for growthargésy;

o ~. D Ti_pl _
v(e'-g))=-p& = v.:—”c'.—c'jln'l(%j,1=8n, P. (4-29)

~i —~

" d ¢'-c/

Here D; is the diffusion coefficient of thespecies in the liquid. In case of strong con-
vection, equation 4-29 has to be modified by initlgdthe Sherwood-Number. Note
that equation 4-29 is valid for all considered $pgcin case of the ternary system Cu-

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 79
Multiphase Solidification Simulation for ContinuoG@ssting of Sn/P — Bronzes

Sn-Pj = Sn, P. However, to estimate the growth velooiye equation is sufficient.
Hence, the two equations can be combined to exphessquality of both growth ve-
locities:

V= Vl(aSn,CISn,ECSn) - Vj (aP,CIP,ECP) , (4_30)

where these functions have the form defined in egu&-29. Knowing growth velocity
v, the mass transfevl,,, can be expressed in equation 4-11. For the esbimaf v via
equation 4-29, the interface species mass fractigand ¢/ with j = Sn, P have to be
determined from the following thermodynamic considiens. As in most practical
situations, local thermodynamic equilibrium at swdid/liquid interface can be assumed
and as in the volume averaging consideration thanneeirvature undercooling is ap-
proximately zero, the solid/liquid interface temgteire is given by the corresponding
liquidus temperature

T=T,(6%8"). (4-31)

In addition to that, thermodynamics also relatesliduid and solid interface concentra-
tions by corresponding tie-line functions

T = 1o, (6,57 (4-32)
P = f.(coeP). (4-33)
Here ¢ "is the interfacial average species mass fracticBo&ndc” of P in the liquid.
The n-1 (for ternaryn = 2) equations (equation 4-32 and 4-33) andrtheguations
(equation 4-30) together with equation 4-31 yielch@nlinear system of equations,
which can be used to estimate the igtterface quantitiess®",¢",c>"¢" (thermody-
namic-related quantities) from time-1 bulk quantitiesc™,c”, T (process-related quan-
tities). Note that the+1 bulk quantities are determined from solving ¢beresponding
conservation equationsspiMURzIN 08].

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 80
Multiphase Solidification Simulation for ContinuoG@ssting of Sn/P — Bronzes

4.2 Multiphase Modelling in Continuous Casting of Bronz

4.2.1 Numerical Implementation

The conservation equations are numerically soh&dguthe control-volume based fi-
nite difference CFD software FLUENT, version 6.2 (FENT is a trademark of Fluent
Inc. USA). In the Euler-Euler model all phases stasingle pressure fieRl The pres-
sure correction equation is obtained from the sdrthe normalized mass continuity
equations using a so-called Phase Coupled SIMPLE-SRMPLE) algorithm
[FLUENT 05).
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Figure 4-4: Flow chart of the solution procedure (MJ7].

Figure 4-4shows a flow chart of the solution procedure agupln FLUENT. Carrying
out transient calculations, for each time step Evterations are calculated to decrease
the normalized residuals @f , c., f,, G,;, and P. On each iteration some intermediate
(auxiliary) quantities, as for example the userirdaf property mixture concentration
c . are defined and updated first. Based on the digmbf the last iteration the ex-

mix ?
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change terms and the source terms are calculateallyf-the conservation equations
for the corresponding momentum, masses, enthalpmesspecies are solved consider-
ing the amount of the different phases and the angh terms.

The FLUENT formulation is fully implicit, so thers no stability criterion that has to
be met. However, due to the complexity of the pmeggoblem, the time stepit,
should not be too large in order to meet convergeitie optimal time step must be
determined empirically by test simulations. Furtdescussion about calculation accu-
racy and the effect mesh quality/size can be faomevious publications [uUbwIG 02,
Wu 03a, Wu 038].

For the defined conditions, transient calculatibase been carried out. Three types of
calculation procedures have been compakFegure 4-5shows the mixture concentra-
tion fields c , for (a) a pseudotransient calculation with time st&p=1s and 1 itera-
tion per time step(b) a transient calculation with time stép = 002s and 25 iterations
per time step and no convergence criteria, @ha@ transient calculation with time step
At = 002s, 25 iterations per time step and considering emgence limits of 10 for all
parameters but 10for i and h_. The three calculations have been run for the same
wall clock time, namely for three day®. indicates the isotherm for the liquidus tem-
perature of CuSn@guiqus and @ the isotherm of the temperature where solidifaati
endsTene For the presented case, as described in detadbapter 4.2.2, the second
calculation procedure shows the best calculatidrabeur. In case of the pseudotran-
sient calculation numerical errors occure whicld$e#o strips in the liquid region (1) in
the macrosegregation profiles that do not occutberother calculations. In cad® the
most homogenuous macrosegregation distribution re@ashed. In case where conver-
gence criteria are used to speed up the calculati@nsimulation needs more time to
find the steady state than in the case where dfgpigeration number is given. This is
indicated by a strong change in the macrosegregdigiribution vertically belowleng

(1) where no major changes are expected for adgtstate solution. The displayed
macrosegregation distribution figure 4-5bseems to satisfy a steady state solution the
most. For sure, it has to be mentioned that thiestent is just valid for this benchmark
and the applied conditions in combination with tised UDF's.

For the results presented in the following a tirepf At = 002s was taken. In some
cases it was adjusted &t = 0.002s at a later stage to increase numerical stabifiby.
each time step 25 iterations have been calculatéddu checking convergence. This is
a possibility that offers relatively short calcudet times (3-4 days) for the 2D simula-
tions as described in 4.2.2. Since the interpi@tal based on the steady state results it
IS not necessary to reach convergence in everysiame
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Figure 4-5: Mixture concentratio, of Sn for (a) a pseudotransient calculation with= 1s
and 1 iteration per time step, (b) a transient cddtion with At = 0.02 s and 25 iterations per
timestep and no convergence criteria, and (c) agrent calculation withAt = 0.02 s, maxi-
mum 25 iterations per timestep with convergencédiof 10°, and forh and h, of 10". The
three cases were run for 72 hours. Since diffenaimerical settings were applied, the real time
of the different cases varies significantly.

To check if a steady state solution is reachedgrsgyparameters are monitored as inte-
grated average volume values during the calculatitim FLUENT. In case of calcula-
tions for continuous casting, a steady state caseffieed for example when the volume
average of the mixture concentratiog, of Sn reaches the original alloy concentration
based on the mass/species conservakgure 4-6shows the monitored volume aver-
age development of the mixture concentratiop,of a calculation for CuSn6
(geometrie and boundary conditions as described.2r?). The red arrow shows the
timestep where steady state is thought to be readhere the average volume value
meets the alloy concentration according to the emagion equations. In addition
Figure 4-7 displays the residuals of the same calculationtter first 1000 iterations.
For these results a time steptf= 002s was applied with a maximum of 25 iterations
per timestep and no convergence limits set. Atber maximum at the beginning, the
residuals are decreasing within each timestep.eSime steady state itself is thought to
be the only real solution, the variation in therage volume mixture concentration and
sometimes relativliey high values of the residuaés accepted at the beginning of the
calculation. The numerical settings and materiah dar the different calculations are
given in chapter 8.
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Figure 4-6: Monitored integrated volume average tomi& concentratiorc_. of Sn in a calcula-
tion for CuSn6 (geometrie and boundary conditiores described in 4.2.2). When the average
concentration reaches the constant value of th&ainalloy concentration, steady state is

thought to be reached (red arrow indicates the tatep).
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Figure 4-7: Residuals of the calculation of thestil000 iterations of a calculation for CuSn6
(geometrie and boundary conditions are described.th2). The residuals are displayed for
continuity (pressure field), velocity vector of tiwaiid in u and v direction (u-liquid, v-liquid),
energy of the liquid (energy-pl), concentratiorigfiid (uds-2), concentration of the columnar
phase (uds-4), and volume fraction columnar (vitooiar).

The link between mathematics and physics is theenizad implementation that tries to
meet natural conditions as accurate as possibleieMer, a model has to be defined
including many approaches to get a numerical stptlgram and converging results.
Up to now it is possible to calculate solidificatiand the corresponding macrosegrega-
tion qualitativley. But nevertheless further deysteent of both, model details and im-
plementation is necessary to go step by step clogeality.
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4.2.2 2D Axis Symmetric Simulations for CuSn6

In the following numerical simulation results anegented for binary CuSn6 continu-
ous casting. Two types of calculations have beefopred: (i) 2D axis symmetric cal-
culations were done for cylindric mold geometrycast in industry. To adjust the origi-
nal 3D process to a 2D axis symmetric calculatiomes details were adjusted as for
example position and complexity of the inlet. Nekefess, the results are thought to be
close to the casting process in mind. Various stidin macrosegregation of Sn have
been performed for this binary case. In addition3D simulations were performed to
study the macrosegregation pattern of Sn for angctlar geometry of laboratory scale.

Geometrie and Boundary Conditions

For all 2D calculations the same geometry and bauyndonditions were applied to
allow an accurate comparison of the different casdies. For the process simulation a
casting velocity ofti,,= 192mms™ and a casting temperature s = 1389 K are
used. Since the mold is of a cylindrical shapeasis symmetric simulation has been
chosenFigure 4-8displays a schematic sketch of the mold of thesctamed DC cast-
ing process wher® indicates the position of the inlet in the nozz¥ marks the sur-
face on the top® assigns the upper part of the mold which is assumée insulating,
and® shows the lower part of the graphite mold whickusrounded by a copper mold
including a water cooling systef. Figure 4-9displays a shematical sketch of the grid
with the applied boundary conditions. Hefegives the position of the inlet, where a
pressure inlet is taken. A heat transfer coeffici¢fiTC) of h = 50 Wm?K™ and a
temperature offsgn= 1292 K are considered for the submerged entm@zleo(SEN)
region. For® the HTC and the temperature have a valué f50 Wm?K™ and
Teurtace= 325 K. For® almost ideal insulation is assumed witkr 10 Wm?%K™ and
Tuppermold = 1292 K. For @ h=3000 Wm?*K™ and Tiower moia= 550 K and for

® h = 1000 Wm?K™ and Twaer = 300 K are considered. The constant casting itgloc
0., =192 mms" is taken at the outlet where a velocity outleafmlied®. For the
nozzle and for the surface slip condition is usedbioth phases whereas the mold wall
is considered to move with casting velocity. Theref a slip condition for the liquid
phase and a non-slip condition for the columnasprae applied. The grid has a size of
9016 cells and 9296 nodes. As initial conditionsf melt (Tini; = 1292 K) at rest
(G, =0 mms") is assumed. The presented results are takerraftehing steady state.
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Figure 4-8 Sketch of the considered DC casting proceBsndicates the position of the noz-
Zle, @ the surface, and® the graphite mold with isolation (upper part oktmold). The pri-
mary cooling zone is marked with for the graphite/copper part, an@ for the steel mold
with included water cooling (lower part of the mpld

2.90.r

Figure 4-9: Grid and interfaces for the boundarynd@ions. @ marks the position of the inlet
(pressure inlet),@ of a surface without cooling or isolatio® the graphite mold with isola-
tion (upper part of the moldY® the graphite/copper mold of the primary coolingnedlower
part of the mold),® the secondary cooling zone with direct water aupliand @ the velocity

outlet.
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Case Description

In order to estimate the relative importance oflfeg flow, thermal and solutal buoy-
ancy flow, and inlet flow depending on the mushnpeability, the simulation results of
10 different cases are discussed. Two differenteslfor the empirical factor in the
Blake-Kozeny expression (equation 4-19) are comsdlenamely i)K, = 1.410° and
i) K, = 1.4-10. The five cases, discussed for both mush pernigegilcan be de-
scribed as follows:

* Case A: Just forced convection (inlet flow) is taketo account. No thermal and
solutal buoyancy flow and no feeding flow are cdesed.

* Case B: Here solutal buoyancy flow is consideredddition to the forced convec-
tion. The solutal expansion coefficient was choseme Bc= 011wt.%" (calcu-
lated after [METTINEN 06]).

* Case C: Here thermal buoyancy flow is consideredddition to the forced con-
vection. The thermal expansion coefficient was ehdas bep, = 8610° K™*(cal-
culated after [NETTINEN 06]).

* Case D: For this simulation feeding flow is cons@tein addition to the forced
convection. Liquid density, and solid density, are assumed to be constant in-
dependent of temperature and concentration, bigrdift. During solidification the
higher solid density leads to a shrinkage-induasetling flow (o, = 7810 kgm
and p, = 8565 kgm®).

» Case E: This simulation includes thermal and sblutayancy flow in addition to
feeding induced flow and forced convection (samestants as in the above de-
scribed cases).

To distinguish between low and high permeabiliticaktions, the different cases are
labelled with L for low permeability or H for higbermeability. All figures include the
three isothermJiguiqus = 1289 K @), Tsoiiqus= 1230 K @), andTeng =1072 K @) if
nothing further is mentioned.

The General Process

The studied continuous casting process of a Cu8ow starts with the melt preheated
to the casting temperature Bf,st = 1389 K. The hot melt enters the mold through one
nozzle in the center of the casting. Due to the faat the upper part of the mold is
thought to be isulating, cooling starts where tlo¢ fmelt reaches the water cooled
graphite mold.Figure 4-10ashows the calculated steady state temperature dield
Case A-L. Solidification starts at the liquidus parature of CuSn6, namely at
Tiquidus = 1289 K (O, Figure 4-1@&) and is completed at the end temperature of
Tena =1072 K ®, Figure 4-1Q. This temperature represents the first peritaetiopera-
ture of the binary CuSn system. The third black loetween the before mentioned two
lines shows the isotherm of the solidus temperatir€uSn6, Tsoiqus= 1230 K @,
Figure 4-1@). In Figure 4-1® the estimated concentration field of the liquichpéac™

is shown. Based on the model assumptions, thdidastl solidifies with a concentra-
tion of 25.5 wt.% Sn alens Figure 4-11ashows the volume fraction of the columnar
phase in Case A-L. It can be seen that in the cotwnmushy zone, extending from
Tiiquidus 1O Tena, the volume fraction of the solid varies from 0XoThe solid fraction
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close to the peritectic temperatuet+{ - 3) reaches abouf, = 0.95-0.98. Based on
the fact that the casting reaches a solid fraadioabout f, = 0.95 atTenq, and because
the model for the peritectic reactions is still andlevelopment, the remaining liquid is
assumed to solidify over a small temperature irtled¥Teng

As the mush is considered to be permeable, mefit-tleccurs through the mush.
Figure 4-11bdisplays the velocity magnitude field of the caobus casting process
simulated in Case A-L. It can easily be seen thatfiow velocities in the mush are
much smaller compared to the inlet flow velociti€ee incoming melt reveals a veloc-
ity as high asii,, = 25 mms™. This large value is a consequence of the constatlgt
velocity G, and the overall mass conservation. The develofiavg pattern shows a
strong inlet jet that reaches the wall almost tanial (I). Then the jet bends inwards
towards the center while slowing down and creating large vortex on each side of the
casting (I).Figure 4-12shows on the left hand side the temperature {@dddisplayed
in Figure 4-104 and on the right hand side the velocity vecteldfiof Case C-L over-
laid by volume fraction of solid. The colored arwmdicate the integrated flow direc-
tion. The growing dendrites in the mushy zone fdtreeflow to slow down by interac-
tion with the liquid. After achieving a certain gbtontent, the liquid is forced to move
with the same velocity as the solid phase duedalthg force acting between the liquid
and the columnar phase (lll) and the influencehefjet diminishes in the center of the
casting Figure 4-13. Although the velocity regime does not createbuilent flow
(Re=900), the developing jet plays an important ruletfee solute depletion and ac-
cumulation during solidification.

Due to microsegregation the Sn concentration in litpeid between the dendrites
changes during the solidification process. Sinae gblute is enriched in the liquid
phase, the intensity of the flow field has a huggact on the alloy distribution in the
solidified casting. In general three cases havbetanentioned [EEMINGS 67A, FLEM-
INGS 678, FLEMINGS 67C]:

(i) No relative fluid flow occurs in the interderitic region. In this case the mixed
concentration of the solidified casting is the sasé¢he original alloy concentration.

(i) The relative velocity of the liquid in theterdendritic region is higher than the
casting velocity, and the growing solid is fed bynrnsegregated fresh melt. This
situation causes negative macrosegregations.

(iif) The growing dendrites are fed with alreadygsgated melt: Here positive mac-
rosegregation, the so called inverse macrosegoggaiccurs.
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Figure 4-10:(a) Temperature field of the casting is displayed in the case where just inlet
flow is considered (Case A-L). (b) Liquid concetitma ClSn of the casting [wt.%] is shown in
the case where just inlet flow is considered (Cadg). Color scale shows red 25.5 wt.% Sn,
and blue 6 wt.% Sn. Black linesjqdaus =1289 K, Toigus = 1230 K, Tng =1072 K.

(a) (b)
Figure 4-11:(a) Volume fraction of the columnar phasg-f is shown in the case where just
inlet flow is considered (Case A-L). (b) Velocigld of the casting [mrs?] is displayed for
Case A-L. | marks the position where the inleigdorming in the inlet region by bending back
at the wall. 1l indicates the region where the earteaches into the mushy zone, and Ill assigns
the regions where casting velocityi,, is obtained. Black lines: jduas = 1289 K,

Tsoliqus= 1230 K, Tng= 1072 K.
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Figure 4-12 Temperature field, as showrin Figure 4-10 andhe velocity vector field of the
liquid G, in Case C-L, overlaid by the volume fraction of dsdumnar phase. The big arrows
indicate the integrated flow direction. The growihgndrites force the flow to slow down until it
reaches casting velocity_,,. Black lines: Tquidus = 1289 K, Toiqus= 1230 K, Ere= 1072 K.

The temperature fields of Case A-L, B-L, C-L, D-Bpd E-L are displayed in
Figure 4-23to compare the obtained temperature distributiéigure 4-24shows the
macrosegregation pattern for the cases with lowhnpesmeability (Case A-L, B-L,
C-L, D-L, and E-L) andFigure 4-25 for the cases with high mush permeability
(Case A-H, B-H, C-H, D-H, and E-H) as already diéxt. Each field includes arrows
indicating the global vector velocity directions.

Jet-Mush Interaction

The simulation of the casting process, where oatgdd convection is taken into ac-
count, shows the influence of the relatively higHoeities of the inlet jet on the tem-
perature distribution, the velocity field and thacrosegregation. As mentioned earlier,
the inlet jet hits the mold wall close to the regishere the first solid is formed, there it
bends inwards and forms corresponding vortiéegure 4-13shows the temperature
field achieved in Case A-LF{gure 4-133 and Case A-HKigure 4-13l), whereas
Figure 4-14displays the velocity magnitude of both cases €Cad.: Figure 4-13a
Case A-H:Figure 4-13 B. The differences in the position of the isotherofs
Tiquia = 1289 K @, Figure 4-13 andTeng= 1072 K @, Figure 4-13 in both cases are
a direct result of the change in the velocity fidige to the change in mush permeability.
Note that with higher mush permeability (Case Hg vortices caused by the inlet jet
are slightly wider and to some extend larger. Anasequence the liquidus isotherm is
shifted upwards in the center of the casting. Blogherm representing the end of solidi-
fication stays at almost the same lev@g(re 4-1). Figure 4-14shows that the inlet
region is the part of the casting that has a vejatiagnitude up taj, = 30nms™. As
soon as the mushy zone is reached, the jet slows.ddow the velocity of the liquid is
governed more and more by the casting spé@gd-(gure 4-19 due to the applied drag
force between the columnar phase and the liquidgha
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Figure 4-13 Temperature field of the castingifm (a) Case A-L and (b) Case A-H. As guid-
ance, the broken lines sho® the position of fuds = 1289 K and @ the position of
Tena= 1072 K in the center of the casting for Case Afld compare the position of the iso-
therms for both permeability cases. Black linesgudis = 1289 K, Toiaus = 1230 K,
Tena= 1072 K.

Because of the chos&py, the vortices of the inlet jets penetrate into tieshy zone
differently for the L and H cases. In Case A-H hiigh permeability of the mush allows
the liquid to reach deeper into the mu&h Figure 4-14. Therefore, segregated melt is
removed from the mushy zone and replaced by noregated, ‘fresh’ melt from the jet
vortices. This ‘jet-mush’ interaction phenomenokeaplace in all cases (labeled with |
in Figure 4-24 Figure 4-25for all cases). Its strength depends on the veladithe jet
on the one hand and on the permeability of the naumsthe other hand. The higher the
mush permeability, the more intensively the jet oaet the mushy zone and wash out
an increasing amount of segregated melt. This theults in strong negative surface
macrosegregations and more significant positive Ik’bumacrosegregations
(Figure 4-24 Figure 4-295.
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Figure 4-14 Velocity field of the upper part of the castitigin (a) Case A-L and (b) Case A-H
(just inlet flow). With higher mush permeabilitya@ H), the vortices caused by the inlet jet are
slightly wider and to some extend larger and tlygitius isotherm is shifted upwards in the
center of the casting (dotted line). The isothegpresenting the end of solidification stays at
almost the some level. Black linesguiius = 1289 K, Tojigus= 1230 K, Tng= 1072 K.

Solutal Buoyancy

In addition to the inlet jet, solutal buoyancy ceantion is taken into account in
Case B-L and B-H (labeled with lla Figure 4-16h Figure 4-250). The solutal buoy-
ancy driven flow shows no significant influencetl¢ temperature field in Case B-L
(Figure 4-153. But, increasing the mush permeability offers enbbieedom to the flow
and therefore changes the temperature distribuniddase B-H Figure 4-151), which
results in a slightly lower isoline fdfiguisus = 1289 K (@, Figure 4-151) in comparison
to Case B-L, whereakns = 1072 K (9, Figure 4-150) stays at almost the same level.
During solidification the liquid in the mushy zobecomes enriched in solute and thus
tends to rise upwards through the mush by solutalyéncy (labeled with lla in
Figure 4-161). In Case B-L the liquid is not able to move eabitween the solidifying
dendrites because the low permeability decreases pibssibility of convection
(Figure 4-163. Hence, in this case an upward motion is not vieseand therefore the
macrosegregation pattern is not significantly défe from that of Case A-L, the jet
causes negative segregations right at the Wwadlufe 4-253 and slightly positive seg-
regation occurs in the bulk of the casting (whieln @ardly be seen fFigure 4-25 due

to the applied color scale). In Case B-H the higlsimpermeability allows solutal
buoyancy flow to occur and therefore the macrogggien pattern is influenced (la-
beled with Ila inFigure 4-258).
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Figure 4-15: Temperature field of the castimgin (a) Case B-L and (b) Case B-H. The bro-
ken lines mark® the position of {fuiaus = 1289 K and@ the position of d,¢= 1072 K in the
center of the casting in Case B-L. The two linemgare the position of the isotherms for
both permeability cases. Black linesgufius = 1289 K, Toigus= 1230 K, Tng= 1072 K.
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Figure 4-16: Velocity field of the castingj, in (a) Case B-L and (b) Case B-H where inlet
flow and solutal convection are considered. lla ksathe upward rising liquid due to solutal
buoyancy flow. Black lines:;dlidus = 1289 K, Toliqus= 1230 K, Tng= 1072 K.
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Thermal Buoyancy

In addition to the inlet jet, thermal buoyancy ceation is taken into account in
Case C-L and Case C-H. This additional flow phenmmechanges the temperature
field in the casting noticeablyF{gure 4-17a, b) The reason for this is the fact that
thermal buoyancy flow strengthens the inlet jettewrwhere the cooled melt flows
down along the solidification front (labeled withih Figure 4-18a, b. The thermal
buoyancy driven downward flow induces an upwaravfio the center of the casting.
Thus, melt is carried from deep down the melt popiards (labeled with [l in
Figure 4-18a,b Figure 4-24¢ Figure 4-25¢ and so the liquidus isoline
Tiquidus = 1289 K @, Figure 4-170) is shifted up in comparison to the first two dis-
cussed cases, wheréhgsg= 1072 K @, Figure 4-170) stays at about the same position
as in Case A-IFigure 4-23 This enlarges the mushy zone in comparison t@ @ag#\s

a consequence the ‘jet-mush’ interaction is inadaand more segregated melt is
washed out, which in turn leads to more extensegative surface macrosegregations
compared to Case Aigure 4-24ac, Figure 4-25a,¢. The washed-out segregated melt
is then accumulated in the middle of the castingheyflow, which is the reason for the
positive macrosegregations in the ‘bulk’ of the astt (labeled with I in
Figure 4-18a,b; Figure 4-24c, Figure 4-2bAll these effects of the velocity field are
strengthened in Case C-Higure 4-18shows the velocity fields of the upper part of the
calculation domain of Case C-Eifjure 4-183 and Case C-HFjgure 4-18,) including
the “depth of penetration”, indicated by brokenchkldines. The “depth of penetration”
empirically defines the border between areas, whereselocity of the liquid is signifi-
cantly different from that of the solid phase ahdse where, both phases move with
almost the same speed and direction; that’'s whereltag caused by the columnar den-
drites dominates. The “depth of penetration” cqroesls to aboutf, = 0.5 of the co-
lumnar fraction in Case C-H anf = 0.2 in Case C-L. Due to a large “flown-through”
mush area, the distribution of the macrosegregatiomuch more pronounced in Case
C-H. In the cases considered so far macrosegregatice frozen below the “depth of
penetration” (broken black line Figure 4-24c, Figure 4-25¢c
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Figure 4-17: Temperature fieldl, (a) in case with thermal buoyancy flow (Case Cdud
(b) in case with higher permeability (Case C-H)eTiroken lines show? the position of
Tiquiaus = 1289 K and@ the position of &¢ = 1072 K at the center of the casting in Case C-L.
The two lines compare the position of the isotheiondoth permeability cases. Black lines:

Tliquidus= 1289 K! -Eolidusz 1230 K! -Endz 1072 K.

1.92

0.04
g, [mm-s’]

\i 1

Figure 4-18: Velocity fieldl, (a) in the case with thermal buoyancy flow (Cask)Ctb) the
same case with a higher permeability (Case C-HpkBn black lines indicate the “depth of
penetration”. Black lines: fuigus = 1289 K, Toiaus= 1230 K, Tng= 1072 K.
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Feeding Flow
Including feeding flow in Case D-L and Case DHHgure 4-19and Figure 4-2Q in

addition to the forced convection of the inlet floitle flow pattern changes in a way
that a second higher velocity field appears inrtheshy zone, right in the middle of the
casting. This also induces a significant changéhetemperature fields of both cases
shown inFigure 4-19 The isotherms are moved downwarBgy(re 4-19 compared to
Case A-L due to the fact that more liquid is neettetéed the solidification shrinkage
(Figure 4-23. In Case D-H the high mush permeability causdsaadening of the
mushy zone, which is shown by an upward movemeiiiqgfus (O in Figure 4-19and
Figure 4-2Q. In addition the flow field shows a deeper peatwn of the flow into the
mushy zone in Case of D-H in comparison to Case D-L

Up until now, surface macrosegregations are preditd be negative and macrosegre-
gations within the casting are predicted to beeeitiegative or positive. However, if
shrinkage-induced feeding flow is included and mer solutal buoyancy driven flow is
ignored, the situation changes. In Case D-L thé&asarmacrosegregations turned out to
be positive and the macrosegregations in the cemgative Figure 4-259. Feeding
flow is always directed from the dendrite tip todsurits roots and thus carries segre-
gated melt into the mush. Since the early work lefrfings in 1967 [EEMINGS 67A,
FLEMINGS 678, FLEMINGS 67cC], this phenomenon is known to produce positive -mac
rosegregation at the surface of a casting, thealeecinverse segregation. Exactly this
happens in Case D-L (labeled with IV kigure 4-24¢. However, in Case D-H the in-
fluence of the jet is so high that negative maagyosgations still occur at the wall and
the positive ones are moved to adjacent zonesl¢lalath 1V in Figure 4-25d. At the
center of the cylindrical casting the dendrite tgpgproach each other and form a ring
which closes as solidification proceeds. Besidas]atively large mush area is solidify-
ing at the center and thus a huge amount of meieéled to feed the corresponding
shrinkage. This feeding flow causes the melt tosbbeked into the solidifying mush
through the closing ‘ring of dendrites’ and a sgaelative downward velocity occurs
in the center of the casting (labeled with VFFigure 4-24d. That is why the solidifying
dendrites are fed with less- or non-segregategtfremelt from the melt pool and nega-
tive macrosegregations occur in the central regibthe casting. In addition, heat is
carried downwards with the feeding flow which résuh a lower position of the iso-
therms, especially at the casting center. Due ¢oldiv permeability in Case D-L this
phenomenon is more pronounced compared to Case ID-the latter case, the large
K, makes feeding through the mush easier. Theretbeecentral downward flow is
significantly broader and slower, which broadend dacreases the negative center line
segregation (labeled with V Figure 4-25.
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Figure 4-19: Temperature fieldl, (a) in the case with feeding flow (Case D-L), (g} same
case with a higher permeability (Case D-H), the Kamo lines show® the position of
Tiquiaus = 1289 K and@ the position of &,4= 1072 K in the center of the casting in Case D-L.
The two lines compare the position of the isothdonboth permeability cases.

Black lines: Tquidus = 1289 K, Toliqus= 1230 K, Tng= 1072 K.
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Figure 4-20: Velocity fieldl, (a) in the case with feeding flow Case D-L, (b) &ubse D-H.
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Relative Importance of the Different Phenomena

So far, the presented cases give separate semdooiation about the influence each
considered convection phenomenon has on the soditldn process. For simulations
including thermo-solutal buoyancy and feeding flowaddition to the forced convec-
tion of the inlet jet, superposition of the diffatgphenomena is expected, which indeed
can be seen in Case E-L and Case B-lgure 4-21, Figure 4-22 The isolines in
Case E-L Figure 4-213 reflect a strong influence of both, thermal castien and
feeding flow. Hence, the melt pool is broadened #mliquid has more freedom to
move, which can be seen by looking at the flowdfigl Figure 4-22a In Case E-H
(Figure 4-21b all four studied flow phenomena are strengthesheel to the higher per-
meability. In this case the solutal buoyancy driiemv plays an additional role in so-
lidification. However, an upward flow caused bywal buoyancy within the mush is
not observed in the combined case. It seems thabpbosite downward thermal buoy-
ancy has overwhelmed the upward solutal buoyankig dan also be seen in the posi-
tion liquidus isotherm of Case E-WiQure 4-2) being shifted upwards in the center of
the casting, but not as much as in the purely theroase, Case B-H (compare
Figure 4-1§. It is obvious that this change in the flow pattbas a huge effect on the
solute distribution in the solidified casting. Im§2 E-L positive surface macrosegrega-
tions are predicted~{gure 4-24¢.

o
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Figure 4-21: Temperature field of the castinfj (a) in the combined case which considers
inlet jet, solutal and thermal buoyancy, and fegdilow (Case E-L), (b) the same case with a
higher permeability (Case E-H), the broken lineswl® the position of fuiqus = 1289 K and

@ the position of 3= 1072 K in the center of the casting in Case &Ad compare therefore
the position of the isotherms for both permeabitigses. Black lines: duiaus = 1289 K,
Tsolidus: 1230 K, -E}ndz 1072 K.
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Figure 4-22: Velocity field at the inlet regiot, [mms"] (a) for the case which considers
inlet jet, solutal and thermal buoyancy, and fegdi@ase E-L), (b) for the same case with a
higher permeability (Case E-H). Black linesigus = 1289 K, Toiaus = 1230K,
Tena= 1072 K.

Here, the impact of the feeding flow on its formatis decreased by the inlet jet and
the thermal buoyancy flow. Right at the center be@ng negative macrosegregations
appear which are caused by the feeding flow butosheal by the additional effect of
thermal convection. In Case E-H the influence efj#t is so high that the negative sur-
face macrosegregation is not overwhelmed by thecefif feeding flow. Therefore, in
this case the macrosegregation pattern resultegative surface and centerline segre-
gations and positive ones in the bulk of the casfiigure 4-2%).
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Impact of Mush Permeability on the Formation of Meegregations

In the implemented case two different values<gf have been considered for the calcu-
lation of the Blake-Kozeny-type mush permeabilBynce no values for Copper alloys
are available, those values are approximated fraasorements on Aluminum alloys
[APELIAN 74]. Figure 4-24andFigure 4-25show the computed macrosegregation pat-
terns of the studied cases for a mush permealz@bgumed to be characterized by
K, = 1.4-10 and K, = 1.4-10. By comparing these two figures it can be seet tha
general, an increase &f, leads to more pronounced macrosegregations.

(@) (b) (©) (d) (€)

Figure 4-23: Steady-state distributions of the liquid temgture T, are displayed for the five
different cases with lower Blake-Kozeny-type musimpability whereK, = 1.4-10; (a) with-
out feeding and thermo-solutal buoyancy flow (Césk); (b) only solutal buoyancy flow
(Case B-L); (c) only thermal buoyancy flow (Casé&)Cand (d) only feeding flow (Case D-L),
(e) including feeding and thermo-solutal buoyariowf(Case E-L). The broken lines show the
position 01 Tiguigus = 1289 K, Toiaus= 1230 K and 4= 1072 K at the center of the casting for
Case A-L and compare therefore the position of ifmtherms for all Cases. Black lines:
Tliquidus= 1289 K, -Eoﬁdus: 1230 K, -Endz 1072 K.
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Figure 4-24: Steady-state distributions of the mm@tconcentrationc, of Sn in the five
different cases with low Blake-Kozeny-type musimpability (K, = 1.4 10°). The displayed
range is C,;, = 5.425-6.575 wt.% Sn. (a) without feeding and mhessolutal buoyancy flow
(Case A-L), (b) with solutal buoyancy flow (Casd.)B-(c) with thermal buoyancy flow
(Case C-L) and (d) with feeding flow (Case D-L)s€&-L in (e) includs feeding and thermo-
solutal buoyancy driven flow. Bright green represete initial alloy concentration, yellow to
red represents positive, and blue negative macregggions. The flow pattern is indicated by
arrows.Dark lines are the isotherms gfgkus = 1289 K, Tojgus= 1230 K, Tng= 1072 K.

The flow from the jet and the flow caused by théhdiawal of the strand are the only
convection mechanisms present. However, even sethweo cases the negative surface
macrosegregations and the slightly positive ‘butidcrosegregations can be observed
with the applied color scale. The comparison otiigves very small positive segrega-
tions in Case A-L, but more significant ones in €#sH. Solutal buoyancy does not
affect the macrosegregation pattern in case of KpwFigure 4-2%). In Case B-H the
high mush permeability enables the enriched ligaichove upwards through the mush
till it impinges on the jet flow (labeled with ll@m Figure 4-2%). This causes positive
macrosegregations at the corresponding positioa.sbifutal buoyancy driven flow out
of the middle of the strand causes negative cdimersegregations (labeled with Ila in
Figure 4-2%) positive macrosegregations at the correspondirsgipn.

When considering thermal buoyancy flow in Case @ C-H, the ‘jet-mush’ interac-
tion is strengthened. This stronger flow patteatd#to more extensive negative surface
macrosegregations compared to Cas&igure 4-24, c,Figure 4-2%, ¢. The washed-
out segregated melt from the surface areas is adatea by the flow in the middle of
the casting. Thus, positive macrosegregations en‘tthlk’ of the strand are predicted
(labeled with II inFigure 4-24 and Figure 4-2%). The thermal buoyancy driven
downwards flow induces upward flow in the centertled casting. With larger mush
permeability, this even leads to upward transpiomiadf washed-out alloying elements.
Besides, in Case C-Hrigure 4-2%) the high mush permeability leads to significantly
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stronger macrosegregations for both, negative ahéise wall and positive ones in the
casting’s center.

The simulation of Case D-L (labeled with 1V igure 4-24i) predicts positive mac-
rosegregations, namely inverse macrosegregatiomise avall, and negative ones in the
center of the casting which is described in moraitielater. In Cases A, B, and C, the
increase of the mush permeability was the reasoth® strengthening of the forming
macrosegregations. However, in Case D the increamsesth permeability causes a total
change in the macrosegregation pattern! On thehane the influence of the jet is so
high that negative macrosegregations occur at eikamd the positive ones are moved
to adjacent zones (labeled with 1V kigure 4-241), and on the other hand, the higher
permeability makes feeding through the mush eaaret therefore the area between the
solidifying dendrites in the center of the castisgnot as small in Case D-H as in
Case D-L. This leads to less pronounced but breati@egative macrosegregations in
the center line (labeled with V Figure 4-2%).
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Figure 4-25: Steady-state distributions of the mmgtconcentrationc,, of Sn in the five cases
with a higher Blake-Kozeny-type mush permeabili§;<£1.4-10%. The displayed range is
Cix = 9.425-6.575 wt.% Sn. (a) without feeding and mth@isolutal buoyancy flow (Case A-H),
(b) only solutal buoyancy flow (Case B-H), (c) otiiermal buoyancy flow (Case C-H) and
(d) only feeding flow (Case D-H), (e) including daey and thermo-solutal buoyancy flow
(Case E-H). Bright green represents the initialogllconcentration; yellow to red represents
positive and blue negative macrosegregations. Hbatterns are indicated by arrows. Dark
lines are the isotherms Ofigligus = 1289 K, Toiiqus= 1230 K, Trng= 1072 K.

In Case E all four flow phenomena are includedsTéads to the prediction of positive
macrosegregations at the surface and negativeatries center line in Case E-L. Here,
the impact of feeding flow on the formation of masegregation is decreased by the
inlet jet and the thermal buoyancy flow. Case EHdvegs three significant differences
compared to Case E-L. Firstly, the influence ofitilet jet is so large that negative sur-
face segregations can be observed. Secondly, Bervaa positive macrosegregations
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in the bulk are stronger and broader compared tee &L. This is caused by a
strengthening of the macrosegregations due to thaatutal buoyancy flow. Thirdly,
the negative center line macrosegregations arasiptonounced as in Case E-L. In the
center line of Case E-H, the strong positive masgosgations caused by thermal con-
vection Figure 4-25¢ are overwhelmed by feeding flowigure 4-25b, 9l

Further permeability studies

Since the permeability of the mushy zone has arbgact on the macrosegregation in
the solidified strand further studies have beeropered to study the influence of the
value K, for the bronze continuous casting and to seeeifalheady discussed tendency
of macrosegregation is valid for an expanded ravig&,. Therefore two additional
values for the empirical factor in the Blake-Kozeswpression (equation 4.19) have
been considered, which at§ = 1.4-10' and K, = 1.4-10, in addition to the already
used oneK, = 1.4 10°and K, = 1.4-1C. The simulations include thermal and solutal
buoyancy flow in addition to feeding induced flowdaforced convection. The solutal
expansion coefficient and the thermal expansiorffictent are chosen as before and
the discussion is based on the results taken edgrhing steady stat&igure 4-26
shows the steady state distributions of the mixtamecentrationc,, of Snfor the four
permeability cases: (a)K,=1.4-10 (low), (b) K, = 1.4.10° (medium),
(c) K, = 1.4-1C (high), and (d)K, = 1.4-1F (highest). Green color represents the ini-
tial alloy concentration, yellow to red color pogt and blue color negative macroseg-
regations. In general it can be seen that macregagon observed in the first two per-
meability studies is confirmed. Namley, that thevdo the permeability of the mush is
considered to be, the lower are the observed mawimnd minimum macrosegrega-
tions. Figure 4-27shows the macrosegragation profiles at the oafléte four cases as
displayed inFigure 4-26 All cases in spite of the case with the low peamity result

in negative macrosegregations at the wall due écsthing influene of the inlet jet. Be-
sides, the influence of feeding is large enouglkeaep negative macrosegregations in
the center line for all cases. However, with highermeability feeding is easier in the
center and the negative segregations are decrebisednfluence of the other phenom-
ena like thermo-solutal convection and forced imenvection are increased with in-
creasing mush permeability and therefore the olvenatrosegregation in the strand
gets more inhomogenuous. According to the perforstady, the lowest mush perme-
ability shows the best agreement with the obsermadrosegregation pattern in industry
as discussed in chapter 4.3 which is the reasdritibgollowing studies for 2D ternary
and 3D binary cases are performed with this peritigatalue.
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Figure 4-26: Steady-state distributions of the mmgtconcentrationc,;, of Sn for four perme-
ability cases in the range of = 5.425-6.575 wt.% Sn. (@K, = 1.4-10° (low),

(b) K, =1.4-10" (medium), (c)K, = 1.4-10° (high), and (d)K, = 1.4-10" (highest). Bright
green represents the initial alloy concentratioed represents positive, and blue negative mac-
rosegregations. Black linesjigliqus = 1289 K, Toiiqus= 1230 K, Tna= 1072 K.
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Figure 4-27: Comparison o€ profiles at the outlet of the solidified strand the four ap-
plied K, values as shown iRigure 4-26 Higher permeability leads to stronger negativel an
positive macrosegregations in the solidified straBithce the influence of the inlet jet is increas-
ing with higher mush permeability, the former pesitinverse segregation at the wall is turned
to negative macrosegregation.
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Influence of the Casting Velocity on the Macrosgat@n Destribution

Additionally a study has been performed to estinth¢erelative importance of the cast-
ing speed on the macrosegregation pattern (K%Fel.4-1d§). To ignore the influence
of the inlet jet, the inlet is thought to be at tiog of the geometry lasting over the
whole diameter of the calculation domai®,(Figure 4-28. Besides, the insulating
condition at the upper part of the mold was ignoaead with that the calculations start
to cool direct at the corner of inlet and wal (Figure 4-28. For these calculations the
end of solidification is not aeng as in the permeability study, but at a definethine
fraction of the columnar phase, namely fat= 0.99. That is the reason why there are
still changes in the mixture concentration visibé&dow the last shown isolinknq

2

Iposte

initial

Inegative
C

'mix

(a) (b) c)(

Figure 4-28: Steady-state distributions of the mmigtconcentrationc,,, of Sn for three differ-
ent casting velocitiesi_,, = (a) 1.44 mms’, (b) 1.92 mns*, and (c) 2.40 mra". For these
calculations just feeding flow is considered. Btigheen represents the initial alloy concentra-
tion, red represents positive, and blue negativerogegregations.

For the study on the influence of the casting vgjothree calculations have been per-
formed which consider just feeding flow (as desedilin Case D, permeability study).
For these cases a casting velocity f,= (a) 1.44 mms”, (b) 1.92 mms”, and

(c) 2.40 mms” is consideredFigure 4-28displays the steady-state distributions of the
mixture concentratiorc,,, of Snfor the three cases. Bright green color represts
initial alloy concentration, red color positive abldie color negative macrosegregations.
Figure 4-29shows a comparison of tle,, profiles of Sn at the outlet of the casting for
the three applied casting velocities as displayeBligure 4-28 Based on this study it
can be seen that the strength of macrosegregatitheicenter of the casting decreases
with casting speed for the three applied castirigoges. The strength of the positive
macrosegregation at the wall is not appearantlpeniced by the casting speed in the
studied cased~(gure 4-29.
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Figure 4-29: Comparison of the_. distribution of Sn at the outlet for the three hgg cast-
ing velocities as displayed in Figure 4-28. Fordbesalculations just feeding flow is considered
as described before. The strength of the macrogetjon in the center of the casting decreases

with casting speed, the positive segregation atwhd# is not affected significantly by the
change in casting speed.
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4.2.3 3D Axis Symmetric Simulations for CuSn6

In industry besides round formats rectangular malgsused for continuous casting of
bronze. An important part of the production is lthea a process where rectangular two
meter long semi continuous casting blocks are ddss specific industrial process is

studied by performing experimental investigatiomsilaboratory scale. The numerical
simulations discussed in the following are basedhislaboratory process. Due to the
fact that the geometry has a rectangular shapesitigations have been performed in
3D using the same numerical model as describetapter 4.1.2.

Definition of the Benchmark

For the 3D calculations a casting velocitygf = 1.66 mms™ and a casting tempera-
ture of T_,,= 1523.5 K were takerkigure 4-30displays the mold anBigure 4-31the
grid and the boundary conditions whereindicates the position of the inlet where a
pressure inlet is taken® shows the first part of the mold where a tempeeatu
T..«= 1523.5 K is applied at the waf® indicates the second part of the mold which is
assumed to be adiabati® marks the third part of the mold where a tempeeatu
T..n = 1248 K is taken, an® assigns a second adiabatic regi@nindicates the posi-
tion of the start of the secondary cooling zoner Fbis part a heatflux of
H,=-789000 Wm? was applied at the wall. The following two pafsand®, have
two different heatflux values at the wall which aky=- 645000 Wm? and
Hs= -463000 Wm2. @ shows the position of the outlet where a velocitylet with
U= 1.66 mms" has been considered. The mold wall is assumedte mwith casting
velocity with slip condition for the liquid phasadnon-slip condition for the columnar

phase.

Figure 4-30: Laboratory geometry. Heir® marks the copper mold, acting as a tundi€hthe
position of the inlet of the calculation, ai@the secondary cooling zon@) indicates the liquid
region, ® the mushy zone, an@ the solidified strand.
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Figure 4-31: (a) and (b) display the grid of theogeetry [mm]. @ marks the position of the
inlet, @to @ indicate the mold where primary cooling takes pla® to & show the position of
the secondary cooling zone ad®lof the outlet.

For the calculation one quarter of the 3D geomatriealculated and therefore two
symmetrie planes are considered. The grid haseadc$is6330 cells and the simulation
was started with hot meT,, = 1523.5 K and a casting speedif,,=1.66 mms". The

presented results are taken after reaching a sstathy Feeding flow, thermal and solu-
tal buoyancy flow, and inlet flow are taken intccaant. For the empirical factor in the
Blake-Kozeny expression from equation 4-K9 = 1.410° has been considered. The

material data and numerical settigs are applidd # 2D simulation (see chapter 8).

Results and Discussion

The simulated continuous casting process of CuEnsvith the melt preheated to the
casting temperature of = 1523.5 K. The following two figures visualize tlesti-
mated temperature distribution in steady stkigure 4-32 shows the laboratory cast-
ing mold with the calculated temperature field timaticates the location of the calcula-
tion domain within the casting proce$sgure 4-32 displays the calculated tempera-
ture field T, [K] at the symmetry planes in the center of the getomn (depth and
width). Here® indicates the iso-surface of the liquidus temperabf the casted alloy
Tiquiaus = 1289 K, @ the iso-surface of the columnar volume fractibn= 0.5, ® the

iso-surface off, = 0.95, and® the iso-surface of . = 0.99 at the symmetrie planes.

The hot melt flows from the tundish above the mmidhe laboratory continuous cast-
ing directly into the mold. Since the upper partlad mold (O, Figure 4-323 is kept at
casting temperature, cooling of the melt beginsthe second part of the mold
(@, Figure 4-323 where adiabatic boundary conditions are assuriiéd. columnar
dendrites start to grow at the mold wall as ligsidemperature of CuSn6
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(@) (b)

Figure 4-32: (a) The laboratory geometry with thalaulated temperature field, [K] dis-

played for the 3D laboratory casting? indicates the copper mold acting as a tundi€hthe
position of the inlet, and® the secondary cooling zoné& marks the liquid region® the
mushy zone, an® the solidified casting. (b)The temperature fiéld[K] is shown at the
symmetry planes of the 3D laboratory casting precésmarks the isoline of 4,s= 1289 K,
@of f, =0.5, @of f, =0.95, and@of f, =0.99.

Tiquiaus= 1289 K @, Figure 3-31b is reached. Slightly below the iso-surfaceTf;,s
a volume fraction solidf, = 0.5 is reached@, Figure 3-3) at the wall. The following
mold part is kept at adiabatic boundary conditidnioh leads to lower cooling velocity

in this part.

The iso-surface off, = 0.95 is reached where the secondary cooling ztares 3,
Figure 4-320) with the three already described different caplrones. The last shown
iso-surface isf, = 0.99 @, Figure 4-32. These four iso-surfaces are all displayed in
the following figuresFigure 4-33apictures the volume fraction field for the columna
phase as already described. It can be seen thhaé icolumnar mushy zone, extending
from Ty to f. = 0.99, the volume fraction of the solid varies from= O to

f. = 0.99.Figure 4-33bshows the liquid concentratios) at the symmetry planes in a
range from bluec®™= 6 wt.% Sn to rect>"= 53 wt.% Sn.

In comparison to the 2D axis symmetric simulatiasere the rest of the liquid was
thought to solidify belowT,, in a small temperature interval, in the 3D casestnass-

fer and with that solidification is finished at ertain liquid volume fraction, in this case
f, = 0.01. This leads to an enrichment of Sn in thet mdr the values observed in the
2D calculations due to the linear phase diagramragson. Even though the value of
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¢ is very high at this volume fraction, its influenoa the macrosegregation is rather
low due to the low volume fraction liquid in theaeeas.Figure 4-34ashows the co-
lumnar concentratior™" at the symmetry planes in a range from blue (3.20n8n) to
red (5.8 wt.% Sn).

0.00001

fe [-]
() (b)

Figure 4-33: (a) The volume fraction columndy and (b) the liquid concentratiog™is dis-

played at the symmetry planes of the 3D laboratoasting. Black lines: iso-surface
Tiouiaus= 1289 K, f_ = 0.5, f_ =0.95, f_ = 0.99.

liquidus ™

6
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Figure 4-35
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Figure 4-34: (a) The columnar concentrati@j"and (b) the liquid velocity magnitudg dis-
played at the symmetry planes of the 3D laboratasting.(i) marks the high velocity field
developing in the upper region and (ii) a vortexcuring in the center of the casting. The
strand itself moves withu_,, (iii). Black lines: iso-surfaceT, 1289 K, f. = 0.5,
f. =0.95, f, =0.99.

cast iquidus:

As we considered the mush to be permeable, melt-flocurs through the mush. In
Figure 4-34bliquid velocity magnitudey, is displayed at the symmetry planes, where
the blue color indicates low velocity regions aret rones high velocity regions.
Figure 4-35shows the same liquid velocity at the symmetry planes as vector field for
the region defined by the red rectangular windosigaed inFigure 4-34. Again, blue
indicates low velocities and red highigure 4-3% displays liquid velocityd, at the
symmetry planes as a vector field for the regiofinéd by the red rectangular window
marked inFigure 4-3% in the same color scale.

The flow field has two higher velocity regions: {ije green region in the upper part of
the casting, where a slightly higher velocity ththe casting velocityl,,, is observed
(Figure 4-34, Figure 4-35(i)). A vortex develops in front of the solidifitan front
which touches the broad side of the casting andhimeside at the symmetry planes
(Figure 4-34, Figure 4-35(ii)) because the down flowing melt is bent inwsautle to
the shape of the solidification front in combinatiaith the considered convection
mechanisms. In the center an upwards flow is oleskewhich is in return the reason for
the higher velocity observed in the upper part bé tcasting Kigure 4-34b
Figure 4-35(i)). Since just the two symmetry planes are @igptl in the figures, this
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motion is not visible. Deep in the mushy zone tledeity of the liquid is decreased
because of its interaction with the solidifying detes. After achieving a certain solid
content, the liquid is forced to move with the sara®city as the solid phase due to the
drag force acting between the liquid and the colmphase Kigure 4-34,
Figure 4-35(iii)). This seems to happen at least after reagkie isoline off, = 0.5.

() (b)

Figure 4-35:The liquid velocity vector fieldj of the region marked with the red rectangle in
Figure 4-34 is displayed (a) and (b) for the regidnse to the mushy zone assigned by the red
rectangle in (a). (i) marks a relatively high veitycfield in the upper region and (ii) a vortex
occurring in the center of the casting. The straself moves withl_, (iii). Black lines: iso-
surfaceT,,qus= 1289 K, f, = 0.5, f, =0.95, f, =0.99.

iquidus ™
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Study of macrosegregation in 3D

The distribution of the macrosegregation patteroughout the calculated 3D strand is
displayed inFigure 4-36andFigure 4-37 For this calculation mush permeability was
considered to beKo= 1.4-10° while forced convection, feeding flow and thermo-
solutal convection were considered in the simufatithe displayed surfaces in the cast-
ing are the iso-surfacd,.s = 1289 K (gray surface),f. = 0.5 (red surface),

f. = 0.95 (blue surface), and, = 0.99 (purple surface). Bright green color shows the
initial alloy concentration, yellow positive anduel negative macrosegregations in the
strand. Since the same flow mechanisms are cowesider the 3D as before for the 2D
geometry, the same tendency of the macrosegregpéitiarn is observed. Due to the
applied geometry the flow is relatively uniformtime upper part of the casting and no
strong influence of the inlet flow shows up. Instliase feeding flow seems to be the
most important feature. Therefore, low positive roaegregations are forming at the
walls and slightly negative ones in the centetheftasting, as expected.
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Figure 4-36: 3D steady-state distribution of thextare concentrationc of Sn with
K_0=1.4-105 and including forced convection, feeding flow, ahdrmo-solutal convection.
Bright green: initial alloy concentration, yellowopitive, and blue negative macrosegrega-
tions. Iso-surfacesT,,q4,s= 1289 K, f, = 0.5, f, =0.95, f, = 0.99.

liquidus
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@ (b) (€) (d)
Figure 4-37:Steady-state distribution of the mixture concemrac_, of Sn withK, =1.4-10°
including forced convection, feeding flow, and thersolutal convection. Bright green: initial

alloy concentration, yellow positive, and blue n&gm macrosegregations. Iso-surfaces:
T, =1289K, f, =0.5, f, =0.95, f. =0.99.

iquidus ™

Figure 4-38shows the macrosegregation at the two walls whghe¢ gray shows the
initial alloy concentration, white positive and Kagray negative segregated areas. In
addition one plane at the end of the casting stisusthown in green/blue. In this plane
the discussed cross plotsfure 4-39andFigure 4-40are locatedrigure 4-39shows
the macrosegregation from the back to the frontrsgiry plane X = 0 mm (at the back
wall) to x=12 mm (front symmetry plane)) amdgure 4-40from the left to the right
(y=0 mm (symmetry plane on the left hand sidey 040 mm (wall on the right)). On
both walls slightly positive segregated areas dgerved whereas in the center of the
casting the macrosegregation pattern is negativgwaAy, the macrosegregation in the
presented 3D case for the laboratory geometry &lsmas the one observed for the 2D
axis symmetric case.
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Figure 4-38: Steady-state distribution of the migtaoncentrationc,  of Sn withK , = 1.4-10°
and including forced convection, feeding flow, dhdrmo-solutal convection at the displayed
surfaces of the geometry. Initial alloy concentati(light gray), positive macrosegregations
(white), and negative macrosegregations (dark gexg) shown. The plane for the, plots of
Sn is displayed in green/blue. Displayed iso-sw$aare T, = 1289 K, f, = 0.5,

f. =0.95, f, =0.99.
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Figure 4-39: ¢, profiles of Sn along the width in the plane of fitesented crosssection in
Figure 4-38 for x = 0 mm (at the back wall) to XL2 mm (front symmetry plane).
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Figure 4-40: ¢ profiles of Sn along the depth in the plane of phesented crosssection in
Figure 4-38 for y = 0 mm (symmetry plane on the hefnd side) to y = 40 mm (wall on the

right).
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4.2.4 2D Axis Symmetric Simulations for CuSn6P0.5

Since technical bronze alloys as cast in indugteynaulticomponental alloys, the binary
calculations have been expanded to include P.Heofitst studies as shown in the fol-
lowing the 2D axis symmetric geometrie was takedesribed in chapter 4.2.1.

Thermodynamic information

The model published in $hMURzIN 08, LubwiG 068, LubwiG 07] and described in
chapter 4.1.3 is applied to simulate DC-castinghef alloy CuSn6P0.5-igure 4-41
shows the liquidus surface including the monovdrlares of the occurring phases in
the Cu rich corner of the ternary phase diagramCufSn-P as mentioned in chap-
ter 3.2.1.

Figure 4-42a-cshows the liquidus surfac&, =T, (¢>",C" , and the solibility of alloy-
ing components in the soli&™ = f>"(¢*",¢") and ¢/ = f"(¢",c°"), calculated with
the software Thermocalc based on the database Carghplotted in the Cu rich corner
of the Cu-Sn-P system. Poig} in the pictures is the location of the initialogllcon-
centration of 0.06 mass fraction of Sn and 0.005garfeaction of P whereas point B
indicates the end of solidification (0.01 mass ticat Sn/P corresponds to 1 wt.% Sn/P
where wt.% means weight percent of a certain elé¢men

20 1 1 1 1 1 1 1

Veight_Percent of P

@ 1] 5 10 15 20 25 30 35 40 45 50
Weight_Percent of Sn

Figure 4-41: Rectangular liquidus surface projectiof the Cu rich corner for the ternary
phase diagram Cu-Sn-P up to 50 wt.% Sn and 20 Wtl8ased on calculations with Thermo-
Calc (database CuSnl). The colored lines are thaawariant lines of the liquidus surface
and the black lines are isotherms. Orange linei¢lthe monovariant line corresponding to
the peritectic reaction L & — £, green line (2) is the monovariant line corresporgia the
peritectic reaction L +8 — J; bright blue line (3) is the monovariant line cosponding to
the reactiony+ L — & pink line (4) is the monovariant line corresponditythe eutectic
reaction L— CwP + ¢ blue line (5) is the monovariant line corresponditogthe eutectic
reaction L— CwP + ), purple line (6) is the monovariant line correspamglito the eutectic
reaction L— CwP + @, and red point (I) is the ternary eutectic point.
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Figure 4-42: The contour plots of (a) the liquidssrface T =T, (G>",¢"), (b) the tie-line
information of Snc.>" = f. (¢*",G), and (c) the tie-line information of B” = f,(G>",C")
are displayed based on a calculation with ThermdeQGar the ternary Cu-Sn-P system. In each
plot the black line marks the estimated solidifizatpath of the alloy CuSn6P0.5 (marked by
the red arrow) based on Scheil calculatiogy.: initial alloy concentration, B: end of solidifi-
cation according Thermo-Calc,;PP.: first and second peritectic groove, E: eutectioaye.
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Solidification of such bronze alloys starts witle fiormation ofa dendrites according to
thermodynamics as displayed Figure 4-41 The black line inFigure 4-42a-cshows
the solidification path calculated with the Ther@alc Scheil model. As, during solidi-
fication, the first peritectic groove is crossed, (Hgure 4-42a-¢, B is formed due to
the peritectic reaction L ¢ — 3. Further cooling leads to the formation éfter
reaching the second peritectic groove, (Hgure 4-42a-¢ according to the peritectic
reaction L {3 — y. The remaining melt starts to solidify in the egiegroove ofy and
CwP (E,Figure 4-42a-3. From here the solidification path follows theteztiic groove
further on to the eutectic groove @fand CyP. According to Thermo-Calc Scheil cal-
culations, solidification ends herEigure 4-42a-c,B). The very last melt is, according
to the Scheil model, expected to solidify with ttegnary eutectic concentration of
15wt.% Sn and 5.5 wt.% P. But the calculation wite Thermo-Calc Scheil model
(Figure 4-42a-¢ B) stops already before the ternary eutectic tpdire to the low re-
maining liquid volume fraction.

All three functionsT,, ¢ ", and ¢ can be approximated by using their point wise
Thermo-Calc tabulations. Generally, any suitabterpolation can be applied. For the
following up scaling of the model to industrial dimsions the three thermodynamic
functions equation 4-31 to equation 4-33 were lizea around the initial composition
(¢, , Figure 4-42a-3.

In a first approximation and due to the fact thre volume fraction of solid at the first
phase transition is about,= 0.8 just one set of linear interpolation funcgaaround
point ¢, is applied. Due to the fact that the phase transdion L +a — B is not taken
into account in the model up to now, the presemésdlts take into account only the
formation of a.For details of the applied routine the reader iderred to

[l SHMURZIN 08,LubwiIG 068, LubwiIG 07].

Results and Discussion

A 2D axis symmetric geometry was taken for the $ation as described in chap-
ter 4.2.2. The first simulation considers forcedextion (inlet jet) and and the second
one in addition shrinkage flow, which is modeleddifferent constant densities for the
columnar and the liquid phase. The study of theatsr solidification is based on the
calculation including just forced convectiofigure 4-43-Figure 4-4% Additional cal-
calculations have been performed including feedimg since feeding flow contributes
significantly to the occurring macrosegregatiortribsition under these specific process
conditions. Other flow phenomena like thermo-sdlatamvection are ignored as a first
approach Figure 4-47. Material properties were the same as for tharyirtases. In
the presented solidification simulation permeapilwas taken into account by a
K = 1.410° according to the permeability study described ihapter 4.2.2.
T.met— 1398 K and the initial temperatu?l’aq.t 1300 K whereas the casting velocity
was considered to bé 198mst and was with that the initial velocity of the
melt.

cast
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Figure 4-43: (a) The temperature field of the cagtil, is displayed with the casting mold.
(b) The columnar volume fraction distributiofy for the ternary alloy CuSn6P0.5 in the case
where inlet flow is considered. Black lines a@ Tiqiaus = 1295.5 K, @ f, = 0.5 and
@ f,=0.8.

In the following, the results of this ternary simtibn are discussed based on flow and
thermodynamic parameter distributions gained frown ternary solidification simula-
tion after reaching a steady stdte@ure 4-43ashows temperature fieldl, Figure 4-43b
columnar volume fractionf,, Figure 4-44a liquid concentration for Pc”, and
Figure 4-44bliquid concentration for Si™. In Figure 4-45the velocity distribution in
the melt is displayeh) as velocity magnitude, and(b) as vector fieldd, .

Figure 4-46shows the macrosegregation patterp for both alloying elements &)
and Sn(b) in the case where inlet flow is considered, Biglre 4-47in the case where
feeding flow is taken into account. Here the highesd the lowest values displayed
correspond to positive and negative deviationg 6f% from the initial alloy composi-
tion. Above a columnar volume fractiofy = 0.83, the results are meaningless, since
the linearized thermodynamic functions do not takke account the additional occur-
ring phase changes(H>, in Figure 4-42a-¢ and therefore have to be ignored. This is
the reason why the distributions below this volunaetion are not displayed in the fol-
lowing figures. The three isolines displayed inrgveontour plot are corresponding to
O Tyquigus= 1295.5 K@ f, = 0.5, andd f, = 0.83.

Columnar volume fractionf_ (Figure 4-43k) and liquid concentrations®” and ¢
(Figure 4-44a, b show that solidification starts aj,,,,, and that the columnar volume
fraction is f.= 0.83 when the first peritectic groove is reachedere
¢ =22.5wt.% Sn anat{ = 1.9 wt.% P. The concentration of P in the ligpitase,
¢, is lower in the prediction with FLUENT than theeoof Thermo-Calc which pro-
poses a value of” = 2.5 wt.% P at the first peritectic groove.
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\4

(@) (b)
Figure 4-44: Liquid concentratiorc” for P (a) and ¢ for Sn (b) for the ternary alloy
CuSn6P0.5 in the case where just inlet flow is wred. The black lines are
@Tliquidus: 1295.5 K,@ fc = 05, and® fc = 0.8.

I22.5

IO.5 I6

cf [wt.%] ¢ [wt. %]

This difference is due to linearization of the thedynamic functions from the real
ones (equation 4-31 to equation 4-33). Due to #uwt fthat the phase transformation
L + a — 3 was not taken into account, the results show tthenve fraction for.

In the presented case the inlet jet is the only filhenomenon that causes the develop-
ment of the big vortex in the upper region of theldn(®, Figure 4-45 and induces
with that slightly negative macrosegregations atwlall of the castindgrigure 4-46for
both elements and very low positive macrosegregatidhe bulk of the casting.

In the case including feeding flow presentedrigure 4-47 the inlet jet causes, the de-
velopment of a big vortex with relatively high veity in the upper region of the mold
(I, Figure 4-47. In addition, there is a second higher velocégion occurring due to
feeding flow deep in the mushy zone @igure 4-47. The strand with a columnar vol-
ume fraction abové, = 0.83 moves with casting velocity (IIFigure 4-47. In these
regions the applied drag force (described ingWwiG 06A]) causes entrapment of the
remaining liquid between the dendrite network. Bf@re columnar phase and liquid
phase move with the same casting velodfigure 4-47shows that macrosegregations
are positive at the surface of the strand and hegat the center foc?. andc>'

mix mix *
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Figure 4-45: Liquid velocity field for the ternaglloy CuSn6P0.5 in the case where just inlet
flow is considered. (a) velocity magnitudiin the whole geometry, (b) velocity vector field

4, in the upper part of the casting. A vortex develapthe inlet (1), the solidified strand moves
with G (I1). The black lines areD Tjququs = 1295.5 K,@ f, = 0.5and®@ f_ = 0.8.
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Figure 4-46: Steady-state distribution of the migtu concentration c_,,
(@) ¢’ ,=0.49-0.51 [wt.% P], (b)c3'=5.9 - 6.1 [wt.% Sn] withK, = 1.4-10° including

forced convection. The inlet jet causes negatigeegmtions adjacent to the wall. Black lines
mark @ Tiiquiaus= 1295.5 K,@ f, = 0.5, and@ f_ = 0.8.
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Figure 4-47. Steady-state distribution of the mixture  concembrat c .

(@) cf. = 0.45 - 0.55 [wt.% P], (b)c>' = 5.4 - 6.6 [wt.% Sn] withK, =1.4-10° including
forced convection and feeding flow. The inlet gises slightly negative segregations adjacent
to the wall. But since the influence of feedingvfis significantly stronger, there are positive
macrosegregations occurring at the wall and negatiwmes in the center of the strand. Black

lines mark® Tiquiaus = 1295.5 K,@ f. = 0.5, and® f_ =0.8.
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4.3 Discussion

4.3.1 Development of Macrosegregation in the Continuous &sting
Strand

To understand the macrosegregation distributiothésolidified strand, the develop-
ment of the macrosegregation pattern within thehmusone is of interest to estimate
the influence of different casting parameters andblute destribution in the scale of the
casting.Figure 4-48shows a schematical picture of growing dendritesre three dif-
ferent zones are considered: the liquid in fronthef solidifying region, followed by the
mushy zone with liquid and solid developing to &liy solidified zone.

solid mush liquid
x
mex
CO — e ——
e |
N
solid mush liquid X

Figure 4-48: Expected one dimensiorg| profile (black line) through the mushy zone after
Flemings [REEMINGS67A, FLEMINGS67B, FLEMINGS67C]. C, shows the original alloy concen-
tration (thin dasched line). The thick dashed Isteows the expected mixture concentration
defelopment for increasing mushy zone width (pasithacrosegregations), and the thick
dashed-dotted line the . profile for decreasing mushy zone width (negathacrosegrega-
tions). For constant mush thickness during sokdifion a non segregated solid will be formed
for 1D only considering feeding flow (thick blaakd).

After Flemings study for steady state of the onmmatisional case, the concentration
profile has negative = values in the mush whereas in the solidified ogstio mac-
rosegregation appears (black likégure 4-48. This expectation is based on a situation
where the isotherms iiquiqus aNd Tsoiiqus IN @ solidifying casting move parallel to each
other due to the considered constant temperataciegit. Equation 4.3.1 shows Flem-
mings “Local Solute Redistribution Equation” (LSREELEMINGS 67A, FLEMINGS 678,
FLEMINGS 67C].

of _ _(Lbj 1+ L with b=2c P ang vV, =-1 (4.3.1)
ac, 1-k V; )G P. G,
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Herek is the solute redistribution coefficieni,the independent melt velocitys the
velocity of the isothermd) relates the density of the liquid and the soGd,the tem-
perature gradient and the cooling rate. If the temperature gradient i$ constant
width of the mushy zone may change. In the casmoncreasing temperature gradient,
the mushy zone width decreases and negative magcemsgion forms (dashed-dotted
line, Figure 4-48. In the case of a decreasing temperature gradieetmushy zone
width increases and positive macrosegregation fqdashed lineFigure 4-48) These
results from Flemings LSRE (equation 4.3.1) camheerstood as explained in the fol-
lowing based on a Scheil solidification curve asveh in Figure 4-49 The melt enters
a volume element with a concentratigh and leaves the volume element with a con-
centrationc®. During solidification, the melt becomes enricliedolute (microsegre-
gation) and therefore®" is expected to be larger thafi (dilution). However, due to
solidification the volume flow of the liquid entag the volume element is larger than
the volume flow of the liquid leaving the volumesmlent (enrichment). This leads to
accumulation of solute. For low solid fraction théution is dominant compared to the
enrichment (decreasing, ), for large solid fraction it is the reverse (ieasingc, . ).

~ Scheil

in fei¥ig
Co<C <
but

ﬁmcgm =~ ﬁomcgom

G
— ——
n_int
f; C_.; ﬁom CEM
’//
/
0 fe 1

Figure 4-49: Solidification in a cell during Schejylpe solidification. The diagram shows lig-
uid concentrationc, versus columnar volume fractiofi, . If the volume flow of the liquid
f" ¢" entering the volume element is larger than theiwm flow of the liquid leaving the
volume elemenf *" ¢ solute is accumulated in the cell.

Flemings one dimensional case can be comparedétbalculation taking just feeding
flow into account. Therefore the calculation resudt the already discussed Case D-L
are studied in detail to gain more information &titve macrosegregation development
in the castingFigure 4-50displays on the left hand side a contour plohef¢alculated
macrosegregation pattern. The green color showsawosegregation whereas the yel-
low areas (at the wall of the casting) indicateifpeesand the blue areas (in the center of
the casting) negative macrosegregations. On the hignd side several horizontal pro-
files are presented which were taken at 0.15, 0Z%, and 0.30 m depth of the casting.
The last concentration profile is taken beforeisi¢herm ofT, . .reaches the center of
the casting. The horizontal slashed lines in tltdilpss show the position of the original
alloy concentration (6 wt.% Sn). The specific négatnixture concentration profile in
the mushy zone is developed similar as the curvews inFigure 4-48 The high posi-
tive macrosegregation at the mold wall forms beeaafsthe accumulation of solute at
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the beginning of solidification. Additionally, agikau of slightly positive segregated

solid forms attached to the inverse segregations pbsitive macrosegregation is in-

duced by the increasing mushy zone width in theaatue to a decreasing temperature
gradient.

ff=0

f?=0.97

Figure 4-50: On the left a steady-state distribuatiof the mixture concentratiog,, of Sn in
case withK , = 1.4-10° considering only feeding flow. Bright green remnets the initial alloy
concentration, yellow positive and blue negativecrnaegregations. Black lines show the iso-
therms of Tquidus = 1289 K, Toiiqus= 1230 K, and T,q= 1072 K. On the right & profiles are
displayed at 0.15, 020, 0.25 and 0.30 m depth efctisting (red curves)f > = 0: columnar
volume fraction is 0 at the centef,” = 0.97: columnar volume fraction is 0.97 at the teen

Figure 4-51 gives a more detailed view on the macrosegreggpatern between
fZ =0 (volume fraction solid in the center of thetoay and f” = 0.97 at a depth of
0.310, 0.320, 0.330, 0.340, 0.345, 0.350, 0.3586@®. 0.365, 0.375, 0.375, 0.380,
0.385, 0.390, 0.395, 0.400, and 0.405 m. On tha hgnd side a vertical profile along
the center of the casting is display@&agure 4-52shows all the profiles overlaid in a
c,;, plot of Sn versus distanoeform the center of the strand. When reachi@idus

( f2=0) in the center of the casting, the two devetbpenima (left side and right side)
in the mushy zone touch each other and in theviafig the negative values of mac-
rosegregation at the center increase up to a deptd.375 m Figure 4-51 and
Figure 4-52. Looking at the profiles between 0.375 m and 5.49 it can be seen that
¢z, is increasing again slightly to values belayv

The reason for this is the fact that the centeéhefcasting is fed by almost "fresh”, less
segregated melt untd?, reaches a minimum at 0.375 m. Subsequently, the helow
this depth is fed by already segregated melt aaceforec? increases again up to the
depth of 0.405 m where the strand is fully soletifi
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Figure 4-51: (a) left: steady-state distribution thfe mixture concentratior . in case with
low Blake-Kozeny-type mush permeabiliﬁo(zl.4-105) considering only feeding flow. Bright
green represents the initial alloy concentratior|lgw positive and blue negative macrosegre-
gations. Black lines: isotherms ofjigfiqus =1289 K, Toiiqus= 1230 K, Tng=1072 K. Right: the
red curves show. profiles of the calculation at 0.310, 0.320, 0.380340, 0.345, 0.350,
0.355, 0.360, 0.365, 0.375, 0.375, 0.380, 0.38%@.0.395, 0.400, and 0.405 m depth of the
casting, f.” = 0: columnar volume fraction is O at the centef/ = 0.97: columnar volume
fraction is 0.97 at the center.

Cmix
0.60
0.315m (f/=0)
0.58 |
0.375m (f = 0.8)
0.56 1
0.405 m (f = 0.97)
0.54 >

0 X
Figure 4-52: c_ distribution of Srover the casting length and the casting radiused Rnes
show thec . profiles indicated by the red arrows at 0.315 n87% m and 0.405 m depth, gray

lines show thec_,, profiles between 0.315 m and 0.375 m depth, biaels Ishow thec_ . pro-
files between 0.375 m and 0.405 m depth.

mix
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4.3.2 Verification of the Simulation Results

To verify the simulation results presented in chagt2, experimentally obtained mac-
rosegregation distributions are combared with dated ones. The experimental meas-
urements have been performed by Wieland in thelifeli strand with XRF (X-Ray
Fluorescence Method) with an measurement accumylt wt.%. For the 2D and 3D
binary simulations, experimental concentrations ealdulated ones are compared and
discussed. Since the ternary model is still undmretbpment the verification of the
simulation of these simulation results is perfornigddiscussing the predicted species
concentration with respect to expected Scheil daficuns.

(i) 2D Binary

Figure 4-53shows a typical, experimentally obtained macrasgaion distribution of
Sn in a solidified strand of a CuSn7.6P0.22 rounansl. Since in industrial praxis ter-
nary or higher order alloys are cast, a strandaioimyg very low P content is taken for
the comparison with the binary case study. Forptesented simulations the binary
alloy CuSn6 was taken. Since for the experimemta¢stigation no CuSn6é alloy was
present, the simulation results are compared wightsy higher concentrated alloys.
Therefore the comparison of the experimental antuksition concentration profiles is
based on relative concentrations.

The experimentally detected Sn distribution and tbalculated c  profile
(Figure 4-59 for the case with low permeability show good gative agreement. In
both distributions, positive segregated areas btaimed at the walls and negative ones
in the center of the strand. Hence, there has tidoeissed that a W-form is observed in
the center of the casting. This effect is not obxs@rin the simulation results. One rea-
son for that could be that nucleation and sedimtemaf the equiaxed grains are not
taken into account yet in the simulation. Anotheason could be that solidification
does not stop af, = 1 columnar volume fraction but & = 0.97 and additional phase
transformations (as described in chapter 3.2.4nateconsidered up to now. As equi-
axed grains are usually obtained in the centen@fttrand, the two phase model exclud-
ing this additional phase has a certain error.diitaon, solid deformation of the strand
is not taken into account which is thought to hamemportant influence on the high Sn
content at the surface of the strand.

Figure 4-55shows the four Sk profiles at the outlet for the four cases with eliént
permeabilities as displayed Figure 4-26 It is visible, that deviation of the numerical
macrosegregation prediction from the experimergialfile increases with increasing
permeability. In the case where the highest musimeability is considered, the Sn dis-
tribution shows strong negative macrosegregatidheasurface. This is not observed in
industrial productions.
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Figure 4-53: Typical surface-to-surface Sn disttibn in a CuSn7.6P0.022 round strand
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Figure 4-54: Calculatedc_, Sn distribution in a CuSn6 round strand in casenafuding
forced convection, feeding flow, and thermo-soletahvection for low permeability. In both,
experimental and simulation results, positive maegregations are observed at the wall and
negative ones in the center of the casting.

The reason for that is that the inlet jet has @neasing influence with increasing per-
meability at the beginning of solidification. Thigdicates that it could be easier to ob-
tain a homoghuous element distribution in the sitdid strand if the relative flow in

the mushy zone is kept as small as possible. Aaditly, this implies the importance

of the position of the inlet with respect to theyioming of the mushy zone. Based on
the recent study, it can be statet that the ifletikl be located in a way that the occur-
ring flow does not reach the solidification frontrinimize macrosegregation. But for
special situations, for example strong inverse esgafion at the wall, the inlet could be
used to reduce this undesired effect.
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Figure 4-55: Comparison of Sp . profiles at the outlet of the solidified strand the four
applied permeability values as shown in Figure 4+2§her permeability leads to stronger
negative and positive macrosegregations in thedg@d strand. Red dots?0=1.4-105), blue
dots: K, = 1.4-10%, green dotsi, =1.4-10° black dots:K, = 1.4-10%.
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(i) 3D Binary

The predicted macrosegregation distribution of 3k laboratory continuous casting
calculation Figure 4-57 Figure 4-58 is compared with the experimentally observed
Sn distribution shown ifrigure 4-56 Figure 4-57displays the macrosegregation pro-
file for the depth of the casting)(andFigure 4-58for the width §). The experimental
profile is shown for the depth of the casted strasetre positive macrosegregation is
observed at the wall and negative ones in the caftthe casting. Again, as already
seen in the round strand, the experimental macregagion profile has a broad
W- form in the center of the casting which is nttaoned in the simulation results.
However, the general behaviour seems to be wedligted. In comparison to the 2D
axis symmetric simulations, it has to be mentiortedf the macrosegregations in the
3D geometry is lower in both, positive and negativacentrations.
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Figure 4-56: Measured profile of Sn distributionantCuSn8.2P0.46 3D rectangular laboratory
continuous casting strand (depth).
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Figure 4-57: Calculated crosssection of the & profiles at the outlet in the CuSn6 3D rec-
tangular laboratory continuous casting geometrypii. The comparison of experiment and
simulation result show the same tendency as alreszBerved in the 2D case. Again, the
W-form in the center is not predicted by the sirtiotaresults.
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Figure 4-58: Calculated crosssection of the §p, profile at the outlet in the CuSn6 3D rec-
tangular laboratory continuous casting geometryd).

This could be caused by the fact that the 3D gegmetsmaller than the 2D one, but

also on the fact that the cooling conditions varyhe different cases. Besides, the 3D
calculation has an inlet over the whole geometryeng the melt is entering the mold

direct from the tundish. Based on this fact th@egiy of the melt is not as fast as in the
case of the 2D geometry where the inlet jet digebils the mushy zone. In addition

there is no special cooling taking place in thearggart of the 3D casting.

Figure 4-59shows the macrosegregation distribution whererrthial alloy concentra-
tion has green color, yellow areas indicate regisitl positive macrosegregations, and
blue areas are regions with negative macrosegoggatin addition macrosegregation is
displayed for six different cutting planes of thesting. As already discussed, positive
macrosegregations are formed at the mold wall saghtive ones in the center of the
continuous casting stran@he two lines irFigure 4-59mark the tracer lines for a nega-
tive segregated area (line 1) and a positive safeegone (line 2). The diagram on the
right in Figure 4-59displayes average columnar concentratwersus volume frac-
tion columnarf, for the two tracer lines and compare them withdhleulated cumula-
tive Scheil curve for CuSn6P0.5. The comparisonvbeh CFD calculation and Scheil
shows that the simulated curve differs slightlynirehe Scheil curve in the regions
where negative macrosegregation is observed amdfisantly where positive mac-
rosegregation is formed. Since Scheil does notidengoncentration changes due to
the flow, the deviation shows the important infloerof the flow field occurring during
solidification. Since resently the simulation erdsa volume fraction solid of 0.99, the
expected tendency of the three curves to or evewmeathe original alloy concentration
is not reached in the cumulative solid concentratla industry, deviations in the mi-
crostructure are observed between Sn enriched eptetdd areas. The micrograph
(right, Figure 4-59 shows highly Sn enriched areas where the prababil the pres-
ence of thed phase (black small interdendritic regions) is iasex. It is possible to
gain information about microstructure distributidnsrelating the output of CFD calcu-
lations for macrosegregation with thermodynamiciléziium calculations at the inter-
esting temperature rangeRGBER08].
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Figure 4-59: Macrosegregation distribution in thensilated continuous casting geometry is
shown in color scale at the top of the figure. dglareas are positive and blue areas are nega-
tive segregated. Green indicates regions with oagialloy concentration. The first displayed
gray surface (1) is the isosurface f ;4,5 = 1289 K whereas the red one (2) is the isosurface
of f. = 0.5. The other horizontal surfaces display trecrmsegregation distribution for six hori-
zontal planes. The micrograph on the left of themsegregation distribution shows obtained
eutectoid ofd phase (dark regions) and dendrits (gray to white) [BUBEROQ7A]. The average
concentration of Sn in the columnar phase is ptbttersus the volume fraction of the columnar
phase in the diagram on the bottom of the figutee $olid concentration obtained along the
two lines as indicated in the geometry on the top @ompared with the expected concentra-
tions according to cumulative Scheil calculatiomadk straight line is the initial alloy composi-
tion.
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(i) 2D Ternary

To verify the proposed ternary solidification mgadel‘OD” solidification simulation of
the CuSn6P0.5 alloy was performed. Temperafurés assumed to decrease linearly
with time, starting from the initial temperatufg with a given constant cooling ralg.
This Initial Value Problem was integrated using @ED-solver FLUENT with appro-
priate settings. The thermodynamic functions (eiqna#-31 to equation 4-33) were
interpolated based on tabulated Thermo-Calc datthéoCu-Sn-P system. Initial values
were taken as follows: f,(0)=10° ,for the columnar volume fraction and
c>"(0) = 6.0 wt.% andc| (0) = 05wt.% for the mass fractions of Sn and P in thaitiq
phase. Inital temperature was setTip=  1297nd the cooling ratd, =1 K",
Figure 4-60shows the Scheil-curves resulting from the termsaiidification simulation
in comparison with appropriate Scheil-curves calted with Thermo-Calc. Since the
Thermo-Calc-Scheil model implies an infinite difius coefficient in the liquid but the
proposed model uses a finite one, the diffusiorffmient for the “OD” model was in-
creased to make comparison with Thermo-Calc reqdssible. Nevertheless minor
differences are observed, as shown in the smateviis inFigure 4-60 Discrepancies
also occur at high columnar volume fraction (BRigure 4-6Q. Here the presented
model is not valid since it models only the forratof one solid phase from the liquid,
whereas there are two solid phases forming dirdobiyn the liquid during the eutectic
reaction. Apart from the differences mentioned, ¢heves produced by the proposed
model are in good agreement with those calculatiéd Whermo-Calc [$HMURZIN 08].

— 0-D simplified solidification model

——0-D simplified solidification model| P
©  Thermo-Calc ® Qf

0.2| o Thermo-Calc

liguid mass fraction of Sn [kg/kg]
<
=

liguid mass fraction of P [kg/kg]

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
columnar volume fraction columnar volume fraction

() (b)

Figure 4-60: Scheil curves calculated for the allBySn6P0.05 for (a) Sn and (b) P with
the”0OD simplified solidification model” (black lineand compared with a Thermo-Calc Scheil
calculation (circles). Herec, is the initial alloy concentration, ;/corresponds to the beginning
of the first peritectic reaction L & — [, P, to the beginning of the second peritectic reaction
L + B— y E to the beginning of the eutectic groove, and Bie end of solidification accord-
ing to the Thermo-Calc Scheil modesfiMURZINOS].

Figure 4-61shows the liquidus surface projection as alreascdbed in chapter 4.2.4
including the expected solidification path accogdio ThermoCalc Scheil calculations
(thick black line). The black broken line is thedarized solidification path used for the
calculations. It is visible that at higher Sn andddcentrations the linearization causes a
certain error.
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Principally, all three function$, (equation 4-31)c>" (equation 4-32)and ¢/ (equa-
tion 4-33)can be approximated using their pointwise Thermtz-@bulations. Gener-
ally, any suitable interpolation can be applied: ff@ following up-scaling of the model
to industrial dimensions the three thermodynamiacfions (equation 4-31 to equa-
tion 4-33) were linearized around the initial corspion (point ¢, , Figure 4-60.

The presented ternary calculations predict macregagion for the two solute ele-
ments, Sn and P. Since the P content of this stuadyconsidered to be higher than usu-
ally applied in industrial continuous casting ofoaund strand of bronze, no comparable
experimental measurements are available at the miore validate the already ob-
tained macrosegregation distributions, the simoihatiesults just considering forced
convection are compared with concentrations predibly Scheil calculations. The bro-
ken line inFigure 4-61 indicates the solidification path according to lihearization. It

is visible that at higher Sn and P concentratitiedinearization causes a certain error.
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Figure 4-61: Rectangular 2D liquidus surface prdjen of the Cu rich corner for the ternary
phase diagram Cu-Sn-P up to 22 wt.% Sn and 6 wtBaged on calculations with Thermo-
Calc (database CuSn1l).The black thick line showsstiidification path predicted by a Scheil
calculation for CuSn6P0.5. The black thin linesigisghe monovariant lines of the liquidus
surface. The color scale displays the temperaturéhe liquidus isosurface. ;Pmarks the
monovariant line corresponding to the peritectiacgon L + o — S, P, the monovariant line
corresponding to the peritectic reaction L&— ), E the monovariant line corresponding to
the eutectic reaction &> CwP + & B the end of solidification predicted by the Skthalcu-
lation (Thermo-Calc, database CuSnl), and (I) tmary eutectic point. The black broken
line is the linearized solidification path of thermary model.

To verify the simulated mixture concentration wattncentrations expected by thermo-
dynamicsc, and ¢ are compared with corresponding concentrations rdew to a
Scheil calculation performed with Thermo-Calc. T&heil model is based on the as-
sumptions that no diffusion is consideren in thidsand indefinite fast diffusion in the
liquid.
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If both phases, liquid and solid phase, have tineesdensity the mixture concentration
c,;, IS simply given by

Cox=C.fo+C . (4.3.2)

Herec, is the averaged solid concentration corresponttirthe shell wise growth dur-
ing solidification. For this comparison the cas¢hwut feeding is studied because these
results should show a concentration field closeh® expected curve according the
Scheil model. However, in the discussed case tthgeimce of the inlet jet is still pre-
sent.
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liquid concentratuion of Sfkg/kg]

Figure 4-62: Scheil concentration for Sn (red cyrealculated with ThermoCalc (database
CuSni1l) compared td, versug, of the FLUENT calculation (dark curve) of CuSn@Ptor
Sn. c™"starts to deviate frong>"*'belowa volume fraction liquid of approximatlef; = 0.4.
The first peritectic groove is reached &t = 0.17 (R). The calculated concentrations below
this volume fraction show to high values and aréas@way from expected concentrations.
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Figure 4-63: Scheil concentration for P (green ajncalculated with ThermoCalc (database
CuSnl) compared td, versusc, of the FLUENT calculation (dark curve) of CuSn@Ptor

P. The calculated Scheil curve and the simulateel @m not differ significantly at higher vol-

ume fraction. Therefore, there is a deviation obedrat the end of solidification, where the
Scheil curve predicts higher enrichment of P inligeid than the simulation does.
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Figure 4-62andFigure 4-63show liquid concentrationg for Sn and P plotted versus
volume fraction liquid for CuSn6P0.5 and the prapsalues by Scheil calculations
performed with Thermo-Cale®"™'". Since a linearization around the alloy conceitrat
¢’ is applied for the ternary process simulation, ¢akilated liquid concentration™
(dark line,Figure 4-63 starts to deviate frona>"'(red line,Figure 4-62 at a volume
fraction liquid of aroundf, = 0.40. The first peritectic groove is reachedfat 0.17
(point R). Below this point the calculation predicts fao toigh liquid concentrations.

For ¢” the linearization approach does not have thatiriflgence as forc®, here the
calculated Scheil curve (green lin€jgure 4-63 and simulated one (dark line,
Figure 4-63 do just differ significantly at high volume frambh. Anyhow, the strong
enrichment in the liquid does not have a big infleee on thec . field because of its
low volume fraction. With that its contribution emuation 4.3.2 is rather low. The rea-
son for the enrichment of Sn in the liquid is calibg the fact that just the Sn poar
phase is considered. As already showirigure 4-60taking into account the first or
even the second peritectic transformation, the eommation profile fits more the ex-
pected thermodynamic prediction.

To compare the averagg of the simulation results with Scheil calculatigneformed
with ThermoCalc (database CuSn11), an cumulgfétf" is calculated by using

éScheiI=fichcheilAfCScheil1 (4.3_3)

(3
[

where ¢ is the given columnar concentration asigP™"' the change in the columnar
volume fraction according to Scheil calculations.

1.00

0.75 A

OOO T T T T T

0 00l 002 003 004 005 006
average columnar concentration of[8g/kg]
Figure 4-64: Cumulative Scheil curvg®>"" (red line) calculated with ThermoCalc and com-
bared with average columnar concentration of sdittdtion simulationc, (dark curve) for Sn
in CuSn6PO0.5. The calculated Scheil curve (red) lara the simulated one (blue line) do not
differ significantly until a volume fraction solf about 0.4 is reached. Due to the fact that the
tin rich phases are not considered up to now ingblification simulation, a significant devia-
tion is observed for higher columnar volume fragtio
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Figure 4-65: Cumulative Scheil curve>"™" (green line) calculated with ThermoCalc and

combared with average columnar concentration ofdgfatation simulationc, (dark curve) for
P in CuSn6P0.5. The calculated Scheil curve andithelated one differ slighlty.

Figure 4-64andFigure 4-65showc, and ¢ plotted versus volume fraction solid for
Sn (Figure 4-64 and for P Figure 4-65 of the FLUENT calculation with CuSn6P0.5
and the propsed values by cumlative Scheil calouatbased on ThermoCalc. It is
shown that the Sn concentration of the averagenuadu concentration and with that the
macrosegregation is underestimated in the simuldto higher volume fractions. Fur-

ther development of the model is strongly demartdeidclude the peritectic reactions
for the prediction of macrosegregations. Anyway Ehcontent of the columnar phase
in the simulation is close to that predicted by&ktalculations.

Figure 4-66andFigure 4-67show the simulated macrosegregation profiles foa&d
P in the solidified strand for the case includiegding flow. Thec . profiles indicate
positive macrosegregations at the wall and negatnes at the center for both, Sn and
P. This tendency is comparable to the observedasagregation in the binary cases.

Gernerally it can be stated that the magnitudénefaredicted macrosegregation for Sn
and P is qualitatively almost the same. One redsothis could be that for both alloy-
ing elements the same diffusion coefficient in tiggid D> = D was considered,
since exact values are not known precisely. Intaddiboth alloying elements are en-
riched almost linearly during solidification becausf the observed linear solidification
path in thea region. Of course, the macrosegregation distibubietween the two ele-
ments would differ significantly if the peritectieactions were taken into account.

Since the phase transformation of the peritectactien is ignored and therefore the
thermodynamics is still simplified, the simulatioesults for the ternary Cu-Sn-P system
are not comparable to experiments at the momeraddiition the exclusion of the equi-

axed phase might have an addition impact on thdigieel macrosegregation distribu-

tion under as-cast conditions.
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Figure 4-66: ¢, profile of Sn distribution in a CuSn6P0.5 roundasid (calculation with
feeding flow and forced convection).

0.0054{",
B0.0050f == =~ 2zt m—mmm o e e oo et
é ’4».. ..o’
(@) .. o*
Y4 0. .0
=0.0046

0.0042]

0.0038

-r 05 0 0.5 r

normalized radius,

Figure 4-67: c, profile of P distribution in a CuSn6P0.5 round stda(calculation with
feeding flow and forced convection).
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5 Conclusions and Future Needs

Formation of macrosegregation in technical bronkeys is studied in the presented
work for both areas, thermodynamics of the inclu@dSn-P system and numerical
simulation. In addition, the numerical results ammpared with experimental meas-
urements of the real solidified strand.

The presented experimental study is based on DS&urements and diffusion ex-
periments coupled with SEM investigatins. The ai#diresults show good agreement
with published and essessed data for the binargepdéagram as well as the ternary
one. The achievements of the presented work didla®s:

* The phase appearance proposed by literature wdsmed by the measure-
ments.

* The presented diffusion experiments indicate et is a ternary eutectic point
in the Cu-Sn-P system at approximately CuSnl15P%®rimb-Calc (database
CuSnl) and Miettinen [MTTINEN 01] propose this point at around 644 °C.
Based on the observed phase distributions up to o point can be con-
firmed to lie between 648 °C and 644 °C.

* Thee phase was not observed in the presented studienén the DSC meas-
urements nor in the diffiusion experiments. Sirtbés phase occurs, according
to literature and industry, after very long tramgfation times, it is reasonable to
ignore it in simulations for technical applications

* They phase was detected in a ternary sample in themess study. In former
experimental work performed for the ternary systelny Takemoto
[TAKEMOTO 87] they phase was not observed at all.

» It has to be mentioned that there are some disooggabetween different state-
ments in literature, Thermo-Calc calculations, #mel performed experimental
work, as for example the liquidus curve of the GiyBtem and the occurring
phases around the ternary eutectic point in theatgrsystem. However, since
the P amount used in industry is rather low, aissa &ttemt the database CuSnl
is sufficient accurate to use it for ternary pracsisnulation.

Based on the observations of the presented expetainstudy the following is sug-
gested for future work:

» The preperation of the diffusion samples is rath#ficult due to the high rigid-
ity of the CuP phase. According to this, further work has talbee to improve
the sample preperation for alloys with high P cotge

* The presence of thephase in the presented work is in contrast tootiserva-
tions of [TAKEMOTO 87]. Further studies on the conditions of the oanoe and
stability of they phase are a challanging subject.
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Macrosegregations in DC casting are generally chbgea relative motion between the
solid and the liquid. The present numerical stuflthe continuous casting process in-
vestigates how the formation of macrosegregatiori3G casting of columnar solidify-
ing Sn or SnP bronze is influenced by differentrmraena, as the ‘inlet jet-mush’ in-
teraction, the thermo-solutal buoyancy driven flamd the shrinkage-induced feeding
flow. Simulations were performed to investigate ihiguence of high and low perme-
able mushy zones. In addition, the influence ofdasting speed on the macrosegrega-
tion distribution in the solidified strand was istigated. For this, two different geome-
tries, a round and a rectangular strand have beesstigated. The round strand was
studied for the binary CuSn6 and the ternary Cu8ribRlloy and the rectangular ge-
ometry for the binary CuSn6 alloy.

The highlights gained by the presented study afellasved.

* For all used permeability values and geometries, jgi-mush’ interaction leads
to negative macrosegregations on the surface asitiy@oones in the bulk of the
casting if feeding flow is ignored. Here higher ipeability leads to more pro-
nounced segregation than lower one.

» Solutal buoyancy driven flow is negligible for theed axis symmetric case with
low mush permeability. Considering higher permeadéd, negative segrega-
tions occure at the wall due to the jet-mush irdoa, and in the middle of the
casting due to solutal buoyancy. An enrichmentadfite is predicted close to
the solute-poor region near to the casting walbbee solutal buoyancy convec-
tion forces the solute-rich fluid to rise throudpe thigher permeable mush.

» For all used permeability values, thermal buoyaaidyen flow and its interac-
tion with the inlet jet and the mushy zone playsmaportant role for the 2D axis
symmetric case. If additional phenomena are ignateginegative surface mac-
rosegregations and the positive bulk macroseg@gatire more pronounced in
comparison to the case where just inlet flow issidered. For higher mush
permeability, the larger mushy zone enables are@s® in macrosegregations
throughout the whole casting.

» Shrinkage-induced feeding flow causes positive osegregations at the sur-
face for the 2D axis symmetric case. In case dfdngnush permeability the in-
teraction with the jet is stronger than in the cagé lower permeability. There-
fore, solute poor solid is formed at the wall, dolled by a positive segregated
area and a negative segregated solid in the centre.

* The 2D axis symmetric cases which include feediog,fthermo-solutal buoy-
ancy flow and forced inlet flow show the expectegerposition of the different
phenomena. In the case with lower permeabilityjtMesmacrosegregations are
predicted at the wall and strong negative onebkencentre. Higher permeability
causes significant changes in the macrosegreggiaiern, namely negative
segregations at the wall (caused by the inletgat) in the centre (mainly influ-
enced by feeding flow), while for the rest, postimacrosegregations are pre-
dicted.
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The 3D calculations of the rectangular laborateegmgetry show similar behav-

iour as already discussed for the 2D axis symmege@metry, namely positive

segregations occuring close to the surface andtimeganes in the center of the
casting. However, in the discussed 3D case theasagegation pattern is not as
pronounced as in the 2D axis symmetric case.

The results show the high dependency of macrosatjoeg on the flow pattern,
and hence on the permeability of the mushy zoneefadly, it can be stated that
higher permeability increases the possibility afidl movement in the mushy
zone which goes hand in hand with more pronouncadrosegregations in the
casting.

The ternary “0-D case” shows that the model is &bleeproduce the solidifica-
tion path proposed by Thermo-Calc Scheil calcutetio

The presented 2D axis symmetric ternary simulatésults based on the simpli-
fied thermodynamic assumption so that only sobdifion ofa phase is consid-
ered. Here, the same trend of the macrosegreaiobserved for both alloying
elements. In the ternary case calculationstiphhase has a major impact on the
solid concentrations as comparisons with Schedutations show.

The comparison of measured macrosegregation distyits with simulated
ones shows good qualitative agreement for the picases discussed. Neverthe-
less, the W-formed of negative center macrosegegabuld not be observed
in the simulation work up to now.

A coupling between thermodynamics and CFD coula givpossibility to pre-
dict microstructure distributions based on macrosgation calculations.

The model based on current assumptions providesreercal tool for qualitative study
of macrosegregations. Although good qualitativeeagrent is obtained by comparing
the simulation result with the experimental measwet, quantitatively further refine-
ments/improvements of the current model are nepcgssarther more, boundary condi-
tions as well as material properties for the simaies could be improved. Some impor-
tant points are discussed as follows.

As studied in this work, permeability is one of thest important parameters in-
fluencing the macrosegregation in the continuowstimg. Some efforts on this
topic have been already done in last decades (tample [APELIAN 74,
GOYEAU 99, SCHNEIDER 95]). Based on the presented study, further worleds
quired to model the permeability of the mushy ztmrespecific processes.

It is of evidence that equiaxed solidification agin sedimentation plays an
important role in the formation of macrosegregationthe presented two phase
model, nucleation, growth and sedimentation of &gd crystals are ignored.
For further studies the mixed columnar-equiaxedgmlation model (CET), re-
cently suggested by Ludwig and Wu (MJ6], could be applied to take the third
phase into account.
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* In addition, exudation has not been taken into aotm the current model. For
this a coupling between CFD and stress and distodimulation (Finite Ele-
ment Methode (FEM)) is necessary but at the momenavailable.

* The current model is based on the assumption bkltype growth driven by
diffusion around the cylinder. In the mushy zor® tocal average concentra-
tion of the interdendritic liquidg, , is supposed to be different from the local av-
erage equilibrium concentration at the solid/ligiriterface,c, . This difference
is taken as the driving force for growth of thewuohar phase. In a previous
publication by Wu and Ludwig [W06], detailed parameter studies on the
and ¢, in the mushy zone were performed. In a 1D unidiioeal solidification,
the species in the mushy zone is predicted to deugdly enriched with the evo-
lution of the solid phase. Althougty is predicted to be somehow smaller than
C , especially in the region near to the columnas,tihe predictect, - f,
curve is quite close to the, — f. curve according to the Scheil assumption
(ideal diffusion in the liquid). There was a sintida done with an artificially
increased, and it was found that both the simulated- f, curve and the
Scheilc, — f_ curve are almost identical [WO07]. This indicates that although a
shell-type growth driven by diffusion around thdirger is assumed, it repro-
duce closely the classical Scheil type mushy zaawiour.

» As for the considered case the typical Reynoldshemis not larger than
Re =900, the simulation results presented in this studlyrdit include any tur-
bulence flow. The highest Reynolds-numbers are daarthe upper part of the
pool region near the entry nozzle. Inside the mow especially in the mushy
zone the Reynolds-numbers are smaller by ordemsaghitudes.

* The presented ternary results are only reliablédervolume fraction solid. It is
shown that the model works in CFD, but further depment, which is out of
the scope of this work, has to be done. Applying tdrnary model in the way
that the peritectic reactions are taken into actmnight lead to significant dif-
ferences in the Sn and P macrosegregation profiles.

* The numerical predictions depend strongly on thasmered geometry and
other casting properties. Therefore, any changessting conditions can influ-
ence the macrosegregation results significantly.
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During the last decades industrial production ehtecal bronzes was more and more
supported by numerical description of the appliednifacturing processes and the
physics behind. Bronze tends to form microsegregatand, in combination with rela-
tive flow between the phases, macrosegregationagldC-casting due to the particu-
lar thermodynamic properties and kinetics of phaaasformation. Therefore, the re-
search in respect to this area was be pushed fdrmathe presented study. Due to the
observed heterogeneous cast microstructure, tinpi@ses form, which are brittle at
room temperature as well as at hot working tempeeatThis could lead to a decrease
in workability during a subsequent production psseAs known from industrial
praxis, the extent of macrosegregations in DC-ogstan be effectively influenced by
casting parameters like casting velocity, primasglmg or inlet geometry which in fact
change the relative flow between the melt and ohnming solid.

This work presents a detailed study on the thermanhcs of the ternary system
Cu-Sn-P, which can roughly be considered to desdelhnical bronze alloys. There-
fore computational thermodynamics and diffusion exkpents have been performed
together with DSC and SEM measurements. The olitarperimental data was com-
pared with published and calculated data basediteratlre. Here in general good
agreement was obtained with already assessed alathef ternay phase diagram. One
major point is that it was possible to observe yhghase in this ternary system which
was not possible up to now. However, there arksstihe points that need further stud-
ies to verify the system in more details.

In addition to the experimental investigations, ruical studies have been performed to
describe the physical processes taking place dwamginuous casting of bronze. To
understand the influence and interaction of thateel phenomena, simulation methods
are applied to 2D and 3D geometries, for binarytndary alloys. The solidification of
a strand as well as the formation of macrosegregat simulated with a two phase
volume averaging model. The velocity field of thelrflow is explicitly calculated by
solving the corresponding momentum conservatioratguo. Within the mushy zone
the local formation of microsegregations in thespree of feeding and buoyancy flow
is estimated. The thermodynamics of the Cu-Sn systehe case of the binary simula-
tions is accounted for by a linearization of thedy real phase diagram and in the ter-
nary calculations the Cu-Sn-P system is included lgermodynamic model. In both
cases it is distinguished explicitly between thé&ddauid interface and average melt
concentrations.

Since it is known that the flow field in the musigne contributes to the macrosegrega-
tion pattern in the whole strand, the influenceddferent flow phenomena (thermo-
solutal buoyancy flow, feeding flow and forced ceation) on the formation of mac-
rosegregations was investigated. Based on simokatiath a 2D axis symmetric ge-
ometry and a binary CuSn6 alloy, the results oédadies are discussed by separating
the different convection mechanisms and combinivegrt. Additionally, a study on the
influence of the Blake-Kozeny-type mush permeabdih the macrosegregation pattern
has been performed. With that, it is demonstrabed the individual flow phenomena
contributes differently to the final macrosegregatidistribution. In addition it was
shown that the casting speed influences the magregation distribution in the solidi-
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fied strand. Ternary calculations have been perdarior the 2D axis symmetric ge-
ometry and give qualitative predictions for bothar®l Sn macrosegregations in a round
strand. The studies show that the flow field in tleshy zone has a major impact on the
macrosegregation distribution, whereas the flovidfieself can be influenced by, for
example, the geometry, the casting velocity, oraglied cooling conditions.

It was possible to obain good qualitative agreenbetiveen the predicted macrosegre-
gation distributions with measured element distidns of casting processes for the

binary simulations. Nevertheless, based on theepted work it can be stated that for

the ternary simulations further development ofedel has to be done. Therefore, for

future work further development and adjustmenthefpresented model and the process
description is necessary.

Based on the recent study, it was shown that stfiomglocally in the mushy zone in-
duces strong macrosegregation. In addition, areass of mush premeability leads to a
higher interaction of the flow with the mush andisas therefore changes in the solute
distribution. It can be stated that microsegregatiocombination with relative velocity
between liquid and solid phase induces macrosetioega

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 146
References

7 References

[AGRENO2A] J. Agren, F.H. Hayes, L. Hoglund, U.R. Kattner,LBgendre, R.
Schmid-Fetzer, Zeitschrift fur Metallkunde, 932P02.

[AGRENO2B] J. AgrenScripta Materialia, 46, 2002, 893-898.

[AGREN 07] J. Agren, pers. com., 2006.

[AMBERG05] G. Amberg, J. Shiomi, Fluid Dyn. Mater. Prdk. 2005, 81-96.

[ANCHORBRONZEQ7] http://www.anchorbronze.com

[ANDERSSONOZ2] J.O. Andersson, T. Helander, L. Hoglund, A, Bh
Sundman,Calphad, 26, 2002, 273-312.

[ANDERSSSOND2]  J.-O. Anderssson, J. Agren, J. Appl. Phys. 1882, pp. 1350.

[APELIAN 74] Apelian, M.C. Flemings, R. Mehrabian, Metaltafs., 5, 1974,
2533-2537.

[ATKINS 82] P.W. Atkins, Oxford University Press.

[BAUER 30] O.Bauer, M. Hansen, Z. Metallkunde, 22, 185¥-391.

[BECKERMANN 88] Beckermann, C. and Viskanda, RhysicoChemical Hydrody-
namics 10, 1988, pp. 195.

[BECKERMANN 93] C. Beckerman, R. Viskanta, Appl. Mech. Rev., ¥893, pp. 1.

[BECKERMANN 94] C.Beckermann, C.Y. Wang, JOM, 46, 1994, pp. 42.

[BECKERMANN 96] C. Beckermann, C.Y. Wangjetall. Mater. Trans. A, 27A, 1996,
pp. 2784.

[BECKERMANN 02] C. Beckermann, Inter. Mater. Reviews, 47, 2@§R2,243.

[BHADESHIA 02] H. K. D. H. Bhadeshia, http://www.msm.cam.adphase-
trans/2002/Thermal2.pdf, University of Cambridgegthtials
Science & Metallurgy, 2002.

[BIRD 60] R.B. Bird, W.E. Steward, E.N. Lightfoot, Trawsp Phenomena,
New York, John Wiley & Sons, NY, 1960.

[BLUMENAUER 94] H. Blumenauer, Werkstoffprifung, Deutscher ¥grfir Grund-
stoffindustrie, Leipzig-Stuttgart, 1994.

[BOETTINGEROO] W.J. Boettinger, S.R. Coriell, A.L. Greer, Aaina, W. Kurz, M.
Rappaz, R. Trivedi, Acta Mater. 48, 2000, 43-70.

[BRENNENOS5] C.E. Brennen, Fundamentals of Nphiise Flow, Cambridge
University Press, 2005.

[BRUNNER9OQ] H. Brunner, K. Flessel, F. Hiller, Meyers Leaikverlag, Mann-
heim, 1990.

[CARSLAW 59] H. S. Carslaw, J. C. Jaeger, Oxford UniverBitgss, London, 2,
1959, pp. 28.

[CHADWICK 39] R. Chadwick, J. Inst. Met., 64, 1939, 331-346.

[CIA-AN 87] Q. Cia-An, J. Zhan-Peng, H. Pei-Yun, Experitsen be pub-
lished, 1987.

[COGAN 84] S. F. Cogan, S. Kwon, J. D. Klein, R. M. Ro¥eMater. Sci, 19,
1984, pp. 447.

[Cook 41] M. Cook and W. G. Tallis, J. Inst. Met., @B41, 49-65.

[COSTAESILVA 06] A. Costa e Silva, J. Agren, M.T. Clavaguera-®|dDd. Djurovic,
T. Gomez-Acebo, B.J. Lee, Z.K. Liu, P. Miodownik,JHSeifert,
Science Direct, 31, 2007, 53-74.

[DAYANANDA 89] M.A. Dayananda, Materials Sci.&Eng., A121, 198p. 351.

[DAYANANDA 96aA] M.A. Dayananda, Metall. Mater. Trans., 27A, 19p6, 2504.

[DAYANANDA 968] M.A. Dayananda, Y.H. Sohn, Scripta Mater., 3598.9p. 684.

Dissertation DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 147

References

[DEAN 95]

[DICTRA 05]
[DIES 67]

[Du 05]
[Du 06]
[EBERLING 68]
[EFFENBERGO7]

[EINSTEIN 05]
[ESKIN 07]

[FELLER 97]
[FICcKk 554]
[FICK 558B]
[FIDOSs 70]
[FLEMINGS 67A]
[FLEMINGS 678]

[FLEMINGS 67C]

[FLEMINGS 00]
[FLEWITT 94]

[FLUENT 05]
[FLUENT 06]
[FROHBERG81]
[GANESAN 90]

[GLICKSMAN 00]
[GoYEAU 99]

[GRAFE QO]
[GRAHAM 29]

[GRAHAM 33]
[GRAHAM 50]

[GREVEN99]

[GRUBERO5]

J. A. Dean, The Analytical Chemistry Handbodew York.
McGraw Hill, Inc., 15.1-15.5, 1995.

Dictra, users guide, 2005.

K. Dies, Kupfer und Kupferlegierungen in dexchnik, Springer
Verlag, Berlin/Heidelberg/New York, 1967.

Q. Du, D.G. Eskin, L. Katgerman, Mat. Sci. Eng. 413-414,
2005, 144-150.

Q. Du, D.G. Eskin, L. Katgerman, MCWASP-XI,08) 235-242.
R. Eberling, H. Wever, Z. Metallkd., 59, 19¢p. 222.

G. Effenberg, S. llyenko, Landolt-Bérnstein-@palV Physical
Chemisty, 2007, 355-367.

A. Einstein, Annalen der Physik, 17, 1905, 580.

D.G. Eskin, Q. Du, R. Nadella, A.N. Turchin, L. Kagen,
Proc. of the 5th Dec. Int. Conf. on Solid. Pro€0?2, 437-441.
R.J. Feller, C. Beckermann Metall. Mater. Tra@8B, 1997, pp.
1165.

A. Fick, Poffensdorf's Ann., 94, 1855, 59-86.

A. Fick, Philos. Mag., 10, 1855, pp. 30.

H. Fidos, H. Schreiner, Z. Metallkd., 61, 09pp. 225.

M.C. Flemings, G.E. Nero, Trans. Metall. Soci&fME, Vol.
239, 1967, 1449-1461.

M.C. Flemings, R. Mehrabien, G.E. Nero, Trans.tdle Society
AIME, Vol. 242, 1967, 41-49.

M.C. Flemings, G.E. Nero, Trans. Metall. Soci&fME, Vol.
242, 1967, 50-55.

M.C. Flemings, ISIJ Intern., 40, 2000, pp. 833.

P.E.J. Flewitt, R.K. Wild, Physical Methods fdaterials Charac-
terisation, Chapter 6, IOP Publishing, Bristol, 499

Fluent 6.2 User’s Guide, Fluent Inc., LebargH, USA, 2005.
Fluent 6.3 User’s Guide, Fluent Inc., LebargH, USA, 2006.
M.G. Frohberg, Deutscher Verl. fur Grundstatfin Leipzig,
Stuttgart, 1981.

S. Ganesan, D.R. Poirier, PhysicoChemical Hggnamics, 12,
1990, 195-213.

M.E. Glicksman, Wiley Inter Science, New Yo#2Q00.

B. Goyeau, T. Benihaddadene, D. Gobin, M. Guah Metall.
Mater. Trans., 30B, 1999, pp. 613.

U. Grafe, B. Bottger, J. Tiaden, S. G. Fries,ii@a Mater. 42,
2000, 1179-1186.

T. Graham, Quarterly Journal of Science, Litemand Art, 27,
1829, 74-83.

T. Graham, Philosophical Magazine, 2, 183%-190.

T. Graham, Philosophical Transactions of thgdR&ociety of
London, 140, 1850, 1-46.

K. Greven, A. Ludwig, T. Hofmeister, P.R. SalBwolidification
of Metallic Melts in Research and Technology, edLAdwig,
publisher Wiley-VCH, Weinheim, 1999, pp. 119.

M. Gruber-Pretzler, F. Mayer, M. Wu, A. Ludwigd. H.R.
Muller, Wiley-VCH, 2005, 219-225.

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 148

References

[GRUBERO6]

[GRUBEROQ7A]

[GRUBERO78]
[GRUBEROS]

[HALLSTEDT 07]

[HANSON 51]
[HANSON 58]
[HELANDER 99]
[HILLERT 97]
[HILLERT 01]
[HILLERT 04]
[HILLERT 05]
[HILLERT 98]
[HisHINO 80]

[HISHINO 82]
[HOFMANN 05]

[HOHNE 96]

[HUNGER95]
[ILEGBUSI00]

[l SHMURZIN 08]
[JIE 05]
[KASCHNITZ 07]

[KATTNER 00]

[KATTNER 97]

M. Gruber-Pretzler, F. Mayer, M. Wu, A. Ludwig,A. Kuhn, J.
Riedle, 11" Modeling of Casting, Welding and Advanced Solidi-
fication Processes (McWASP XI), France, eds. GGAndin, M.
Bellet, Warrendale, Pennsylvania, A PublicatiombfS, 2006,
799-806.

M. Gruber-Pretzler, M. Wu, A. Ludwig, J. Riedld, Hofmann,
Proceedings of COM/Cu2007, Canada, I, eds. J. Hydén
Sadayappan, J. Spooner, L.D. Smith, et al., A pabbn of the
Canadian Institute of Mining, Metallurgy and Pegtah, 2007,
265-279.

M. Gruber-Pretzler, Arbeitsbericht CD Modul 2 oktanuniversi-
tat Leoben, 2007.

M. Gruber-Pretzler, F. Mayer, A. Ishmurzin,Kén6zsy, M. Wu,
A. Ludwig, BHM, 2008, submitted.

B. Hallstedt, N. Dupin, M. Hillert, L. H6glund{.L. Lukas,
Computer Coupling of Phase Diagrams and Thermodtgmi
31, 2007, 28-37.

D. Hanson, W.T. Pell-Walpole, Edward ArnoldG%., London,
1951, 60-64.

M. Hanson, K. Anderko, McGraw-Hill Book Commcl., New
York-Toronto-London, 1958, 633-638.

T. Helander, J. Agren, Acta Metall., 47, 190p, 1141.

M. Hillert, CALPHAD, 21, 2, 1997, 143-153.

M. Hillert, Journal of Alloys and Compounds, (32001, 161-
176.

M. Hillert, L. H6glund, Scripta Materialia, 52004, 1055-1059.
M. Hillert, L. HOglund, J. Agren, J. Appl. i?#h, 98, 2005.

M. Hillert, University Press, Cambridge, 1998-166.

K. Hishino, Y. lijima, K. Hirano, Trans Jpmdt. Met., 21, 1980,
pp. 674.

K. Hishino, Y. lijima, K. Hirano, Acta Meta]l30, 1982, pp. 265.
U. Hofmann, A. Bégel, H. Holzl, H.A. Kuhn, Rita Metallogr.
42,7, 2005, 339-364.

G. Hohne, W. Hemminger, H.-J. Flammersheim,fdd@ntial
Scanning Calorimetry-An Introduction for Partitioae Springer-
Verlag, Berlin-Heidelberg, 1996.

H.J Hunger, Deutsch. Verl. fur Grundstoffindeipzig-Stuttgart,
1995.

Q.J.llegbusi, and Mat, M.D., J. Mater. Processing & Mawtur-
ing Sci., 8, 2000, pp. 188.

A. Ishmurzin, M. Gruber-Pretzler, F. Mayer,Héndzsy, M. Wu,
A. Ludwig, IJMR, 2008, submitted.

W.Q. Jie, R. Zhang, Z. He: Mater. Sci. Eng4A3-414, 2005,
497-503.

E. Kaschnitz, pers. Com., 2007.

U. Kattner, G. Erickson, P. Spencer, M. Scha&inSchmid-
Fetzer, B. Sundman, B. Jannson, B. Lee, T. Chai©dsta e Sil-
va, CALPHAD, 24, 1, 2000, 55-94.

U. Kattner, JOM 49, 1997, 14-19.

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze

149

References

[KAUFMAN 70]

[KAWANAMI 97]

[KoLEV 02]
[KRAFT97]

[KuDASHOV 05]
[KULKARNI 05]
[LAN 05]

[LAROUCHEOQ7]

[LARSSONOG]
[LuBYOVA 75]

[LubwiG 02]
[LubwiG 05]
[LuDwIG 06A]
[LubwIG 06B]

[LubwiG 07]

[MADELUNG 90]

[MASBERG99]
[MASSALSKY 86]
[MASSALSKY 90]

[MAYER 07]

[MEY 90]
[MIETTINEN 01]
[MIETTINEN 06]
[MORAN 98]
[MULLER 97]
[N191]

[N1 93]

L. Kaufman, H. Bernstein, Computer CalculatairiPhase Dia-
grams with Special Reference to Refractory Metdésy York:
Academic Press, 1970.

Y. Kawanami, S. Yoshida, N. Takeuchi, M. KajiaaT Mori,

ISI1J International, 37, 6, 1997, 590-595.

N. Kolev, Springer-Verlag, Berlin, 2002.

T. Kraft, M. Rettenmayr, H.E. Exner, Progres®iater. Sci., 42,
1997, 277-286.

D.V. Kudashov, H.R. Miller, R. Zauter, ed. HNRiller, Wiley-
VCH, 2005, pp. 256.

N. S. Kulkarni, C. V. Iswaran, R. T. DeHoff,ttmsic diffusion
simulation for single-phase multi component systeftsa Mate-
rialia, 53, 2005, 4097-4110.

C.W. Lan, B.C. Yeh, Fluid Dyn. Mater. Proc,,2D05, 33-44.

D. Larouche: Computer Coupling of Phase Diagrand Ther-
mochemistry, 31, 2007, 490-504.

H. Larsson, A. Engstrom, Acta Mater., 54, 20D631-2439.

Z. Lubyova, P. Fellner, K. Matiasovsky, Z. Mikd., 66, 1975,
pp. 179.

A.Ludwig, M. Wu, Metall. Mater. Trans., 33A, 2002,.(8673.
A.Ludwig, M. Wu, Mater. Sci. Eng., A413-414, 2005, Ap9.

A. Ludwig, M. Gruber-Pretzler, M. Wu, A. Kuhn, Riedle, Fluid
Dyn. Mater. Proc., 1 4, 2006, 285-300.

A. Ludwig, M. Gruber-Pretzler, F. Mayer, A. Ishnzin, M. Wu,
Mat. Sci. Eng. A, 413-414, 2005, 485-489.

A. Ludwig, A. Ishmurzin, M. Gruber-Pretzler, Hayer, M. Wu,
Proceedings of the 5th Dec. Int. Conf. on Solichd?r2007, 493-
496.

O. Madelung, H. Bakker, H. P. Bonzel, C. M. 8ruM. A.
Dayananda, W. Beest, J. Horvath, |. Kacer, G. \dskn, A. D.
Lee Claire, H. Mehrer, G. E. Murch, G. Neumann,Stbllia, N.
A. Stolwijk, Landolt-Bérnstein, ed. H. Mehrer, 126, 1990.

S. Masberg, Ruhr-Universitat Bochum, Fakultét Chemie,
1999.

T.B. Massalsky, J.L. Murray, L.H. Bennet, H.KBa, American
Society for Metals, Ohio, 1, 1986.

T.B. Massalsky (Ed.), ASM International, Met&ark, Ohio, 2nd
edition, 1990.

F. Mayer, M. Gruber-Pretzler, M. Wu, A. Ludwig" Interna-
tional Conference of Simulation & Modeling of Mdtagical
Processes in Steelmaking (STEELSIM 2007), Austed, A.
Ludwig, 2007, 265-270.

S. an Mey, P. J. Spencer, CALPHAD 14, 1990,265.

J. Miettinen, Calphad, 25, 1, 2001, 67-78.

J. Miettinen, Comp. Mater. Sci., 36, 4, 20067-380

M.J. Moran, H.N. Shapiro, John Wiley & sof998.

M. Muller, Uni. Augsburg, Inst. F. Physik, 1R9

J. Ni, C. Beckermann, Metall. Trans. B, 22B91, pp. 349.

J. Ni, C. Beckermann). Mater. Process. Mater. Sci., 2, 1993, pp.
217.

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze

150

References

[N195a]
[N1958B]

[OIKAWA 75]
[ONISHI 75]
[ONSAGER31]
[ONSAGER45]
[PANZL 08]
[PATANKAR 72]

[PATANKAR 80]

J.Ni., F.P. Incropera, Int. J. Heat Mass Transfer,13®5, 1271-
1284.

J.Ni., F.P. Incropera, Int. J. Heat Mass Transfer, 1395, 1285-
1296.

H. Oikawa, A. Hosai, Scr. Metall., 9, 197%, 823.

M. Onishi, H. Fujibuchi, Trans. Jpn. Inst. Met6, 1975, pp. 539.
L. Onsager, Phys. Rev., 37, 1931, pp. 405.

L. Onsager, Ann. N.Y. Acad. Sci., 46, 1945-4p, 241.

G. PanzlBachelorwork, University of Leoben, 2008.

S.V. Patankar, D.B. Spalding, Int. J. Heat Mass Transifér2,
15, 1787-1806.

S.V. Patankar, Numerical heat transfer and fluid flowenti
sphere, New York, 1980.

[PERIODENSYSTEMO7]www.periodensystem.info.

[PREDEL82]
[PRINZ 80]
[PUNGOR 95]

[RAPPAZ87A]
[RAPPAZ878B]
[RAPPAZ90]
[RAYNOR 49]
[REDDY 97]
[RIEDLE 04]
[RIEDLE 06]
[ROUSSETI5]
[Roux 84]
[SAMUEL 07]
[SAUNDERS 98]
[SCHNEIDER95]
[SCHNEIDER95A]
[SCHNEIDER958]
[SCHUMANN 90]
[SEILNACHT 07]
[SEITH 55]

[SHIM 96]

[SHIM 96]
[SHOWELL 51]

[Sko0G 98]

B. Predel, Steinkopf Verlag, Darmstadt, 1982.

N. Prinz, H. Wever, Phys. Status Solidi, a 5480, pp. 505.

E. Pungor, A Practical Guide to Instrumentablsis. Boca Ra-
ton, Florida, 1995, 181-191.

M. Rappaz, Ph. Thevoz, Acta Metall., 35, 1987,1487.

M. Rappaz, Ph. Thevoz, Acta Metall., 35, 1987.2829.

M. Rappaz, V. Voller, Metall. Mater. Trans14 1990, pp. 749.
G.V. Raynor, The Institute of Metals, Londd®49.

A.V. Reddy, C. Beckermann, Metall. Mater. Trad8, 1997, pp.
3455.

J. Riedle, Wieland Werke Ulm, per. com., 2004

J. Riedle, Wieland Werke Ulm, pers. com. 2006.

P. Rousset, M. Rappaz, B. Hannart, Metall. Maleans., 26A,
1995, pp. 2349.

H. Roux, A. Piquet, Surf. SCi. 141, 1984, pp1.

G. Samuel, www.npl.co.uk/materials, 2007.

N. Saunders, Miodownik, A.P. Pergamon Matsr@&ries, XVI,
1998.

M. Schneider, C. Beckermann, Inter. J. HeatsViasnsfer 38,
1995, pp. 3455.

M.C. Schneider, C. Beckermann: Metall. Mater.ng.aA. 26A,
1995, 2373-2388.

M.C. Schneider, C. Beckermann: Int. J. Heat MEsssfer. 38,
1995, 3455-3473.

H. Schumann, Leipzig Dt. Verlag fur Grundsiadf., neubearb.
Aufl., Leipzig, 13, 1990, 504-576.

www.seilnacht.com

W. Seith, Springer-Verlag, Berlin, 1955.

J.H. Shim, C.S. Oh, B.J. Lee, D.N. Lee, CuSrM&tallkd., 87,
1996, 205-212.

J.H. Shim, C.S. Oh, B.J. Lee, D.N. Lee, Z. Mktk, 87, 1996,
205-212.

D.G.D. Showell, unpublished, cited after D. Kan, W.T. Pell-
Walepole, London, 1951, 69-70.

D. A. Skoog, F. J Holler, T. Nieman, New Yo(g98, 905-908.

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze 151

References

[SPALDING 72]
[SPINDLER 76]
[STARKE 64]
[STEUDEL 60]
[SUNDMAN 85]

[TAKEMOTO 87]

[THERMOCALC 03]
[THERMOCALC 05]
[THERMOCALC 06]

[THOMPSON86]
[UNITERRA Q7]
[VEROS3]
[VILLARS 97]
[VOLLER 89]
[VREEMAN 00A]
[V REEMAN 008]

[WANG 93]
[WANG 95]

[WANG 96A]
[WANG 968]
[WATSONO3]

[WIKIPEDIA 07]
[Wu 03a]

[Wu 038]
[Wu 06]

[Wu 07]

[Y okOoTA 80]

[ZALOZNIK 05]
[ZALOZNIK 06]
[ZHANPENG87]

D.B. Spalding, in Recent Advances in NumerMeathods in Flu-
ids, Eds. Tayler C., Morgan, K., 1980, 139-167.

P. Spindler, K. Nachtrieb, Phys. Status Sokd37, 1976, pp.
449.

E. Starke, H. Wever, Z. Metallkd., 55, 1964, 107.

H. Steudel, VDI-Verlag GMBH, Diisseldorf, 1960;10.

B. Sundman, B. Jansson, J.O. Andersson, Calghd®85, 153-
190.

T. Takemoto, I. Okamoto, J. Matusumura, TrawgRI 16, 301,
1987, 73-79

SGTE, ThermoCalc, 2003.

ThermoCalc, “CuSnl1 Database*, 2005.

ThermoCalc, Users Guide, 2006.

M.S: Thompson, J.E. Morral, Acta Metall., 39886, pp. 339.
www.periodensystem.info.

J. Vero, Zeitschrift anorg. allgem. Chemie321953, 257-272.
P. Villars, A. Prince, H. Okamoto, ASM Interiatal, 8, 1997,
9902-9908.

V.R. Voller, A.D. Brent, C. Prakash, Inter Heat Mass Transfer,
32, 1989, pp. 1719.

J.C. Vreeman, M.J.M. Krane, F.P. Incropera, InfeHeat Mass
Transfer, 38, 2000, pp. 677.

J.C. Vreeman, F.P. Incropera, Inter. J. Heat Maassfer, 43,
2000, pp. 687.

C.Y. Wang, C. BeckermanMetall. Trans., 24A, 1993, pp. 2787.
C.Y. Wang, S. Ahuja, C. Beckermann, Groh Ill, H.Ketall.
Mater.

C.Y. Wang, C. Beckermanietall. Mater. Trans. A, 27A, 1996,
pp. 2754.

C.Y. Wang, C. BeckermanMetall. Mater. Trans. A, 27A, 1996, pp.
2765.

A. Watson, Wagner S, Lysova E., Rohkhlin L, MiSVorkplace,
2003.

http://de.wikipedia.org.

M. Wu, A. Ludwig, A. Buhrig-Polaczek, M. FehlbidP.R. Sahm,
Inter J. Heat Mass Transfer, 46, 2003, pp. 2819.

M. Wu, A. Ludwig, Adv. Eng. Mater., 5, 2003, p2.

M. Wu, A. Ludwig, Metall. Mater Trans., 37A0@6, 1613-1631.
M. Wu, Habilitationsschrift, University of Léen, 2007.

M. Yokota, M. Nose, H. Mitani, J. Jpn. InsteM 44, 1980, pp.
1007.

M. Zaloznik, B. Sarler, Mat. Sci. Eng. A, 4134 2005, 85-91.
M. Zaloznik, B. Sarler, MCWASP-XI, 2006, 24325

J. Zhanpeng, Changsha, China, 1987.

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze

152

Attachment

8 Attachment

Following the settings used in FLUENT for the céddtions are listed as example for the
2D axis symmetric geometry.

Project : CD-Modul 2

Axis symetric Calculations 2D

Grid file:

Grid_Cu_10_05 05.msh

Define
Models solver segregated/unsteady/1st order
implicit
axisymmetric/cell based
multiphase Eulerian/3 phase
energie yes
viscous laminar
radiation off
species off
discrete phase off
solidification and melting off
acoustics off
Materials properties
CuSn liquid; phase 1 density [kg?3] 7810
specific heat capacity-Ky™K™] 454
thermal conductivity [Wn™K™] 96

viscosity [kgm™-s7]

user-def: liquid_viscosity

molecular weight [kdg™mol™]

28.966

standard state enthalpyg™mol™] 0

reference temperature [K] 298.15

UDS diffusivity [kgm™s"] uds: uds-0: 0
CuSn equiaxed; phase 2 density-fkg] 8565

specific heat capacity kg K™ 395

thermal conductivity [Wn™K™] 184

viscosity [kgm™-s7]

user-def: solid_viscosity

molecular weight [kdg™mol™]

28.966

standard state enthalpyg™mol™] 0

reference temperature [K] 298.15

UDS diffusivity [kgm™s7] uds: uds-o: 0
CuSn columnar; phase 3 density-fk{] 8565

specific heat capacity-kb K™ 395

thermal conductivity [Wn™K™] 184

viscosity [kgm™-s7] 320

molecular weight [kdg™:mol™] 28.966

standard state enthalpyg™mol™] 0

reference temperature [K] 298.15

UDS diffusivity [kgm™sT] uds: uds-0: 0
Phases
phase 1 primary phase Cusn
phase 2 secondary phase CuSn equiaxed
phase 3 secondary phase CuSn columnar

Dissertation

DI Monika Gaer-Pretzler



A Study on Macrosegregation in Continuous Castingronze
Attachment
Interaction diameter [m]: constant; 1e-5

phase 1 and 2 drag UDF: drag_force E L
lift none
collisions /
slip /
heat UDF: heat x_udf E L
mass 0
reactions /
surface tension /

phase 3 and 2 drag UDF: drag_force C_E
lift none
collisions /
slip /
heat UDF: heat x_udf C_E
mass 0
reactions /

surface tension

/

/

phasel and 3 drag UDF: drag_force C L
lift none
collisions /
slip /
heat UDF: heat x_udf C L
mass 0
reactions /
surface tension /
Operating Conditions pressure 1.00E+07 [Pa]
gravity no
operating Temperature /
density /

Boundary Conditions

Mixture

name; mixture; thermal conditions; momentum; spEeaies
casting fluid stationary
default interior interior /
inlet pressure-inlet gauge total pressure:
P = 100000 [Pa] /0 / normal
mold_lower wall; convection; moving wall /absolute / com
HTC = 3000 [Wm?s']; T=550 K ponentst = 0.00192 [ns7]
mold_upper wall; convection; moving wall /absolute / com
HTC = 20 [Wm?s™]; T= 1300 K ponentst = 0.00192 [rrs’]
nozzel wall; convection; stationary wall
HTC c =5 [Wm?s7; T= 1300 K
outlet velocity-inlet;
surface wall; convection; stationary wall

HTC = 10 [Wm?s?; T= 325 K

watercooling

wall; convection;
HTC = 1000 [Wm?s']; T =300 K

moving wall /absolute / com
ponentst = 0.00192 [ns?]
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Phase 1 liquid
casting Source Terms:

mass [kgn>s7]

udf mass_phasel

x-momentum [Nn]

udf mom_u_p1

y-momentum [Nm~]

udf mom_v_pl

energie [Wm3] udf enthalpy_phasel

UDS 0 udf UDS_s-pl

uDS 2 udfCU L s pl
default interior interior

inlet

pressure-inlet: T = 1389 K constant

UDS boundary condition

UDS boundary value

UDS 0: specified value

UDS 0: 1e9; constant

UDS 2: specified value

UDS 2: 0.06; constant

mold_lower wall; casting; specified shear (X:0/Y:0)
UDS boundary condition UDS boundary value
UDS 0: specified flux UDS 0: 0; constant
UDS 2: specified flux UDS 2: 0; constant
mold_upper wall; casting; specified shear (X:0/Y:0)
UDS boundary condition UDS boundary value
UDS 0: specified flux UDS 0: 0; constant
UDS 2: specified flux UDS 2: 0; constant
nozzel wall; 10; casting; specified sheaffy.0)
UDS boundary condition UDS boundary value
UDS 0: specified flux UDS 0: 0; constant
UDS 2: specified flux UDS 2: 0; constant
outlet velocity-inlet axial velocity:
0.00192 [ms™] constant
radial velocity:
0 [ms?] constant
absolute; components T = 500 K; constant
UDS boundary condition UDS boundary value
UDS 0: specified flux UDS 0: 0; constant
UDS 2: specified flux UDS 2: 0; constant
surface wall; casting; specified shear (X:0/Y:0)

UDS boundary condition

UDS boundary value

UDS 0: specified flux

UDS 0: 0; constant

UDS 2: specified flux

UDS 2: 0; constant

watercooling

wall; casting; specified shear (X:@):

UDS boundary condition

UDS boundary value

UDS 0: specified flux

UDS 0: 0; constant

UDS 2: specified flux

UDS 2: 0; constant

Phase 2

equiaxed

casting

Source Terms:

mass [kgiis’]

udf mass_phase2

x-momentum [Nn]

udf mom_u_p2

y-momentum [Nm~]

udf mom_v_p2

energie [Wm3] udf enthalpy_phase2

uUbDS 1 udf UDS_s-p2

uDS 3 udf CU_S_s_p2
default interior interior
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inlet pressure-inleflT= 1389 K constant volume fraction: 1E-06
constant
UDS boundary condition UDS boundary value
UDS 1: specified value UDS 1: 1e9; constant
UDS 3: specified value UDS 3: 0.032; constant
mold_lower wall; casting; specified sheai0fy.0)
UDS boundary condition UDS boundary value
UDS 1: specified flux UDS 1: 0; constant
UDS 3: specified flux UDS 3: 0; constant
mold_upper wall; casting; specified sheadfy.0)
UDS boundary condition UDS boundary value
UDS 1: specified flux UDS 1: 0; constant
UDS 3: specified flux UDS 3: 0; constant
nozzel wall; casting; specified sheai0fy.0)
UDS Boundary condition UDS boundary value
UDS 1: specified flux UDS 1: 0; constant
UDS 3: specified flux UDS 3: 0; constant
outlet velocity-inlet axial velocity:
0.00192 [ms'] constant
radial velocity:
0 [m's'] constant
absolute; components; T = 500 K; constant
volume fraction: 1E-06
constant
UDS Boundary condition UDS boundary value
UDS 1: specified flux UDS 1: 0; constant
UDS 3: specified flux UDS 3: 0; constant
surface wall; 3; casting; specified sheabfy.0)

UDS Boundary condition

UDS boundary value

UDS 1: specified flux

UDS 1: 0; constant

UDS 3: specified flux

UDS 3: 0; constant

watercooling

wall; casting; specified sheabfy.0)

UDS boundary condition

UDS boundary value

UDS 1: specified value

UDS 1: 0; constant

UDS 3: specified value

UDS 3: 0; constant

Phase 3

columnar

casting

Source Terms; fixed values

mass [kgn™s’]

udf mass_phase3

x-momentum [N

udf mom_u_p3

y-momentum [Nm~]

udf mom_v_p3

energie [Wmn3]

udf enthalpy_phase3

uDS 4

udf CU_S s p3

default interior

interior; collumnar;

inlet

pressure-inlefl= 1389 K constant

volume fraction: 0 constan

it

UDS boundary condition

UDS boundary value

UDS 4: specified value

UDS 4: 0; constant

mold_lower wall; casting; no slip
UDS boundary condition UDS boundary value
UDS 4: specified flux UDS 4: 0; constant
mold_upper wall; casting; no slip

UDS boundary condition

UDS boundary value

UDS 4: specified flux

UDS 4: 0; constant
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nozzel wall; casting; specified sheai0fy.0)
UDS boundary condition UDS boundary value
UDS 4: specified flux UDS 4: 0; constant
outlet velocity-inlet axial velocity:
0.00192 [ms™] constant
radial velocity:
0 [ms?] constant
absolute; components; T =500 K; constant
volume fraction: 0.999
constant
UDS boundary condition UDS boundary value
UDS 4: specified flux UDS 4: 0; constant
surface wall; casting; specified sheabfy.0)

UDS boundary condition

UDS boundary value

UDS 4: specified flux

UDS 4: 0; constant

watercooling

wall; casting; no slip

UDS boundary condition

UDS boundary value

UDS 4: specified value

UDS 4: 0; constant

User Defined Functions: ccp; 10000
compiled: library name: libudf
manage: udf libraries: libudf

Function hooks:

adjust_m_transfer_rate

Execute on Demand:

none

User Defined Scalars number of UDS 5
flux function: mass flow rate
unsteady function: default
domains to solve in
scalar-0 phase 1
scalar-1 phase 2
scalar-2 phase 1
scalar-3 phase 2
scalar-4 phase 3

User Defined Memory 20
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Solve Initialzation

Equations Compute Form

flow on all zones

volume fraction on Initial Values

energy on pressure 100000
UDS 0 off uUDS 0 1.00E+09
ubs 1 off UDS 1 1.00E+09
uDS 2 on uDS 2 0.06
uDS 3 on uDS 3 0.032
uUDS 4 on ubs 4 0.032
Under-Relaxation-Factor phase k-velocity; liquid 0
pressure 0.4 phase J-velocity; liquid 0
density 1 phase 1T; liquid 1293
body forces 0.3 phase X- velocity; equiaxed D
momentum 0.5 phase %- velocity; equiaxed D
volume fraction 0.2 phase 2 volume fraction; equiaxed 1.00E-06
energy 0.95 phase 2I; equiaxed 1293
UDS 0 1 phase X- velocity; columnar @
UuDS 1 1 phase 3- velocity; columnar @
UDS 2 0.3 phase 3 volume fraction; columnjar 0.0001
UDS 3 0.3 phase 3T; columnar 1293
uDS 4 0.3

Presure-Velocity Coupling lterate

simple time step size 0.02
discretization number of time steps 0
momentum 1st; upward time step method fixed
volume fraction 1st; upward maximum iteration per time step P5
energy 1st; upward report interval 1
ubDS 0 1st; upward UDF update interval 1
UDS 1 1st; upward

UDS 2 1st; upward

uDS 3 1st; upward
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9 List of Symbols

A integreated area of the DSC measuring curve

B number of additional conditions in Gibbs phase rul
B end of solidification

b solidification shrinkage in LSRE

C independent chemical constituents in Gibbs phalgse r
c index for columnar phase
AC concentration gradient [mah]

c concentration at the interface

Cy: Cy initial alloy concentration

C. volume average concentration in the columnar phase

C. cumulative volume average concentration in tharoolar
phase

EC equilibrium columnar concentration adjacent toghkd/liquid
interface

Ecj equilibrium columnar concentration of threpecies adjacent to
the solid/liquid interface

¢l equilibrium columnar concentration of P adjacerthte
solid/liquid interface

c columnar concentration of Sn

E:’CS” equilibrium columnar concentration of Sn adjaderthe
solid/liquid interface

Schell columnar concentration according to Scheil

coone! cumulative columnar concentration according toech

Cq concentration exchange term for melting

Ce concentration source term for solidification

C average mass fraction of the liquid phase

El equilibrium liquid concentration adjacent to tlodidiliquid
interface

C,j average species mass fraction ofjtbpecies

5,‘ average species mass fraction ofjtspecies adjacent to the
solid/liquid interface

C,P average species mass fraction of P

C,Sn average species mass fraction of Sn

gt liquid concentration according to Scheil

C average species mass fraction of P at the sqliddlinterface
average species mass fraction of Sn at the soglidtilinterface
incoming melt concentration

C,OUt outgoing melt concentration

Crnix mixture concentration

c mixture concentration of specie# the ternary system
Chi mixture concentration of P in the ternary system
cfﬂnx mixture concentration of Sn in the ternary system
ct. mixture concentration in the center of the casting

Con specific heat capacity of the liquid phase
specific heat capacity of the columnar phase
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c
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Af Scheil

c
fl
fl [crit
flm

out
fl

reference concentration

specific heat capacity of phage

weight fraction of specidsin phasey

rate of production/destruction of spediés phasey [kg-m™>s?]
measurement accuracy for P

diffusion coefficient [M3s?]

dimension of the casting

columnar dendrite trunk diameter

diffusion coefficient in the columnar phase

diffusion coefficient in the liquid phase

diffusivity of species in phase

diffusion coefficient of th¢-species in the liquid

diffusion coefficient of Sn in the liquid

diffusion coefficient of P in the liquid

maximum possible dendrite trunk diameter

normalized diameter

diffusion coefficient of P ira [m*s]

diffusion coefficient of P in CuSnP dependent dmPs’]
diffusion coefficient of P in CuSnP dependent oni8*s?]
diffusion coefficient of Sn in CuSnP dependent dmPs?]
diffusion coefficient of Sn in CuSnP dependent anr8*s’]
diffusion coefficient of Sn im [m*s?]

end of solidification

degrees of freedom in the Gibbs phase rule

source term for other body forces

volume phase fraction of phage

volume phase fraction columnar phase

average volume fraction of the incoming melt

change in the columnar volume fraction accordm§cheil
volume phase fraction liquid phase

critical volume fraction of the melt

average volume fraction of the incoming melt

average volume fraction of the outgoing melt
impingement factor

function for P dependent on the liquid Sn and Reurat the
columnar/liquid interface

function for Sn dependent on the liquid Sn and fert at the
columnar/liquid interface

gravity vector

Gibbs energy for elemeit

Gibbs energy for eleme B andC and phase, 3

Gibbs energy for elemenaind phaseé

solute gradient of thiespecies in the liquid phase at the inter-
face

gravity vector of phase

temperature gradient

heat transfer coefficient (HTC) [\Wiz2K™]
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List of Symbols
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enthalpy at the interface

volume heat exchange coefficient

enthalpy of transition

enthalpy of the columnar phase

reference enthalpy for the columnar phase

enthalpy of the liquid phase

reference enthalpy for the liquid phase

specific enthalpy of phase

enthalpy at the reference temperatliyg of phaseq
volume heat exchange coefficient between the plmaardq
running index

running index

flux vector [molm?s?]

flux vector of Sn [mom?%s]

flux vector of P [mom?s?]

permeability

redistribution coefficient

pre-factor for the permeability (empirical factorthe Blake-
Kozeny expression) .

permeability factor dependent dfo

calorimetric constant

drag coefficient between liquid and columnar phase
interphase momentum exchange coefficient of ppdse
interphase momentum exchange coefficient of phde®
liquid phase

Slope of the liquidus line

mass transfer rate phagéo p

mass transfer rate phgséo q

mass transfer rate columnar to liquid phase

mass transfer rate liquid to columnar phase

running index

diffraction order

number of particles of phage

number of particles of phase

number of other particles

pressure

peritectic reaction L & — f3

peritectic reaction L  — y

number of present phases

phase indices

heat flux [mW]

energy source term liquid to columnar

energy source term columnar to liquid

enthalpy exchange between liquid and columnarephtthe
interface

release of latent heat between liquid and columhase at the
interface
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List of Symbols

AT
ATa

Tce
Tcast
ATcy
Tobsc
Te
Te
Tend
Tf
T
Ti
Tinit
Tinlet
T
T

TICu
Ticusp
Tliquidus
Tlower_mold

TMassaIsky

enthalpy exchange between liquid and columnar phetbe
interface

release of latent heat between columnar and liphéde at the
interface

number of linear independent reactions

radius

radius of a cylindrical dendrite trunk

Reynolds number

half of the primary dendrite arm spacing

ultimate tensile strength

entropy

total surface area of columnar dendrite trunksvplrme
actual Tin content

average Tin content

source term for thE scalar quantity in phasg
temperature [K], [°C]

time [s], [days]

deviation in temperature

time step

cooling rate

annealing temperature

deviation in the annealing temperature

annealing time

DSC measuring device deviation in temperature fomAnum
DSC measuring device deviation in temperature famus
temperature of the columnar phase

extrapolated peak completion temperature

casting temperature

DSC measuring device deviation in temperaturefgpper
phase transformation temperature detected by DSC
extrapolated peak onset temperature

ternary eutectic point

peritectic temperature of CuSn ki to 3 transition

the liquidus temperature of pure Cu (linearizedgghdiagram)
final peak temperature

first deviation from the baseline

initial temperature of the liquid phase

inlet temperature of the phases

volume averaged liquid temperature

function of the liquidus temperature dependentiguid Sn and
P content at the columnar/liquid interface

melting temperature of Cu

melting temperature of GR

liquidus temperature of the initial alloy concextion
temperature of the lower part of the mold

phase transformation temperature of the phasealfafivias-
SALSKY 86]
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List of Symbols

AT min minimum temperature difference
Tq temperature of phasp
Tp peak maximum interpolated baseline temperature
T, Ts Te, Ty, T, phase transformation temperature of the differbmisps
T reference temperature
Tsen temperature of submerged entry nozzle (SEN)
Tsolidus solidus temperature of the initial alloy conceritmat
Tsurtace surface temperature in the mold
Trc phase transformation temperature based on Therrtocglau-
lations
Tupper_mold temperature of the upper part of the mold
Twall temperature of the mold wall
Twater water temperature in the secondary cooling zone
U internal energy

u independent melt velocity
U] volume average velocity at the interface
d volume average velocity vector of the columnar phas

U casting velocity [mns’]

U, inlet velocity [mms’]

V] volume average velocity of the liquid phase

g volume average velocity vector of the liquid phase
U,C momentum source term liquid to columnar phase
U,‘; momentum exchange between liquid and columnar deadr

due to the drag force
U ,f momentum exchange between liquid and columnar desdr
due to phase transition

U, velocity of phase [mm-s’]

U, velocity of phasg [mms’]
Upq interphase velocity

\% volume

% growth velocity of the dendrite trunk

Vr velocity of the isotherms

X local variable in space

Xi mole fraction of phase

y local variable in space

a,a”B,v,Y,5,¢& phases in the phase diagram CuSn

B volume concentration expansion coefficient
o volume temperature expansion coefficient
A wavelength

A primary dendrite arm spacing

e chemical potential of phage

i chemical potential of phase

Ma, Mg, Hc chemical potential of componeAfB andC

U viscosity of the liquid

¢ phase index

O density of phasg [kg'm?]

JoX density of the columnar phase fi]
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0 density of the liquid phase [kg?]
o liquid density in reference state
© reflexion angle
5 stress-strain tensor of phage
7, stress-strain tensor of the liquid phase
qq]‘ general form of the arbitrary scalar of phgse
bcc body centered cubic
CET Columnar to Equiaxed Transition
CFD Computational Fluid Dynamics
CRT Cathode Ray Tube
Cu Copper
CuP component of the CuP system
Cusnl thermodynamic database of the system Cu-Sn-P
DC direct chill casting
DSC Differential Scanning Calorimetrie
DTA Differential Thermal Analysis
EDS/EDX Energy Dispersive X-Ray
fcc face centered cubic
FEM Finite Element Method
FVD Finite Volume Difference
HTC Heat Transfer Coefficient
LSRE Local Solute Redistribution Equation
P Phosphorus
PT Phase Transitions
SEM Scanning Electron Microscope
SEN Submerged Entry Nozzle
Sn Tin
uDS User Defined Subroutines
UDF User Defined Functions
vol.% volume percent
WDS/WDX Wave length Dispersive X-Ray
wt.% weight percent
XRF X-Ray Fluorescence Method
0D zero dimensional
1D one demensional
2D two demensional
3D three dimensional
0 Dyadic Product
[l Nabla-Operator (gradient)
A Laplace-Operator
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