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*“And as for certain truth, ’
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ABSTRACT

The dissolution ratfs of niobium and zirconium cylinders
in iiquid steel have b8e£\measured in a 'dynamic way', with
the help of a data acquisition and process control facility.
Two distinct periods were identified; theﬁsteel shell period
and the free dissolution period. E

Lower bhath superheats allowed a reaction to take place
at the steel shell/niobium interface while higher superheats
didn't; the intermetallic compounds FejNb and Fe,Nb3 were
identified as the reaction products. Niobium dissolved
relatively slowly in liquid steel and its dissolution speed
was increased under dynamic gonditions (i.e., inductively
stirred baths).

In the case of zircon%um, an exothermic reaction occurred
at the steel shell/zirconium interface and the intermetallics )
FepZr and FeZry were identified as the reaction’pxoducts.
This reaction was triggered at 1220 K by the formation of a
liquid Fe-Zr (76 ét% 2r) eutectic. For the experimental _
conditions under which this studf-was performed, the hydro-
dynamic conditions of the steel baths did not seem to
influence the dissolution rates of zirconium.

A simplified mathematical model was used in order to

simulate the coupled heat and mass transfer phenomena which

take place during the two periods.
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RESUME

Les vitesses de dissolution de barres de niobium et de
zirconium dans de l'acier liguide ,ont &té mesurée§ dyﬁamique—
ment & l'aide d'un syst@me permettant 1l'acquisition des
données et le contrdle du procedé. Deux &tapes distinctes
sont identifiables: une de dissolution de la peau d'acier
suivie par la dissolution libre. .

De basses températures de surfusion du bain ont permis
de mettre en &vidence une réaction 3 l'interface acier/
niobium. Ce ph&nomé&ne n'est pas observé pour des temperatures
de surfusion plus elévées. La réactioq(lbservée d basses
températures forme les composés intermé;alliques FesNb et
FeyNb3. Le niobium se dissout 3 vitesse relativement lente
dans l'acler liquide mais elle augmente en régime dynamique
{(agitation du bain par induction).

Dans le cas du zirconium une réaction exothermique
est observée 3 l'interface acier/zirconium et l'on a identifié
les composés intermétalliques Fe2Zr et FeZr) comme produits
de la réaction. Cette ré€action commence 3@ 1220 K par la
formation d'un liquide eutectigue Fe-2r (76% ;tom. Zr}.
Pour les conditions experimentales de cette &tude l'agitation
du bain d'acier ne semble pas influencer les vitesses de
dissolution de zirconium.

Un modéle mathématique simplifi& est proposé afin de
simuler les ph&noménes couplés de transport de chaleur et

de masse ayant lieu durant les deux é&tapes.
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THE DISSOLUTION OF

- NIOBIUM AND ZIRCONIUM

IN LIQUID STEEL



CHAPTER 1

1. INTRODUCTION

1.1l PRELIMINARY REMARKS

In recent years, the process of steel alloy development
has greatly benefited from the large’ amount of research

carried out in that area. This research has led to a much

improved appreciation of the relationship between micro-

structure and mechanical properties, so that new alloy steels

can now be developed on the basis of reasonably well under-

stood metallurgical phenomena from the

physical metallurgy

viewpoint. However, at the refining stage of the alloy

steelmaking route, a lot of research still has to be carried

out particularlynon the solution rates and mechanisms of
solid additiveé (i.e., ferroalloys) in the rawasliquid steel.
Especially in recent years, the tight chemical specifications
which the market demands from the steelmakers have as a
result the introduction of more careful ferrcalloy addition
prac{ices which should refleét repeatable and consistently
high ﬁer&oalloy recoveries, and hence more economic savings
and profit. The development of thesé& practices is directly
related- to the accumulatediknéwledge on the subjfct. There-
fore, a thorough understanding of the solution mechanisms
and their kinetics is of paramoﬁnt importance from both the

-

academic and industrial points of view.
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1.2 ALLOY ADDITIONS IN STEELMAKING.

The steel is tegmed alloyed, if the content of alloying
elements inkit, is greater than in common carbon steel. For
instance, a steel is related to the category of alloy steels,

—if it contziﬁ ore than 0.6% Si or more than 0.8% Mn,

while common carben steel usually contains 0.17 - 0.37% Si

~

and not more than 0} . Various alloying elements are
employed in steelmak ng, whose presence imparts special
mechanical and oth Properties to the steel.

These maf”ﬁézéither metals (i.e., Mn, Ni, Co, Ti, Nb,

V) o; non-metals (i.e., €, S, P, N, B). Their solubility
in iron may be very diverse, some elements (Pb, Ag, Bi)
being practicaliy insoluble.

Introducing 'small additions' of elements or their
compounds (in amouhts not more than 0.1%} into the melt,
microalloying of the steel is done, with fhe aim of imprqving
appreciably the mechanical and service propérties of the

(ﬁ final steel.
The effects provided'by microalloying are deeper
'Vdeoxidation, desulphurization and degassing of steel; changes
in the shape and,properties of nonmetallic inclusions and
their distribution in microvolumes of the metal; changes in
///L the composition and state of grain boundaries; refinement

of metal grains and control of their growth upon heating.

Microalloying can also affect the critical poin?s,
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recrystallization temperature and hardenability of steel;
this often happens when some metallic additions, such as Ti,
7 Vv, Nb, Zr, Ta, etc., are introduced in the liquid steel.
ﬁl In general, there are many reasons for the introduction
of alloying elements into liquid steel.
Some of the most important ones, are tol

(1} Improve strength at ordinary temperatures;

— - —_ )

(2) Improve mechanical properties at either high or low
temperatures;
{3) Increase hardenability;
’ {4) Improve toughﬁess at any minimum hardness of stfength;
{5} Increase corrosion resistance;
(6) Increase wear resistance:
(7) fgg;;;;\magnetic properties.
- In this work, the study of the dissolution of niobium
and zirconium in liquid steel, has been undertaken. Some of

the most important applications of niobium and zirconium,

in the steel industry, are presented below.

1.3 NIOBIUM AS AN ALLOYING ELEMENT IN STEEL

The two principal uses of niobium in steels are, as a
grain refiner and, for the formation of an extremely hard
and stable carbidel. The two uses are metallurgically
related.

As a grain refiner, niobium is very important in those

HSLA steels which are controlled rolled; many current

'

s /'-—4'
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controlled rolling schedules depend on the precipitation of
NbC (N} during hot workingl. Understandably, this application
aqcounts'for the major tonnage consumption of niobium, and
still promises to be its area of maximum growth potential.
As a carbide former, niobium has seen use for many years in
the 'stabi;ization' of austenitic 18/8 stainless steels
against sensitization-induced intergranular corrosion. It is
also a constituen£ of abrasion-resistant steels, steels for
elevated temperature service, and numerous superalloyé.
Steels microalloyed with niobium, show considerable
promise in the.production of high strength reinforcing bars.
Niobium provides additional strengthening, beyond that
resulting from carbén and manganese. Because only about
one-half the émount of niobium (0.012% Nb = 0.025% V} is
needeqd’ to produce the same strength increase brought about
by vanadium additions, niobjum steels can have economic

advantages for the steelmaker.

l.4 ZIRCONIUM AS AN ALLOYING ELEMENT IN STEEL

Zirconium is highly reactive and forms stable compounds
with oxygen, sulfur, nitrogen and carbon. Its affinity for
the first three of these elements accounts for its principal
use in steelmakinglz

The control of nonmetallic (sulfide and oxysulfide)
inclusions and the fixaéion of nitrogen, primarily in béron

steels. 2irconium will also inhibit grain growth and prevent

.
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strain aging, although its use for either of these functions

is guite limited.
Although zirﬁonium is reésonably\ﬁiéntiful, elaborate
extractive metallurgical processes. make the ure mefal very
expensive. Fortunately, these operations are
for the zirconium addition agents used in steelmaking.
Nonetheless, its relatively high price and the aﬁailability
of cheaper replacements, has restricted its general acceptance
as an alloying agent in steels.\
With its strong ability-to fix sulfur, zirconium can be ’\5
used as ; partial replacement for manganese to prevent hot
shortness, during rolling/forging processesl. The fixation
of gulfur has a beneficial effgct on transverse ductility
and impact properties as well._ Levels of zirconium between
0.03 and 0.30% are known to prevéht‘thg formation of the
detrimental grain boundary %ilm sulfideéﬁ
The hardenability factor for zirconium probably lies
between thbse for vanadium and titanium. However, for
practical and.economic reasons, zirconium is not used for
the sake of promoting deep hardening.
The presence of zirconium compounds does, however,
.
/’—;;éYce grain coarsening, permitting the use of higher
'ha;dening or carburié@ng temperature. Zirconium pro@uces
only slight changes in the mechénfbal properties of quenched

and tempered steels, though these anges are~generally

|
}

beneficial., It produces.a more uniform distortion during



tengile ratio; improvéas weldability and eliminates P rosity.

In high alloy steels, zirconiim increases hardéess but
decreases ductility. Several quenched and tempered HSLA
/Zjeels, contain 0.10-- 0.15% Zr, mainly for sulfide shape

ontrol.

1

o )
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CHAPTER 2

2. PREVIOUS WORK

2.1 GENERAL CONSIDERATIONS

The solution of a solid in a liguid represents a
claésical example of.a heterogeneous process. Although most
such processes involve a rather complex setJ3£_ing;1%d al
reaction steps, there are certain elemenpary aspects which
are common to a-wide range of reactions.

The transfer of the material of a substance from a
solid to a liquid state, can be characterized as melting or
ﬂs dissolution.

The difference between melting and dfbsolution is, that
dissolution ogcurs when the solid material*comes in‘contactb"T
witﬁ the liquid at temperatures below the melting point of

(fﬁ;\;olid. The dissolution process caﬁ be divided in two .
7 basic consec;tive steps. The first is the surface reaction
' where the solid goes through a phase change to the liquid. .
In tgg case of metallic additions, the phase change is
actually the result of the’ fupture of the metallic bond at
the interface, for whiqh a large amount of energy is reéﬁired.
~ The second step is the ﬁransport of the resulting solute
~//) atoms f:om the interface into the bulk liquid by diffusion 0
through a boundary layer. Either step could be rate-

controlling in the dissolution process.
//\f\ ’ u
/ |

-
-
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Additions in liquid steel can be classified into two

categories. The first are those with a melting range

—
—

lower than that of liquid steel. Table 2.1 gives a list of
such additions. The second category of additiqns are those
with melting ranges higher than that of liquid steel.
Exémples of some of these additions are listed in Table 2.2.
Figure 2.1 shows, in schematic form, the relevant
thermophysical phepomena which take place when a solid

. o
The first four routes refer to low melting range

addition is inunerfegfgin a bath of mol}gsteei.
additions while the fifth one depicts the case of dissolution
of high melting point additions.

Routes 1, 2, 3 and 5 are analyzed in a work by Guthriez,
while route 4 is presented in great detail by Argyropoulos
%nd Guthrie in references 3, 4. The micreoexothermic route

(Route 6) has been introduced in a recent work5 by

Argyropoulos.

2.2 DISSOLUTION IN LIQUID IRON ALLOYS ) e

Extensive studies on the kinetics of dissolution of
solid materials in liquid iron-carbon melts have been

conducted over the past thirty years.

The great majority of these experiments were done in
either high carbon iron alloy melts or carbon saturated iron

alloy melts. i)
4
4
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Table 2.1
Additions with Melting Range
Lower than the Liquid Steel Melting Point
/ L
Addition . Melting Range or Melting Point
T Ay
/1 . .
50% Ferrosilicon 1210 - 1227°% (1483 - 1500 K)
75% Ferrosilicon 1204 - 1316°C (1474 - 1589 K)
Standard Ferromanganese 1071 - 1266°Cc (1344 - 1539 K)
Low Carbon Silicomanganese 1215 - 1260°C (1488 - 1533 K)
Charge Chrome 50-55% Cr 1404 - 148200 (1677 ~ 1755 K)
Aluminum 660°C (933 K)



Table

2,2 )

. Additions with Melting Range

Higher than the Liquid Steel Melting Point

Addition

Niobium
Zirconium
Vanadium
Titanium
Molybdenum
Tantalum
Tungsten
FeMo (62% Mo)
FeW (74% W)
FeNb (60% Nb)

Fev (80% V)

. 1600

1540

1640

1670

Melting Range

Melting Temperaturel

2467°C
1852°¢C
1902°c
1670°C
2617°¢
3014%¢

3407°¢C

1800°%

2700°¢

1650°C

1890°¢

1

(2740
(2125
(2175

(1943

(2890

(3287
(3680
(1813
{1913
(1873

(1943

K)
K)
K)
K)
K)
K)

K)

2073 K)
2973 K)
1923 K)

2163 K)

10
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Figure 2.1
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Additions with melting range below the melting point of liquid

steel follow one of the routes 1, 2, 3. Additinns which
exhibit.exothermic reaction with liquid steel follow route 4.
Route 5 refers to high melting range additions. Route 6
refers to microexotherm}c alloying additions in liquid steel.
Route 1

The introduction of FeMn, SiMn, Al in steel melts with low
bath superheats for example, can cause internal melting (1C)
of the addition which in some cases (the mélting) is
completed (1D) before the remelting of the enclosing shell.
Route 2

In this case, internal melting of the addition may start but
it is not completed as the encasing shell melts back (2C).
Alloys with large diameters and low thermal conductivities
immersed in liquid steel with high bath superheats (80-100 K)
can exhibit this behaviour. '

Route 3

Once the additién is re-exposed (3C), another shell (or

series of shells) of solidified steel (3D) may be formed.
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Route 4

An exothermic reaction starts at (4B) and steel shell melts
back very fast; typical éxamples are Si, Fe-75% &i.

Route 5.

Typical examplef are Fe-V, Fe-Mo, Fe-~W. . -
Route 6

It is also referred as the Microexothermic route. The
.addition (generally a powder'éompact) is surrounded by a
steel shell (6B). The duration of the steel shell is very
- short due to the low thermal cosductivity of the ferroalloy
compact. However, a reaction starts at the compact steel
shell interface. This reaction proceeds very quickly into
the interior of the ferroalloy compact (i.e., 6C and 6D)
where the addition meltsa

— [
Y

.

‘!-
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Faf quer experiments have been condugted in low
carbon and relative pure iron alloy melts.

o »777 7~ Table 2.3 listé metallic systems of solids dissolved in
iron based melts for which experimental data have been
repérteé. These experiments have been classified according
to experimental mode and geometry. The experimental mode

\,\‘ - can be classified into two subgroups; static and dynamic.

In £he static method, the solid specimens were held
motionless in liquid, and natural convection, influenced the
dissolution rate.

In the dynamic method, specimens were rotated so that
forced convection affected Lheir rate of dissolution. For
most of tﬁe reported experiments, cylindrical or disk shaped
speéimens were used.

However, there are two exceptions:

1) Biletskii and ShumikhinlS studied the dissolution
of spherical graphite particles in cast iron melts;

2) Niwa et al.23

~also used an alumina crucible to study
the reaction of the alumina with carbon dissolved in molten
iron. The crucibles used were either alumina or graphite,
apart from a few exceptions, where magnesia crucibles were
used. )

The dissolution in liquid iron alloys wag repérted.to be
a diffusion rate cbntrolledhprocess under most cpnd{tions.
An exception is the one reported by Karchin and Grigoryanll

‘1‘” who observed that the dissolution rate of pyrographite in an



~. 15
Table 2.3 L
Dissolution E;?eriments in Liquid Iron Alloys

Liquid Solid Séecimen Mode Reference
Fe-C. Graphite Cylinder‘ Static 6 -
Fe-C . Graphite Cylinder Static 7
Fe-C Graphite Cylinder Static and Rotating 8
F;-C Graphite Cylinder Rotating 9
Fe-Mn Graphite | Static 10
Fe-C icfaphite Rotating 11
Pig Iron Graphife Disk Static 12
Fe~C Graphite " Disk Rotating 13i
Fe=-Ni Graﬁhite Disk Rotating 13
Fe-P Graphite Disk Rotatingr‘ 13-
Fe—Sii Graphite Rotating 13
Fe-C cC 14
Cast Iron Graphite) Spherical 15
Fe-C Graphite | 16
Fe-C si-C - 16
Fe-C C 17
Fe-C Co ' Disg ﬁotating '18
Fe-C Cr Disk Rotating 18
Fe-C Mo Disk Rotating 18
Fe-C Nl Disk Rotating 18
.Fe-C 81 Disk Rotating -18
Fe-C Ti Disk Rotating 18

- Fe-C W Disk Rotating 18

.;.cont..
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-Table 2.3 Continued

Liquid Solid Specimen, Mode Reference
Fe-csgt' Cr Dlsk Rotating, + 19
Fe-Csat CrC- Disk Rotating 19
Fe—CSat Fe Disk Rotating 19
Fe—CSat Mo Disk Rotating 19 \
Fe—CSat W Disk Rotating 19
Fe-Csat WC Disk Rotating 19
Gray Iron Sic Cylinder Rotating 20
Pig Iron C-Stegel Cylinder Rotating and Static 21
Fe-—CSat Fe Cylinder Rotating 22
Fe—CSat Al,03 Crucible Static 23
Fe-C C-Steel Cylinder Static 24
Fe-C C-Steel Cylinder Rotating and Static 25
Fe-C Cu-Mg Static 26
Fe-C C-Steel Cylinder Static and Rotating 27
Fe-C~S Ce Static 28
Fe-C~Si Ce Static 28
FeO-Fe503 Fe Cylinder Rotating 29
Fe-C Mg-Alloy Static 30
Fe—Csat A1203 Cylinder Static and Rotating 31

t

Fe-C Fe 32
— e i 33
Fe Nsat BN Disk . Static

Fe-B BN Disk Static 33

r 2
Fe-Csat CaC, Cylinder Rotating 34
- v

.»..cont.



17

Table 2.3 continued

-~

Liquid Solid Specimen Mode Reference
Pig Iron C-Steel Cylinder Static 35
Pig.Iron C-Steei Cylinder Static 36
Fe-C Fe Cylinder Static and Rotating 37
Fe-C .. Mo Cylinder Rotating ' | 38
Fe-5§ Fe .Rotating . 39
Fe~Cu Fe Cylinder Rotating 40
Fe-C Nb 41
. o ‘
Fe_ceutect Mo Cylinder Static 42
Cgst Iron Si Disk Rotating 43
Cast Iron Ti Disk Rotating 43
Cast Iron Cr Disk Rotating 43
Cast Iron Co ' « Disk Rotating 43
Cast Iron Ni Disk Roteting 43
Cast Iron -Mo Disk Roi%ting ' 43
Cast Iron = W Disk? ROtating 43
, ée_cs;t | Fe Cylinder  Static and Rotating 44 )
Fe-C Fe. Cylinder Static and Rotating 45
Fe~-C-S5i-P Fe-C-Si Lumps Static 46
Fe-C-Si-P  ‘Fe-C-Si-S Lumps  Static " 46
Fe-C - Fe-V Fine lumps Static 47
Fe-C " Fe-Cr Fine lumps Static 47
& Cylinders
Fe-C Fe-Ti Fine lumps Static 47
s ...cont.

\/._



Table 2.3 continued
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Liquid solid

Mode

Specimen Reference
Fe-C Fe-Mn Fine lumps Static 47
Fe-C Fe-Cr-C Cylinder Static and Rotatiﬁg 48
Fe-C " C(graphite) Cylinder ~ Rotating 49
Cast Iron C(graphite) Lumps Static 50
Fe-Fep0;4 Fe Pellets Static 51
~

)
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?

iron-carbon melt Qas anisotropic with reSpéct to differen
crystallographic faces at high rotétional spééds. They found
that the solutioniﬁ?terface reaction of graphite became the
controlling step at'high stirring rates.

7 Various additions relevant to steelm§§ing practlces
studied for dlSSOluthh klnetlcs in low carbon iron-based
melts are listed .in Table 2.4.‘

In all cases and immediately-following immersion a solid
steel sﬁell solidifies around‘the addition.

The precise mannér under which the steel shell behaves
(i.e. freezing or‘melting) is-very important for low melting
point additives.. However, its importance substantially
lessens idﬁ;he:éase of high melting point additions. 1In the
first case, the dominant factor in fhe thermophysical phenomena
is heat transfer, while in the latter, mass transfer becomes B
more important. For the dissolution of 50% ferro-silféon in
liquid steel, a 'double heat effect' is applied to thé steel
shell such that the.dissolution reaction becomes self-
acceleratin93'4.

Krupman and Yavoiskii42 invggtigated the dissolution of -
molybdenugbin ATrmco Iroh. They distinguish two periodslin the
dissolution process. The first corresponded to the 'thermal’
period where a solid éhell freezes around the 'molybdenum.

The second was the 'diffusion' period which began after the

-temperature had equalized between the bulk liquid steel and

the molybdenum specimen. They proposed the following
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Table 2.4

Dissolution Experiments in Pure Liquid (Iron or
: N

Low Carbon Liquid Irxon Alloys

\ 5

’

7
Digigi;%ng Specimen Exge;iggntaIQK} Reference
-Fe-Mn Cylinder and Sphere Static 2
Si-Mn Cylinder and Sphere Static 'y, 2
Fe-Si (50%) Cylinder Shatic 3
Fe-5i (50%) ‘Cylinder Static 4
Moi _ Cylinder: Static and vibratiné 42
Ti | Disk Rotating 43
Cr Disk‘ Rotating YJ 3
Nb Disk Rotating ' 43
Mo Disk Rotating - 43
W Disk 'Roéating 43
. . .
FeMo (62% Mo)‘ Disk Rotating 7 43
Felw (74% W) Disk Rotating 43
FeNb (60% Nb) Disk Rotating 43
C (gréphite) Lumps s Static ‘ - 46
8i . Lumps \ ‘Static’ 46
Cr : Lump’s Static ' 46
Mo ) Lumps Static 46
Mo Rj & Cylinder Static and Rotating 52
W ' Cylinder Static and Rotating 52
Fe-Mn Cylinder Static 53
Cr- Cylinder Static 53
Fe~-C Cylinde£ ' Stqtic 53

.. sCONnt.
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Table 2. on;i;ued .

?igggiging Specimen Expe;égzntal Ref?rence
Fe-Mn Lumps with Isotopes Static 54
éi—Mn Lumps wiﬁh Isotopes Static 54
TiN Rotating 55
Ferro-alloys .-J oy T 56
-FexMn Cylinder Static .57
Si-Mn Cylinder Sggifc 57
Fe-Si Cylind;ar Stz;’titc 57
Al Sphere Stat&c 58
Al' Sphere Rotating 59
\ CyIinder Static . 60
Ti Cylinder Static 60,61,62
Ferro-alloys Lumps | Static 63
Mo Slab Static _ 64
Fe Sponge Pellets Static 65
C (graphite) Cylinder Rotating 66
C . Disk, ) Rotating 67
Cr Cyli er . Rotating 68
Fe-Cr Cylindér Rotating, 68
Fe-Cr Lumps : Static 69
Ferro-alloys Lumps Static . 70
Ferro-alloys Powder Compacts Static 71
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relationship for the dependence of mass transfer coefficients

on temperature:

log K + 4.87 (2.1)

K : cm/sec

T :+ K

i

Based on their data, an activation energy for the solutlon of

molybdenum in liquid iron was calculat shown to be at

) ' |
273 kJ/mole (65.1 kcal/mol). They ‘explained this surprisingly #

H
high value of activation energy on the basis of 1 quig_phase

;/gg/iﬁ/mol (14.5 kcal/mol). Consequently, their explanation
based on a liquid phase diffusion controlled process must

be regarded with some doubt.

43,studied the dissolution rates

Shantarin and Shurygin
of Ti, Cr, Mo, . W and FeNb, FeMo, FeW in molten pure iron.
They used a disk of metal rotating in liquid iron. They
found that the dissolution rates in pure iron increase iﬁ

the order of Mo-W-Cr~Ti and amoﬁg_the ferro-alloys (FeNb,

60% Nb)- - (FeMo, 62% Mo) - (FeW, 74% W). They dig

provide any explanatién

they calculated diffusio

be in agreement with th
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Bungardt et al.52 studied the dissolution of molybdenum
and tungsten in liquid steel under conditions of free and
forced convection, respectively.

In the case of'fbrced convection, they used rotation of
their cylinders as well as flow of argon gas through the iron
bath at a rate of 3.8 cm?/sec. They found that the dissolution
rate‘of molybdenum was higher than that of tungsten at 1863 K
(1590°C), and that the mass'transfer coeffic}ents were about
the same. At'temperatures below 1910 K (1637°C) the reaction
of tungsten with iiquid iron resulted in the intermetallic
combination Fe7W6 whose structure permitted no conclusion of
any preferred Qiffusibility of the constituent elements.

Te;ziyanS? studied the dissolution kinetics of ferro-
alloys in steel ladles. He labelled the alloys with rgdio—
isotopes, immersed them in liquid steel for specific times
and measured the Eoss in weight of the alloy and the radio-
activity of metal samples from the ladle.

The experiments were carried out in both quiescent and
lnténsively stirred liquid steel baths. Data on the kinetics
and mechanisms of dissolution of ferromanganese and silico-
manganese were processed statistically. Regression equations
were formulated for the time of dissclution as a function of
lump size and metal temperature in relatively gquiescent meéél
baths.

They -obtained:

Tp = 100 + 27.75 x; =~ 17.25 x, + 2 x2

2 1

+ 2 x; - 5.25 x (2.2)

1 %2 ,
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(

Tp = 63 + 2.5 X) = 12.5 x, + 2.7 x}
+ 1.4 x5 - 2.5 x; x, (2.3)
where: \
Tp : duration of solution (sec) j>
x; : parameter characterizing the diameter of the
sample d{mm) Xy = {d-50) /10
X, i parameter characterizing the temperature of the

metal t°C x, = (£-50)/15.

Equation (2.2) gives the solution time ﬂn:ferromanganese_
while equation (2.3) gives the solution time for silico-
manganese. Terziyan claimed that these equations were
determiégd with & sufficient degree of accuracy for predicting
solution times of ferro-alloy lumps, measuring‘from 40 to
180 mm in diameter at bath temperatures ranging between 1560
and 1650°C (1833 to 1923 K).

Later, Gourtsoyannis et al.58

aéveloped a mathematical
model predicting the-melting history of aluminum spheres
immersed suddenly into -liquid steel. Their model predicted
the formation of a solid shell of steel which rapidly froze
around the aluminum sphere during the first seconds of
immersion. The model also demonstrated how partial melting
of the object can begin while still encased within the steel
shell,

It was éhown that the enclosed objedt would continue to
melt at a rate which depended on

(a) the rate of evolution of latent heat as the

steel shell solidifies,’ and



(b) the rate of convective heat transfer from the

bath to the outer surface of the steel shell.

57

Argyropoulos conducted a series of experiments to

study the melting charactefishics of ferromanganese and
silicomanganese cylin s in lten steel baths. In his

'work, a heat transfer model simulating the thermal events

25

which occur when ferromanganese and silicomanganese cylinders

are immersed in molten baths, was developed. The exper{mental

results were found to be in substantial agreement with model

predictions. The steel bath cooling rate and superheat were

shown to be significant factors on solution kinetics of
these alloys, while steel bath viscosity had no significant
effect.

The modification of dissolution kinetics by the high
exothermic heat of dissolution to molten steel was also
studied by Argyropoulos and Guthrie3’4. In this work, the
kinetics of dissolution of solid eylinders of 50 wt$ férro-
silicon in liquid steel was studied. It was shown that the
customary frozen shell of steel was formed around the
fefrosilicon cylinder following its initial immersion.

Premature internal melting of the cylinder then began as a

result of liquid eutectic of Fe,Si composition forming at

the inner steel shell/ferrosilicon boundary. This phenomenon

was shown to trigger exothermic dissolution and erosion of

the steel shell at the inner surface. The outer boundary of

the steel shell melted back concurrently as a result of
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convective heat transfer from the steel bath. The net result
of exothermic dissclution phenomena is that considerably
shortened shell dissolution times can be observed in comparison
to mofe conventional ferro-alloy/steél systems.

Povolotskii et a1.7.4 investigated the diffusion of deoxidants
such as Al, Si, Mn in molten iron using the capiilary method.
The diffusion coefficients, Dn. and energies of activation, E,
for diffusion of the deoxidants.in iron containing various
amounts of carbon were.determined. N

They found gﬁat in the case of separéte diffusion in a
melt containing 6xygen, the highér the deoxidizing capacity
of the éiehent, the greater was the activation energy of
diffusion. Thus,,ﬁith diffusion in an iron containing 0.003 -
0.010% oxygen, the energy of activation of aluminum, silicon
and manganese is 145.7 kJ (34.7 kcal}, 121.2 kJ (29 kecal),
101.2 kJ (24.1 kcal),.per mole of the diffusing element.

Mucciardi59

studied light alloy addition techniques in
steflmaking. Aluminum wires of 6.4 to 15.9 mm in diameter
were fed into steel melts while their 'apparent' weights were
monitored. It was found that the maximum depth of penetration
o§ an_alumihum'wire fed into molten steel can be expressed ig_
the dimensional equation: |

Depth (m) = 145.5 Diaméter(m)o'86 Ve%ogity(mgs)o'sz " (2.4%
Superheat(K) ="

RU
Argyropoulos studied the kinetics of dissolution of

‘61,62

vanadium60 and titanium in liquid steel. For both cases,

RN
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two periods were distinguished: the steel shell period and
the free dissolution period. During the steel shell period
with pure vanadium and ferrovanadium alloys, no reaction was
observed between the steel shell and vanadium. For'gow
grade ferrovanadium alloys, the dissolution proceeds via
heat transfer mechanism. On the other hand, for high grades,
ferrovanadium mass transfer mechanisms dominate. He propoésed
the following relation for the mass transfer coefficiengih
K(cm/sec) with respect to thé‘absolute temperature T (K),
for the case of the dissolutioA of ‘the pure vanadium in
liquid steel:

15707.7

log K = - T

+ 6.082 T {(2.5)

The value of the activatiofenergy, that he derived for
the forementicned case, is 300.6¢ kJ/mol (71.5 kcal/mol).

In the case of titahium, ift was shown that the customary
frozen shell of steel encases the cylinder following its
initial immersion. Premature internal dissolut;on théh begins

as a result of liquid eutectic of Fe composition

0.37%0.7
forming at the inner steel shell boundary. It was pointed

Out60,61

, that this phenomenon triggered an exothermic
dissolution and erosion of the inner surface of the steel ‘
shell. The net résult was to shorten considerably shell
melting times. In the second, or free dissolution period it
was found that the surface temperature of the,exposéd.titanium,
cylinder rose above the bath temperature as a result of

continued exothermic dissolution phenomena. This caused the

dissolution process to become self-accelerating.
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A simplified mathematical model of the process has been
developed to describe the complex coupled heat énd mass transfer
phenomena involvedeo'ﬁz. He correlated his.experimenﬁal
results with an Arrhenius type of equation and he deduced‘the

following relationship between the mass transfer coefficient

K(cm/sec) and the absolute temperature T(K):

+ 7.2846 \ ~ (2.6)
&

According to those data, the apparent activation energy

log ¥ = - 13481.54

for the solution of titanium in liquid steel was found to be
296.3 kJ/méi“%gr-70.5 kcal/mol). He attributed this relatively
large wvalue of‘activation energy to two reasons. First, the
average steel bath temperature during the ff;e dissolution
period did not represent the ﬁemperature of the dissolving
interface which was higher. Second, the exothermic reaction
altered the fluid flow patterns in the vicinity of the
dissolving interface and made the efféctive'boundary layer
thinner, thereby increasing the sénsitivity of experimental
mass transfer coefficients to changes in temperature.

Argyropoulos also, in a more recent study63

, measured
in a 'dynamic way"the dissolukion characteristics of ferro-
alloys ﬁsed in the steel industry.

"With the ‘'dynamic way' it is meant, that a microprocessor
based system-was used for data collection. The same method
had been used for his work on titanium and vanadiumso'sl.

The ferroalloy samples, he used, were the same "as the ones

utilized in the steel industry.

) .‘j
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He worhgd with diffgrent g;ades of ferrosilicon, ferfo—
vanaéium énd f?rropiobium. He conq}uded, that for the
aforementioned ferrcalloys, silicon and the different
grades of ferrosilicon exhibit the highest solution rates.
For>the.ferrosilicon alloys, the dissolution rate increases
as the silicon content increases. Finally, he pointed out,
that the highupur&ty grade ferroniobium dissolves faster inm *©
liquid steel than the standard purity grade one., He attributed
this result to the lower exothermicity exhibited by the
sténdard ferroniobium, due to the pfesence of the }mpurities
of 5i and Ali(totally 6%). \

67

' »e
Using the rotating disk method Han et al.” ', performed-

dissolution studies in order to mgasuré the diffusion
coefficient of carbon in liquid steel., Ericsson et a1.66,
studied the influence of sulphur on the rate of carbon
dissolution in liquid iroh;by rotating graphite cylinders in
Fe-C-S melts with different sulphur content. They found that
sulphur decrea;es the rate of carbon dissolution in liquid
iron and to a minor extent they attributed this behaviour to

u -’
the dfcrease of carbon solubility when sulphur is added.

There is some work done on the rate of‘dissolﬁtion of
solid iron in iron—car?on'melts (Table 2.3). Recently, Mori
et a1.44, studied the fa%es of dissolution of stationary or
rotating cylindrical iron specimens containing various amounts
of oxygen into a molten carben—saturated ligquid iron alloy

with evolution of CO. TIn the case of stationary.dissolution,

8
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—

the evolution of CO was found to have a marked effect on thé
dissolution rate. The highest dissolution rate which was
observed at 1400°C {1673 K) for iron containing 0.96% oxygen
was 590 times as large as the lowest rate observed ét 1200%
(1473 K} for aluminum-killed iron. 1In the case of rotational
dissolution of iron specimens containing oxygen; at lower
number of revolutions per minute (rpm), the rate was'éontrollod
mainly by the extent of CO evolution, while at higher rpm, the

F

effect of rotation became predominant.

Seaton et al.65, investigated the rate of dissolution of
pre-reduced iron in molten steel. The dissolutibn of sponge
iron pelléts was accompanied by a continuous gas evolution
which was due mainly to the reduction of iron oxides remaining
i;ithe peliets by the carbon within the system. They found
that the rate of heat transfer from the bath to the pellet

- ¥ increased with increasiné gas(evdlution and the melting
process was simulated by a maﬁhematical model by assuming
heat transfer control. e

Benda37 investigated the dissolution of selected ferro-
alloys of vanadium, chromium, titanium and manganese. Ferro-
alloy test samples were chopped up fine’(50—100 g) and dropped
into t?e melt. After expirétion of a fixed time period they
were removed from the bath and their initial and final weiéhts
were compared. For the case of ferrochrqme; cylindrical

samples with a height to diameter ratio of h : d = 1, were

used as well. By monitoring the change of the carbon content

\

¥

-
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of the metal bath, the influénce of carbon content in ferro-
chrome on the dissolution kinetics, was studied. He noticed
that a steel-;hell is formed around the ferrcalloy upon.
immersion which gradually melts back exposing the sample
directly to the liguid metal. He pointed out that.the

L2

melting point of the ferroalloys plays an important role in‘
th;;r dissolution} the higher the melting point of a ferrcalloy
the more time it takes to diSéolve. Some of his important
findings were that fev {36% Vi dissolved faster than Fev (82% V),
FeTi (68% Ti) dissolved faster than FeTi (26% Ti and 35% Ti)
and that FeCr with 6.2% C dissolved faster than FeCr with
0.11% C.

6 studied some thermo-

In another work, Shumikhin et al.4
dynaﬁic and kinetic parameters of dissolution of graphite,
silicon, chrome and molibdgnum in iron at 1700°C and Fe-C-Si,
Fe-C—Si-S} Fe-C-Si-P melts at 1600°C. They measured the
heats of dissolution_with.the‘use of a high-temperature
vacuum isothermal calorimeter; They pointed out that the
dissolution of carbon, silicon, chrome and molybdenum can
be affected on with diverse elements.’"@he'presence of silicon

within the Fe-C melt, for example, resulted in &pérease of

an endothermal effect of carbon dissolution; conversely, when

the melt contained carbon then silicon dissolved with

less heat liberation. Also, the pgggence of silicon and
carbon in the melt decreasesthe endothermic heat effect of

chrome dissolution. Moreover, they described that sulphur
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and phosphorus lessen, essentially, the thermal effect of

chrome and molybdenﬁm dissolution in iron-based melts.
The knowledge and appreciation of the endothermic‘or

exothermic phenomena which are inbolved in a dissolution

process in liquid steel are of paramount importance. The

understanding of two different aspects of exothermicity, the

Microexothermicity and the Macroexothermicitys, has resulted
in the production of a new faﬁily.of ferrocalloys, thE‘micro-
exothermic ferroalloys which have exhibited fastér dissolutiop
rates ahd better and more consisten£ recove;ies than the
conventional ones.

Oﬁe typical example of such a ferroalloy is the micro-

exothermic ferroniobium71, which is chrrently used in the

steel industry.

2.3 PRESENT WORK

*

In the present study, the dissolution of niobium and
zirconium cylinders has been examined in a yhamic way'.
A microprocessor-based data acquisition afd progcess controy//
facility (DAPC) was employéd in order to ¢ 4 the bath ahd
cylinder temperatures, and to monitor the change of the
apparent weight of the dissolving specimeﬁs. Two distinct
periods were idéntified: the steel shell period and the free
dissolution period. Experimental results and predrctions

based on a simplified mathematical model were obtained, which

will be discussed in the -next sections. The dissolution of
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i
some ferroniobium and ferro;ircéhium alloys has been studied
in a similar manner, and predicﬁiong for their dissolution
times have been deduced. Finally, the effect of active
oxygen in liquid steel on the solution rate and niobium

recovery for lumps of standard ferroniobium has been investi-

gated as well. ™~

)I B
% :

~—
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CHAPTER 3

3.  PHYSICO-CHEMICAL AND THERMODYNAMIC DATA FOR Nb, Zr }

AND Fe-Nb, Fe-=Zr ALLOYS

——
g

3.1 DATA FOR NIOBIUM

)
Niobium (also calleqfcolumbium) metal has the atomic

t .
number 4l in the periodic clg%sification of the elements, and
is in the same group with vanadium and tantalum. It has an

atomic weight 92.9064 °

"and its density at 20°C is 8600 kg/m®
(8.6 g/cm3)75.

Niobium crystallizes in the body-centered cubic system

and there is no transformation recorded till its melting point

oC)76-. The latent heat of fusion for niobium

at 2740 K (2
is 26.4 kJ/mol (6302 cal/'g-atom)76 and its.boiling point is

5013 X (4740°C) 1.

3.2 DATA FOR ZIRCONIUM

¢ Zirconium metal has the atomic number 40 }ﬁ/;he

periodic classification of the elements, and is in the same
Ty
group with titanium and hafnium. It has an atomié¢ weight

75 and its density at ZQOC is 6490 kg/m?® (6.49 g/cm’)75.

a-Zr has an hexagonal closed packed structure76: at high

91.22

temperatures itvtranﬁiorms to 8-2Zr, which has a body centered

76

cubic structure’”. 'The transformation temperature .is recorded

to be at 1136 K (863°C) and the latent heat of transformation

from the o to thé B, phase, is 3.94 kJ/mol (941 cal/g-atom),
m A . . . .

as it.is recommended by Hultgren et al.76.

:
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The melting pPint of the puré zirconium is 2125 K

(1852°C) and its latent heat of fusion is 16.9 kJ/mol
N : . \
{4038 cal/g-atom)76. Its boiling point is high, n at

1

5023 X (4750°C)*.

3.3 THERMOPHYSICAL AND TRANSPORT PROPERTIES OF LIQUID iRON

..
3.3.1 Phase Diagram

J

The Fe-C phase diagram shown in Fig. 3.1 is the one
recorded in the Thermochemistry for steelmaking, Vol. II, by i
Elliott et al.78. The melting point‘of pure iron is repof%ed"’ﬁ“
to be 1809 K (153600). Iron liquidus valués at different
temperatures ranging between 1809 K (15360C) and 1773 X
(1500°C)'tabulated by Elliott et al.78 were used to obtain
the following expression for the melting point of the liquid

steel:

. —_ - - 2
Tpp(K) = 1809.1 - 29.55 W, - 85.7 Wl (3.1)

where Wc = the carbon weight percent.

3.3.1 Density

The dens{}y of pure iron at various temperatures is
reported in many sources including: Thermochemistry for steel-

making, Vel. II, by Elliott et a1.78, Lucas79, Lange80 and in

the Metals Reference Handbook by Smithells75.
Smithells gives the density of the liquid iron at .

T, = 1809 K (1536°C) as D, = 7015 kg m™°® (7.015 gr cm™%). -

0 0
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( L At higher temperatures, the density of the liquid iron is

given by the following equation75:

D = D0 + (T - To) (dD/dT) (3.2)

where D, is the density of the liquid iron at the melting
point T0 and dD/dt = -0.883 kg/m’K. These values have been

adopted in the present work.

3.3.3 Viscosity

Turkdogan81 has presented data for the viscosity of the
liguid iron at its melting point. The value quoted is

4,95 mPa-sec (4.95 cP) with E equal to 41.58 kJ., /

’

{f, - The variation in viscqgsity with temperature for liquid

—~iron is given by’Sm;thells75.

_ E ™ ‘ '
n = n, exp (ﬁf . (3.3)

here n. : 0.3699 mPa.sec

[
=1

41.4 kJ/mol

R : gas constant 8.3144 J/mol K

3.3.4 Thermal Conductivity

The variation of the thermal conductivity of the iron
with temperature is given by TurkdoganSI. At the melting
point of pure iron, it is quoted as 30 W m~! K™! )

(0.071 cal cm™! sec™! °c™!), at 1873 K (1600°C) 35 W m™} K~!

(0.083 cal cm™! sec™! %%¢™ Y.

37
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3.3.5 Specific Heat and Latent Heat of Fusion

Data for the specific heat of iron have been summarized
by Elliot et’al.TB. Lange80 also reviewed experimental data
for the specific heat of pure iron. The tabulated values of
specific heat were d to obtain an average over a range of
temperature. Smithell 75, suggests the value 795 J/kg K
for the specifid~heat gf the liquid iron at its melting point.

The latent heat of fusion was chosen to be 15 kJ/g-atom75

a value reported to range between 13.4 and 15.5 kJ/g-atom.

72 oy : *“*/J

, studied the diffusion of various-

3.3.6 Diffusivity. =

Ershov et al.
‘a110ying elements in iiquid”iron over;the temperature range
a ™ (o) ,
1823 K to 1973 K (1550 to 1700°C).

They used electron microprohe analysis for the
. determination of the concentration profiles. An exponential
- form D, = D0 exp (-Q/RT) was deployed to determine the
Eemperature dependence of thé diffusivity.

.‘For.the diffusion coeffiéient of Nb in liquid iron the

] , _ A
. following values were derived: -
Dy = 25.5 107" m’/sec
Q = 63.6 kI/mol o | (3.4)

—

Hence, the diffusion coéfficient of Nb in liquid steel at
1873 K (1600°C) was ‘calculated to be 4.3 10-° m?/sec.
For the diffusion coeffigient of Zr in liquid iron the

. ‘ ’ 4
following values were derived:

r
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D, = 22.5 107% m?/sec

0
Q = 51.9 kJ/mol o (3.5)
Therefore, the diffusion coefficient of 2Zr in liquid steel at

1873 K (1600°C) was calculated to be 8.0, 10~° m?/sec.

3.4 A THERMODYNAMIC ASSESSMENT OF THE IRON-NIOBIUM SYSTEM

3.4.1 Phases and Structures

. The phase diagram shown in Figure 3.2 represents the
.. results of several investigators and it was taken from the
reference No. 86. The melting\g;int of Nb, 2,477°C (2750 K),

.15 a secondary. reference point (IBTS-68).

y The Fe~Nb system displays four \jntermetallic phases,

Fe,Nb, Fe, Nb,, or Fe,Nb_, Fe,Nb

2 1 _EEK 6. 273

and three eutectic reactions. The mutual soli

and Febey {ca. 11 at.iﬁFe)

solubility of

the_two metals is relatively small. The Fe/Nb phase is a

2
‘Laves phase (Man2 type) , is Pauli-paramagnegtic and melts

- congruently. Values for the melting point ary from 1630°C

(1903 X) to 1655°C (1928 K).

The Feleb19 phase was claimed to the tetragonal %§

DBb structure isotypic with CrFe. i is stable above GOO?C

(873 K) although this superstructure) could not be verified

86

by some inveéﬁigﬁgfrs . It is beldieved that it is not a

-

o-phase but of th WcFe, type denoted as y-phase. It may be

pointed out that the structures of ¢ and 1 are closely related.

The notation should thusg be Fe.,Nb6 rather than FeZleIQ'

v

¥
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The Fe,Nb, phase was found to possess the TizNi-type

2
structure86 and it meits congruéntly between 179000 (2063 K)
and 1800°c {2073 K). ‘Soﬁe investigators86 could not establish
evidence for its existence.
The proposed phase diagram includes a/g;-rich phase at
about 89 at.% Nb existing possibly betwéen 1180°¢ (1453 K)
and 1625°C (1898 K}). The structure ﬁas not beén.determined

and the compound has not been verified up till now.

3.4.2 Solid (Fe-Nb) Alloys

Experimental determination of the integral heat of
formation for the inter?etallic Fesz compound has been
carriéd out'by Barbi87 and Rezukhina et al.BBl Both
researchers used galvanic cells to succeed in their investi-
gations. Their results are presented in Table 3.1 together
with predicted values for the heat of formation of various
Fe~Nb intermetallics, (which are ordered compounds and ﬁay

or may not exist), given by Miedemaag. )

3.4.3 Liquid (Fe-Nb) Alloys

Iguchi et al.go

have measuyed the heats of mixing of
the Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb and Fe-Ta liquid allocys,
with the use of a calo;imeter. For the case of the Fe-Nb
system they noted that the m}xing was exothermic. They

*measured the heats of mixing for up to 25-at.% Nb. Their

results have been correlated by the present author with the
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Table 3.1

z

-

,Integrél Heats of Formation of Solid Fe-Nb Alloys

N\, 2
Qfl (1 - x) Fe +-x Nb = Fel_x Nbx
X4b T (K) AH, kJ/mol atoms Reference
0.166 298 . -11 89
0.250 298 -17 89
0.333 298 -21 " .. 89
0.333 1200 ~23.7 g7 -
. 0.333 298 . -20.5 . ‘ 88
: 0.500 298 o -23 89
0.667 298 . . =18 3 89
0.750 298 . -14 S 89
“Tngas 298 -9 89
N R
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" use Of the F*A*C*T system Y. For this purpose it was assumed
that the iron-niobium system forms sub-regular solutions in
the liguid state. ’ . /// :

The following equations were derived in kJ/mol atoms:
\. . :"\... N
Integral heat of mixing:

M _ ) s _ :
AT = Ry, Xy (=37.756 - 48.869 X\ +;26..3‘513(Nb) (3.6)

<

.Partial heat of mixing:

SHy, = XL (=37.756 - 97.738 X, + 79.453 X% (3.7)
: 7 N .
The \partial molar heat{of mixing of Nb at infinite
" dilution in liqﬁ;d iron is: \ /™
370 [ )
AHNb = -37.756 I(kJ/mol atoms) t//\ (3.8)

At 1873 K (16000C). the activity coefficient of Nb at infinite

dilution in ligquid iron was estimated to be:

0 = .
Ynb 0.09-—, (3.9)
., In E}gure 3.3, the AH “AHNb and AHFe curves are
presented as a function of the atomic fraction of Nb, at 1873 K. .
‘ )

—

3.5 A THERMODYNAMIC ASSESSMENT OF THE IRON-ZIRCONIUM SYSTEM-

v

-

3.5.1 Phases and Structures

Numerous investigators have published data on the Fe-Zr

system. Sti;}, the phase relationships in the Zr-rich ;ngon

require more_ExperiT?ntal work. The Fe-Zr phase diag shown

-

in Figure 3.4 has been taken from Reference 86.

The Fe-2r system displays four, préBably fivef intermegjiate

- [
Phases, namelySG: FeBZr, fcc, isotypic with_Mn23Tq6; Fe,lr,
. s

e

- -
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fcc MgCuz-type Laves phase; Flez, bc tetragonal A12Cu—type;

FleB} orthorhombic crystal system92 isomorphous93 with

86

ReBB; Fle4. whose structure has not been determined yet

In a recent study93 only the phases Fe,Zr, Fle2 and FeZr

2 3
™~ cedld only be identified. They assumed that contamination by
Ty ¥

oxygen can give rise to the formation of a compound which has

the same diffraction peaks with the Fle4 phase. The most

stig;é’;;mpouné; were found to be FeZZr and FleB._ They
fEShsidered that the FeZr, is a hiéh'temperature phase. The
melting point of Zr, 1855°¢ (2128 K), is a secondary refercnce s
point (IPTS-68 revised 1975). The phase Fe

86

32r is formed

peritectically°® at 1480°C (1753 K), shows a range of homo-
geneity .of about 3 at.% 2Zr and is ferromagnetic below 275°¢
(548 K). The phase Fezzr exhibits an appreciable range of
homogeneity extending from 29-36 at.% Zr at 1450%¢ (1723 K).
Information relating to the melting'temperature86 varies

. somewhat from 1645°C (1918 K) to 1675°C (1948 X). This phase

\. is ferromagneticsgu;ith a Curie temperature décreasing from
475 - 310° (748 - 583 K) with increasing Zr content
(29 - 36 at.% Zr). Presence of small amoﬁnts of oxygén

»

apparently converts the bc tetragonal structure of Fle2 to

the complex fcc structureaﬁ, isotypic with NiTiz. In the

Zr—rich'region the liquidus has not been determined yet86.
In a recent study94 the crystallization of melt-spun Fe-Zr
metallic glasses was investigated. They found that unlike

Cu-2r and Ni-Zr, the immediate crystallization products’

b
_ /
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could not be understood in terms of the equilibrium‘
crystalline phase diagram. They described that all crysﬁal-
lization produgts were metastable or unstable phases. Egey
found that in the composition range Fe252r75 to Fe33Zr67,
something like 'explosive crystgllization' cccurred. They
pointed out that thg)present phase diagram should be mo@ifiea
to include a eutectic at 37.5 at.% Fe (62.5 at.$% Zr, Zr-rich
region). They claimed that this would produce a maximum in
-thé phase diagram at FeZr,, fact which would establish this.

phase as a more stable one, than it is presently considered.

3.5.2 8Soplid (Fe-Zr) Alloys

Schneider et a1.23 determined activities of the

componentg of the Fe,2r phase from solubilities in liguid Mg:
at 1023 K. The solubility of the compbnent of tﬁe alloy,
divided by the solubility of the pure- component eguals the
%ctivity, since the solubilitied are so small that the
agsumption of Henry's law is valid. From these activities
and their temperature coefficients, the integral quantities
can be calculated. HoweYer, no details and none of the

original data are given in the paper’ ‘2>,

Recently, Gachon et al.-96

measured the enthalpy of the
formation of the FeZZr phase by direct reaction calorimetry
at high temperatures. They performed some checks to ensure

that the stoichiometry and the structure of the phase was

obtained. The above mentioned experimental results are given
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deduce this value. In a private communication, Iguchi
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in Table 3.2 together with predicted values for the heats of

formation of various Fe-Zr intermetallics, (which are ordered

compounds and may or may not exist), given by Miedema89

3.5.3 Liguid (Fe-Zr) Alloys

After extensive literature survey the author found out
»®

only one published work on the heat of mixing of liquid Fe-Zr

alloys. Stomakhin et al.97’99

used a vacuum resistance
furnace.to investigate the enthalpies of formation of dilute
solutions based on iron, cobalt and nickel. 1In their paper

they gave only one value however, the partial molar heat of

mixing of Zr at infinite dilution in liquid steel:

_-~80.3 kJ/mol atoms. They worked in she region of very

.

dilute solutions (max 0.1 at.% Zr) but they didn't describe

i

qﬁy experimental conditions or methodoleqy they followed to

‘

, .98
informed the author that he had tried to measure the heats

of mixing of liquid Fe-Zr alloys, but he failed as he could
not prevent oxidation of the phases before mixing.

| Adopting Hardy's mo £1109 o sub-regular solutions and
using the Facility for e Analysis of Chemical Thermodynamics

(F*A*C*T System)91 the foTlowing equation was derived for the

integral heat of mixing of liquid Fe-2r alloys (in kJ/mol atoms):

AR = X X (~82.634 - 14.644 X

Fe. Xzr (3.10)

Zr)

This formula was found to be good enough to reproduce the



Table 3.2

Integral Heats of Formation of Solid Fe-Zr Alloys

(1 —:X) Fe + X Zr = Fe Zr

1-x “7x

. T

T(K) AH, kJ/mol atoms Reference

298 ' -19 . ‘B9

298 . -28 | g9
0.333 298 ~34 89
0.333 1023 _ ~24.7 (%3.5) 95
0.333 1760 ~29.7 (21.7) 96
0.500 298 -37 89
0.667 298 -27 89
0.750 7298 | -20 89
0.833 298 -13 " 89
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¢.3

Fe-2r phase diagram with the aid of the F*A*C*T System. For

the partial molar heats of mixiﬁﬁﬁthe following egquations

were deduced (in.kJ/mol atoms):

D :
= .2 _ _

AHFe = XZr (-97.278 29.288 XFe) (3.11)
= _ g2 _ _ .

AHZr XFe {-82.634 29.288 XZr) {3.12)

So, the partial melar heat of mixing of Zr at infinite

-

dilution in liquid iron was found to be -82.634 kJ/mol atoms,

a value very close to the one given by Stomakhin et a1.97'99.

‘It would be interesting to estimate the activity coeffi-
cient of Zr at infinite dilution in liquid iron, Y%r’ at

101

1873 K. Lupis and Elliott proposed a model to describe

the quasi~-reqular sclutions with the following relationship:

EE = fH, (1 - % ) T (3.13)
~and . N )
0H, = T 8% \\ (3.14)
where 5? . E? are the excess partial molar free enthalpy
and the.excess partial molar entropy respeétively, ‘the

solute element 1i; Aﬁi is the‘partial molar ﬂéat of mixing
of the(élement i; %ﬁég_ghg\fbsolute temperature in Kelvin;
T is a parameéer formally representing the temperature at
which the solution can be considered ideal ( Eg = 0)

Lupis and ElliottlOl showed that the correlation between

Ef and” Aﬁi‘for 90 liquid and solid solutions based on a
¢

seriq% of solvents {(Au, Cd, Zn, Ag, Bi, Cu, Hg, etc.} at

temperatures from 293 K to 1426 K is satisfied when
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- &
( - T =_ 3000 (21000} K (3.15)

-

Ostrovskiy et al;gg, performed calculations using this X
model for systems based on iron and nickel. They used
available experimental data. They.proposed that Hardy's

model on sub-regular solutions gives more accurate results,

as far as the modelling of the integral heat of mixing (AHM)
was concerned. They pointed out thét the value 7150 K for

the parameter T resulted in an excellent fit of data based

Dy

on the iron and nickel systems:

eE = oF S
G, = 0B, (1 - 5755 ) (3.16)

Applying this formula for the system Fe-Zr one has:

=E

= w2 _ - R
GZr = XFe (-82.634 29.288 XZr) (1 7150) (3.17)
and at infinite dilution (lim xzr = 0 and lim xFe = 1}):
o5 _ e | C
,
But, as the equation (3.19) is generally true102
=0E _ 0 . '
GZr R T 1ln Yor {(3.19)

The following functional relationship between. Y%r and T

is derived: - - AN
A
o _ _ 4317 ' i
log Yo, = 0.604 5 V(B'ZO)

~

"So, the following values of Y%r are obtained at three

different temperatures:

o 0
Y (°c) T (K) Yir

< ’ : 1550 1823 ©.0.017
\ 1600 - 1873 0.020

1650 1923 0.023
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It is worth noticing that the Yér increases as the
temperature increases, which is well expected for exothermic
mixing. For the calculations above, pure molten zirconium
has been selected as its standard state. Figure 3.5 shows
thé heats of mixXing of liquid Fe-Zr alloys in graphical form.
In order to test the validity of these results (i.e., the
presented relationships fér the heat of mixing of liquid
Fe-2r alloys), the Fe-Zr phase diagram was prediéted based
upon them and the F*A*C*T System. Figure 3.6 presents the
predicted Fe-2Zr phaée diagram. The computations were
performed for the liqgid (i.e., the determination of the
;iquidus curve), and the intermetallics FeZZr and FéZrz,
which were considered as stoichiometric compounds.  As there
is no available data concerning the free' enthalpies of the
various solid phases, no calcuiations were perforﬁed for
these phases and, because of thié, there are no solid
solutions present in the predicted phase diagram. Nevertheless,
there is generally a very good agreement between the
experimental (Figure 3.4} and predicted (Figure 3.6) ligquidus

curves,.
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CHAPTER 4

4. EXPERIMENTAL PROCEDURE . -

4.1 INTRODUCTION

In this chapter materials and experimental procedures o ®
“used, are presénted in detail. For most of the experimental
work, .the data collection has been‘car 1ed out ﬁslng the -
Data Acquisition and Process Control Facility (DAPC), while
part Qf it (i.e., Sec£ion 7.4) has been succeeded with the
help of the Intelligent Measurement Faciiity (INMEFA). Some
description of the DAPC is given below but fof more details

about the INMEFA, the reader is referred to reference No. 83.

-

“ 4.2 CYLINDER IMMERSION EXPERIMENTS

*

,) The cylinder immersion tests were carried out using a

-~-BRADREY meltmaster furnace, which is capable of containing

—

the steel. It was a 400 Volts, 100 kW, 130 kva,

The inductotherm coils had 9 turns in a length
p .

ith an internal coil diameter of 33.0 cm. The

3 kHz unit.

* of 35.6 cm,
alu;iné crucible, (90% A1203, 10% SiO2 supplied by Engineered
Ceramics), had an &%ternal.diameter of 19.7 cm and a height

é] of 35.6 cm. The molten charge normally filled the crucible

to witQI;\2.5 cm from the top. All of the heats were made by

induction ;émeltiﬁq*an initial charge of ARMCQ.iron in an L\,

alumina crucible. Figure 4.1 shows the induction furnace

with its controls. /1\



-

THE QUALITY OF THIS MICROFICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS

CAN ONLY YIELD DIFFERENT TONES
OF GREY.

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

1

MALHEUREUSEMENT, LES DIFFERENTES

ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE, PEUVENT DONNER QUE DES’
TEINTES DE GRIS.
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4.2.1 Materials

_.The niobium cylinders uséd,,we:é purchased from KBI,
a divisionﬁS§>CABOTCorporation, Reading,'Penﬁsylvanié, U.S.A;.
The zirconipm cylinders used, were purchas%g from TELEDYNE, |
- WaH CHANG ALBANY, Albany, Oregon, U.S.A..

In Table 4.1, the chemical composition of the niobium

and zirconium cylinders used, is‘presented. The mhximumq
concentration of lhe'impuritieé is given in ppm, and all
othér metallic residuals-that may exist, are expecﬁed to be
40 ppm'maximum each.,

The propertiés of the niobium and zirconium cylinaers,'
estimated from similar propeftieé_of’the pure metals, along
with their sources, are presented in Table 4.2. High purity;,
irén melts were made by melting ARMCO iron having a nominal
composition of 0.02% -0.03% Earbon, 0.05% manganese, 0.007%
phosphorus, 0.01% - 6.018% su%phui, 0.001% silicon and iron
the -balance. | |

For both the niobium -and zirconium cylinders, the
pegegsary thermocouple inserts were made by drilling out
0.31 cm diameter holes. The tips of these holes in the
cylindrical body were located at'a distanCe-about.iO cm from

the top. In order to reduce the  bottom effects to the {
cyllndefT;.steel cap wq# placed very firmly on the bottom of
f the’ cyllnders. This cap was thl er_ at the corners where
the melting is generally faster ; : . | ' fﬁlf !
:.: o K m N v : .oa . -
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~Table 4.1
Chemical Analysis in ppm
Element - T Cylinder
' . Niobium - Zirconium
Oxygen - _ 250 820
Nitrogen ) o 100 ' i 40
C&rbon . 100 110
HYdrqgen ‘ _ 10 . .20
lsill*i*ég'i: . s0 - 50
Tantaluﬁ? : . 2000 --
>
Hafnium 100 . 100
Tungsten 500 50
Chromium ' ‘ 40- ' 100
Titanium ! 100 T 31
Alﬁminum 40 : 53
Iron 100 : 690
Copper ' ) a0’ | . 52
Nickel - 50 . 35
Molybdenum = | 50 25
ﬁiobiﬁﬁ ' balance AN
Zirconium . ‘ 100 ’ balance

>\
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Table 4.2 -
Thermal and Physical Properties of
Niobium, Zirconium and Armco Iron

-

Property Niobium - Zirconium- Armco Iron .
pensity | 86007° 64907° 750654
(kg/m?) ’ (298 K) (298 K) (1500 K)
D -
= | Heat 2687° 2897° 69884
Capacity (298 K) (298 K) (1500 K}
2| (I/kg K)
o
v1 Thermal
Conductivity | - 54.17° 22,675 32.184
(W/m K) (298 K) eqes K) (1500 K)
Melting Point (K) 274078 212578 1793 (€st)
Phase 76
Transformation (K) - 1136 --

Latent Heat of

L4

N

Transfoymation - 2465.576' - -
(IJ/kg) ' .
Densit; | 783073 58007° 6960°7
(kg/m") {2740 K) (2125 K) (1870 K)
Heat - 84
Capacity -- - ' 822
(J/kg K) - {1870 K)
Thermal 84
o | Conductivity - -- 41.2
o | (w/m oK) ' (1870 K)
2 | viscosity - 8.0 107°, 5.1 10"'84
o (Pa.sec) ' _ (2125 K) (1870 K)
" )
1 | Volumetric ) .
Coefficient - 1.4 107 84
of Ex?a ion (1870 K)
(K™*) .
. )
Prandtl
Number : - 0.12
Latentqﬁéat of ' .76‘ . 76 82
Fusion (kJ/kg) 283.8 185.2 268.5

VA

/
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4.2.2 Adjusting the Steel Bath Chemistry

Sixty-five kg heats of Armco iron were melted down.
The bath temperéture was brought up to 1600°¢C (1873 K) and
thereafter maintained within # 20 K. For this measurement,
Leeds and Northrup Dip-Tip thermocouples were used, which
were type R (platinum/platinum-13% rhodium). The EMF miipure;
ments were taken with a Fluke 8600A digital.voltmeter; At
this stage the oxygen content of the bath was gen'~ai1y

83 {6 be around 1200 * 50 ppm. g

A 150 g FeSi (75 wt® in Si) addition, followeéd for
deoxidation purposes. The lumps were stirred in the melt
for about 30 seconds. Following this, 300, g of aluhinum
rods 1.905 cm in diameter were immersed. Immediately\ fter,
less than 40 g of lime were dispersed in’the surface oi\the
melt: At this point the accumulated slag was guite fluid and
skimmed off easily.

As the author's experience~wi£h the experimental
pfocedure had grown‘during the years of this research, he
found out that an excellent free surface of liquid steel can
be achieved if the slag is skimmed off after having turned
tég}power to the ihduction fufnacé off, for about 40 seconds.
This is a relatively good time interval in which the
deoxidation products can rise easily to the surface without

ihg entrained back into tHe melt, as it would have happened
in an agitatéd melt.

LT _ . ‘
With a progigsupplied by Electro-Nite Co. and with the
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In any case, the total conten

. i
‘every experimental work, it was found that the steel was

B3

help of the INMEFA®” data acquisition facility, the active

oxygen content of the steel was found to be in the range of .

5 to 10 ppm. In order to keep the niobium and zircenium

contents of the steel bath to a minimum, only a limite

L ]
of niobium and zircoenium cylinders were immersed
of the impurities

steel bath, never exceeded the 3.0 wt% mark. 1In

highly 'kinafd'. ﬁatually, the finalﬂactive oxygeh content,
p 3
of the steel bath, was found to be close 1 ppm for most

ot the cases.

4.2.3 Immersing the Bath Thermocoqﬁg; T

&
P

Once the batﬁ chemisgry'had been correctly adjusted, the
next step involved the immersion of a bath thermocouple.

A continucli monitoring of the bath temperature is
critical to the success of these §ipping tests, since melting
times are normally inygrsely propg;tibnal to superheat

r |

temperatures (Tbath - TM.P.Fe)'f’%or typical steel plant
éonditions, this only amounts t6 at most 100 K, so for a 5%
error, instantaneous bath temperature”must be knowp to be
within 25 K maximum. | .
The thermocouple system chosen was a éype R (Platinum/

. : - 1 .
Platinum-13% rhodium). The thermocouple wires had been /
appropriately placed in a 99.8% ﬁlumina double-bore inspl'to;

-~

tube (McDanel) with 0.D. 2.38 mm. The whole éystem was



4.2.4 Weight Sensor

contained in a 99.8% alumina sheath 5 mm I.D., 7 mm 6.D.,
46 cm lgng with one end closed.

In order to prevent slag erosion (of alumina tube) at
the melt surface, a cement 'collar' 9 cm long and about 3.2 cm
in diameter was bgund around it over the appropriate distance.

Another Jcement collar of the same aiameter and a length
of 2.5 cm was pléced 6.5 cm froh the openlend of the alumina
sheath. This latter collar allowed better aglacbment of the
alumina tube to the support stand.‘ Figure 4.2 shows a bath
thermocouple.

The whole thermoéouple as&embi}‘;as lowered to within
5 cm of the‘béth~surface for about ten minutes, and it was
connected with a Fluke 8600A digital voltmeter. It was then
lowered to just above the melt surface for about ten minutes.
When the temperature .was at 1000°C {1273 K), the tip was
immersed to a depth of 6 cm. The maximum life achieved for
a thermocouple immersed in this way was three houfs ak. .
temperatures ranging between 1550°c and 1650°C {1823 K 59
1923 K). = .

The platinum wires of bath and cylinder thermocouples
were long and were connected with cold junction coﬁpensators,

type CJ-R, supplied by Omega Eng;neéringllnc., Stamford’, CT.;

U.5.A..

v ) - f\-.i/

In this_wprk, advantage wasltaken of a piece of equipment

58 =

which has been constructed™  at McGill University. Using
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Wane
this equipment, the apparent weiaht of the Addition in the
steel bath was monitoréd. \
In essence, the éﬁuipmenﬁ provides a feeding mechanism
driven by an 1/3 HP variable speed DC motor, plus a weigght
sensor (load cell) capable of measuring both tensile and
compressive loads. f
The load cell was calibrated by suspending known weights
from it and by subsequently measuring the outp signal for
the input excitation voltage of 12.43 DC. The excitation
voltage was supplied by a special Dé solid state electronic
uipment (MODEL 2B35J) purchased from the ANALOG DEVICES,
.5.A., ﬁnd assembled in Ehf labogéggfg‘for this reason.

Three LEBOW-type loéd ceiTs of maximum’ capacities

22.3 N (5 1lbs), 44.6 N/{iU\l,s) and 111.4 N (25 1bs) -were used.

The following liﬁear calibration curve was found to
relate very well the net downward force with the anaio§
(output) signal from the load cell (correlatioﬁ coefficient

1.000):

Net Downward Force (N)-= A {(mV) +‘B (4.1)

Table 4.3 shows typical values of the two coefficients (a,B)
which were obtained from the calibration tests together with
the reéolution for e?ch load-cell type. Figures 4.3 A and

. \ . . .
4.3 B give a schematig representation of the induction
. /

furnace with the bath'thermocouple, the weight Eensor, and

-

the immersed specimeﬁ. .

-
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. ~Table 4.3 . .

Typical’values of the coefficients
A and B (Eqn. 4.1), obtained by
calibration testé(

'
Load Cell of / . F(
Max. Capaéity A B Reéolutioﬁ
(N) S . (mN)
' C
22.3 =0??458 -7.5516 - % 5
44.6 1.8043 -2.0601 ST
111.4 3.6813 16.9945 ' 422
,
\ .
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Figure 4.32 Schematic representation of the induction
furnace, the weight sensor, the bath _
thermocouple, and the immersed cylindrical
specimen with one thermocouple along its
axis. .
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Figure 4.3B Schematic representation of the induction
furnace, the weight sensor, the bath of
thermocouple, and the immersed cylindrical
specimen.with two thermocouples.
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4.2.5 Microprocessor Based Data Acquisition System

The mohitoring of analog signals from the transducers
0 .
(i.e., thermocouples and load cell) was carried out with
‘ )
the Data Acguisition and Process Control (DAPC) facility,

which has been especially designed and constructed for this

kind of study . Figure 4.4 shows a schematic layout of the

DAPC facility. Full details of this system, as well as
hardware and software aspects are given in the reference 85.-

fl

4.2.6 Procedure for Cylinder Immersion Tests

Once the steel bath chemistry had been correctly adjusted

and the bath thermocouple had been imqgfsed into the steel
bath, the temperature of the melt was brought up to 5-10 K
‘above the specified temperature. The power to the i;ductipn
furnace was then reduced and the bath thefmoéoﬁple output
was registe;ed with the help of a FLUKE B600A Digital Voltr
meter. Ag\the same time, the apparatus which carried t?e
load cell was then brought to the'top ;f'the steel batﬁ; and .
scanning of the épecified channels started a few seconds
prior to immersion. When the messagé 'Data Acqhisitioh
Finished' appeared on tﬁé terminal the remaining portioh of
the cylihderrwas withdrawn from the steel bath and removed

v

from the‘load cell. Depending on the selected .umber of
' &
chanpels, the data collection rate was for most of the cases,

4 measurements per second per channel,

68
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4,2.7 Induction Heating of Composite Samp&es

®
In order to find out when. and how 4+he exothermic reaction
It

between steel and zirconium (or niobium) started, small
composite cylindrical samples were machined and pressed
tightly togéther, and they were heated in an induction coil.
Figure 4.5“shows a schematic cross-section of a composite
saﬁple parallel to the c&linder axis. Similar composite
specimens were aiso made of pure niobium and mild steel.
The mild steel had a nominal composition of 0.025% C, 0.05 % Mn,
0.007% P, 0.018% S, 0.001% Si, balance iron. As thée coefficient '
of expansion75 {(in the range of 273 to 373 K) for iron is
1.68 and 2.05 times larger than gpé ones for niobium and
zirconium, respecfively, it was indispensable to encase the
steel part, especially for the zirconium situation, in order
to assure a éood contact and therefore, to produce a permanent
steel/zirconium interface. A small hole with a diameter of
-~

3.2'mm was then drilled thrdugh the iron up to the interface. -~
The composite szmple was placed in the induction coil and
>through it, theéﬁocouple wires were passed until the hot
junction met the interface. The sp;ciﬁen was then Qeated u

inductively, and the teEperature—time hiétory of the intepgface

was recorded with the DAPC facility.

4.2.8 Elektron Probe X-Ray Microanalysis
7 \

For the quantitative analysis of the reaction on?s

during the steel shell periods of niobium and 21rcon1um
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Figure 4. Schematic cross-sectiaon of a composi@:e
sample. (All dimensions are in milli-
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cylinders in liquid steel, a. Camebax electron microprobe

-~

(Model MBl) made by Cameca Ihstrumenté, France, wés used.

v

It was a wavelength dispersive system consistingof .four

spectrometers. A microprocessor-based system prbvided,th

.

means of communication\between the microprobe itself and

the user. The estimated analysis time was approximately

-

100 seconds per analysis point, generally as much as its

spectrum accumulation time. | _ N
' For thé.quantitative analysis of iron énd niobium, the

standards used were‘mﬁde from pure iron and niobium metals.

For the quantitative analysis of zirconium, the standard

used was a zirconium compound called zircon (%rS5i04), with

a chemical compnsition of 49.8% 7zr, 15.3% Si, and 34.9 % O.

A typical value for the gensitivity of this instrument is

abhnut 100 ppm.



5. RESULTS AND DISCUSSION ON THE Nb DISSOLUTION IN LIQUID

STEEL

-~

5.1 INTRODUCTION

In this cﬁgpter,tﬂﬁaexperiﬁental results obtained from
the dissolution of niobium cylinders immersed in liquid steei,
are discussed. Two sét‘of immersion tests were carried out.
The first set involved simple di'pping experiments in which
niobium cylinders were immersed ;n ligquid steel for different
time periods. They were then withdrawn and the steel shell
thicknesses were measured. An investigation was performed
in order to examine any possible reaction between the niocbium
and the steel, duf%pg the steel shell period. The total-
number of niobium cylinders used for this’ set of tests was.
seven. The cylinder diameters ranged from 1.905 c¢m to 2.54 cm.

The seco;d set of immersion tests involved the dipping
of niobium cylinders together with simultaneous menitoring

of cylinder and steel bath temperatures, and apparent weight

S

during the dissolution. Twenty-one cylinders were used for
this set. The cylinder diameters were ranged from 1.905 cm
to 3.8l cm. For the cylinders with a 2.54-cm-diameter only

the centerline temperature was measured while for the

cylinder with a 3.81 cm diameter (it was only one); tempera-

tures at two locations Were measured: one at the centerline,

the other at a position close to the edge of the cylinder?

In this chapter, a typical experiméntal :ésult is analysed

' . . . -
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together with model predictions. Two periods are identified

]
which are analysed in detail. In Appendix I, typical results
for the second set of immersian tests are presented in

\

grap@ical form.

5.2 REACTION AT THE STEEL SHELL AND Nb INTERFACE

-~

Figure 5.1 shows a cross-section of a niobium sample
which is encased by thg solidified steel shell. This sample
comes from a niobium cylinder with 1.905 cm in diameter
immersed in liquid steel at 1600°C (1873 K) for 8 seeonds.
Simple inspection reveals that no reaction has taken place
between the niobium cylinder and the shell. Also, if any
reaction has actually'happened‘in a microscopic scale, this
has not proceeded in any appreéiable macroscopic extent.

A question arised whether a reaction can really happen
during the steel shell period. Referring to the Fe-Nb phase
diagram (Figure 3.2), one should expect some Ygaction to
occur between the outer surface of the niop;;:jcylinder and
the inner surface of the stéel shell, as there are some

-~

intermetallic compounds which'are formed in the, Fe-Nb system.
It was considered that heat transfe; might be the cause that
the reaction didn't occur. If the starting point (i.e.,
temperaturg) for the reaction were high encugh, then immefsing
thé niobium cylinder at 1600°C (1873 K) would make its
solidified shell to melt back befgre the reaction temperature

would have been reached. For this reason, a search for the,



Figure 5.1

Cross—section of a niobium cylindrical
specimen (1.905 cm in diameter) encased
by the solidified steel shell. This
sample had been immersed in liguid steel
at 1600°C (1873) for 8 seconds.

-
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reaction was undertaken at lower bath temperatures, that is,

at lower bath superheats where more time is required for
.th%'shEll to melt back. In Figure 5.2, . a cross-section of
a nioBium cPlinder (2.235 cm in diameter) together with the
solidified shell is shown. Simple inspection reveals that a
reaction has 6ccurred, inde®d. This cylinder had been .
immersed in liqdﬁd steel at 1570°C (1843 K), for 15 seconds;
with the ﬁse of a mathematical model (see Section 5.5) it was
predicted that the reaction mighzistart at the llth second
after immersion while the steel shell périod would end 23
seconds after immersion. From the Fe-Nb phase diagram
(Figure 3.2), one can notice that there is a liquid eutectic
that forms at 1370°C (1643 K) at about 10.6 at.% Nb. This
value (137OOC) was considered as the react;on temper;ture in
the model used, and this ié a relatively large va}ue‘to be
reached withi% the éteel sheil period. . The assumétion about
the reaction temperatur? was validated from some extra |
experimental work, as well. As dgscribed in SECt;Oﬂ 4.2.7,
composite samples of niobium and low carbon steel were
heated in an_air inductlon furnace. In Figure 5.3, a typical
experimental result from this set of tésts, is depicted. *
One can notice that 'after the 84th second the temperature at
the niobium/iron‘interfacg of the composite sample has a
tendency to increase more in an abrupt manner,land after

the range of 13500C - 1400°C {1623 K - 1673 K) the temperature

measurements become erratic, while the power input is kept

[



Figure 5.2

Cross-section of a niobium cylindrical
specimen (2.235 cm in diameter) encased
by the solidified steel shell. This
sample had been immersed in liquid -
steel at 1570°C (1843 K) for 15 seconds.
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constant at 35 kW. This means that there is a "chemical
attack" on the tip of the thermocouple because of the rééction.
The Figure 5.4 is presented here for comparison. It is a
typical gXperiﬁentaI'reSult from the heating of a low carbon
steel sample, having the same dimensions with the composite
samples and being heated with the same poweéwinput‘(35 kW)

in the same inddction coil. It is obvious that after the

8§0th second the temperature of the sample does not increase
appreciably and it approaches an aiaést constant va{ue

(around 1430°C or 1703 K). - ;

As‘described in Section 4:5.8, Electron Prope k—Ray
Microanalysis of some gﬁples,taken from nicbium cylinder<
immersed at low bath gi;erheats,was performed. A typical
sample used'fd? this kind of analysis is presented in :
Figure ' 5.5. Basically, only two Fe-Nb intermetallic
compounds were ldentified: The Fesz (or Fe0.667Nb0.333)
and the Fesz3 (or Feo.dNbO.G)' An error analysis was .
performed on the data obtained from the microprobe analysis
and the'following error margins were deduced for the identi-
fication of the intermetallics: For the Fe2Nb or
Feo.667Nb0.333 theuegperimental errors for the detérminatioﬁ
6f the iron and nicbium mole fractions were found to be
0.002 and 0.001, respectively; fgr the Fesz3 or Fe0.4Nb0.6

the experimental errors for. thé .determination of the iron

and niobium mole fractions were found to be almost the same,

0.012. 1In the reaction zone, the average composition was
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Figure 5.5
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A typical sample including a part of the
iron=niobium interface during the steel

shell period, used for Electron Probe
X-Ray Microanalysis.
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foundzﬁq be 37% niobidm-moleffraction (i.e., corresponding

tb'49.4‘wt% Nb), and 63% iron-mole-fraction (i.e., corres-

n

bonding to.50.6 wt% Fe). The following (overall) reaction

can bebconsidered that takes place:

2.52 Fe + 1.48 Nb = 1.15 Fesz + 0.11 Fesz3 (5.1) :
. LT N ‘

In the reaction products, the presence of the Fesz

intermetallic compound dominates. 1In reality, the composition

of the reaction products is B4.6 wtd Fe2

Fesz3. In section 5.5.2, more about the reaction and

Nb and 15.4 wt%

predictions for the steel shell period will be given.

5.3 INTERPRETATION OF DATA FROM THE DiSSOLUTION EXPERIMENTS

With the help of the data acgllisition facility (DAPC)
presented in Chaptére4, the weight sensor (load cell)
registers a decrease in the net downward force. The rate at-
which the force changes then allows the rate of dissoclution
to be moniteored. Figqure 5.6 shows schematically the forces
which act on the load cell when a cylinder is immersed in
liquié steel. Mathematically this can be expressed as

follows:

" Fupr = Fo ~ Ta } (5.2)
where %
FNDF : Net downward force. This 1s the fdré? which
* the load cell registers;
FG : Gravitaticnal force;

F, : Buoyancy force.
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Figure 5.6 Schematic representation of the forces
. applied to the load cell when a cylinder
is immersed in liquid steel.
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The gravitational force F., ¢an be expressed by the

following eguation:

Fg

‘r

where

Vv H

out

imm
/‘ ﬂNh,s ;
.'— q ,

=V

+ Vv

out PNb,s El imm pr,s 9 (5.3)

The volume of the porftion of the cylinder which
is outside of the liguid steel during the
dissolution (iﬁ m?); )
The veolume of the rest portion of the cylinder

which is inside the ligquid steel during the

dissolution {in m');

—

The density of the niobium cylinder (in kg/m’');

The gravitatisnal constant, 9.8] m/& .

The term F_ descrihes the buoyancy force. #According to

B

the principle of Archimedes, any ohjert who]ly<§r partially

immersed in a fluid is buayed up hy a force egual to the

weight of the displaced fluid. This ~an be written in

mathematical

where
re pFe

form as: . .

-V g {(5.4)

B !
imm {Fe,Q

: The density of the liquid steel.

Combining the eguations (5'2)'.(5'3) and (5.4):

——

4 —
Fupr = Yout Pub,s ¢ 7 Vimm e, 8 9~ Vimm QFD,R g (5-5)
Difque ating the equation (5.5) with respect to
time and assyml that the difference ( DNb,s - OFe,R ) is

cbnstant {({i.e., independent of time) one has:

b

)

/
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Figure 5.7 depicts some typical results from the niobium
dissclution experiments. The diametet Qf the cyliﬁder was
2.54 cm and its length was 18 cm. The thermocouple which
had been placed along the centerline of the cylinder was 8 cm
away from the cylinder's bottom.

Curve 1 of Figure‘5.7 shows the temperature of the -
liquid steél as registered by the DAPC facility. The da

acquisition system started monitoring the dissolution ~

jﬁgfﬁ\\earameters a few seconds prior to immersion of the niogk m

cylinder into liquid steel. Curve 2 of the same figure, \\

AW

presents the force (i.e., the net downward force) registerea
by the lcoad c¢ell during the disscolution experiment. During
the period AB the load cell registers only the gra&itationa]
forces; vibrations are usually recorded as the cylinder is
lowered towards the surface of the melt. When the leading
edge of the niobium cylinder touches the surface of the steel
bath, the force which the locad cell monitors starts decreasing.
This is due to the increase in the buoyancy forces and is
represented in line 2 by‘the segment BC. The subseguent
segment CD in line 2 depicts the steel shell period during
which a shell of solid steel‘freezes around the cylinder.

The force registered by the load cell remains almost constant
during this period. This can be attributed to the fact that

the expansion of the niobium cylinder and the freezing of
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Results from a typical niobium dissolution

experiment in liquid steel. The cylinder

diameter was 2.54 cm and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force;

3) Measured and predicted (4) centerline
temperature.



the steel shell tend to compensate each otﬁer so that only
minQr effects appear on the overall forc . balance, provided )
they occur simultaneously. -

The segment. DE of curve 2 shows—the free dissolution
péridd where there is no frozen steel shell around the niobium
cylinder. During this period the volume of thé niobium
cylinder decreases due to the disso%ution and conseguently,
the buoyancysforces also decrease (Egqn. 5.4). The net result
is that the force which the load cell registers‘decreases
during t%is perio nge it should be noted thaf the segment
- DE of curve 2 does otméhow the total free dissolution period
of the\nioﬁium cylinder in liquid .steel. Niobium dissolves
slowly in liquid steel, and hence, it wog&d take mare time
than the one corresponding to the time period of the segment
DE to assimilate completely in the liqﬁid steel.

Curve 3 shows experimental and predicted temperatures
along the centerlineé ?F the niobium cylinder. The solid lines
represent predictigns while the points show the measured
temperatures. Time zero for the cylinder's temperature is
taken to be the time corresponding to point C, that is, when
the immergion period has just been completed.

Referring to Figure 5.7, the centerline temperature
(curve 3) increases rapidly just after the immersion. Niobium
does not suffer any solid-state phase traﬁsformation, and it L&
also has a relativeiy high thermal conductivity with a value
more than two times larger the thermal conductivity of -

e
zirconium {(Table 4.2).
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The dissolution‘éf niobium in liquid steel involves two ,
distinct periods. The first is 'the steel shell period&and
the second is 'the free dissolutidﬁ\?eriod'. Referring to
Figure 5.7, the time coordinate of the curve arrow tips (a, b)
show where each one of the ébove periods start. The steel

shell period lies between a ana b while the free dissolution

~ period\starts at b. In the next sections of this chapter,

these periods are analysed in more detail.

5.4 CONSISTENCY AND ACCURACY OF THE METHOQD

t

The validi;y of the results registered by the weight
sensor were checked for each cylinder immersion test. ?hus,
the immers%on iength for each cylinder could be found by
measuring the length befprs and after its immersion. From
the immersion length, the Gglume of the immersed part of the
cylinder was determinedT With the aid of the egquation (5.5},
the expected net downward force was caléulated. Referring
to Figure 5.7, the difference of the values of the net down-
ward force at points B and C of curve 2 was within 5% of that
calculated. The initial and final mass of the cylinder was
also measured with a precisidn balance. The difference ofy
the net downward force at points D and E is the difference
of, the’apparent weight of the cylinder during this part
(segment DE) of the free dissolution;‘ This apparent weight
is directly related with the real ®mass of the cylinder whiqp

has been dissolved and in this way, this value of the dissolved
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mass was check ainst the measured weight loss of the

These o values should not differ more than 5%.

cyiindér.
An experimental run was rejected if it failed one of these
tests. »Accordingly, about 16% of the experimental runs were
rejected. The most important reason for this was slag
freezing onto the cylinder near the surface of the melt.

The accuracy of the method aepehds upon the difference
between the steel bath density and the density of the
individual element tested. The larger this difference, the
higher the accuracy of the displaced weight measurements.

In this respect the accuracy of estimation of the volumetric

* change of the addition during the dissolution can be found

using equation (5.6), and the accuracy (resolution) of the
weight sensof. In the case of the nipbium cylinders for
example, the velumetric change could be estimated within an
accuracy Qf *1.7 cm?®, while for tHe zirconiu@ cz&inders, the

accuracy of the volumetric changf was within #3.2 cm?®.

-—

5.5 APPLICATION OF A MATHEMATICAL MODEL CT/‘

N

5.5.1 Introduction : -

/

i i

In order to facilitate the anal¥sis of the pheno?éna
A
that take place during the steel shell and the free dissolution
periods of niobium and zirconium in liquid steel, it was

considered advantageous to use an existing mathematical model,

59,60

which has been develoﬁed to predi?ﬁ heat and mass
-/

~

AN
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transfer events which occur when a high melting point additive

is held motionless below the surface of a steel bath. The:
addi}ive is ghosen to be of a cylindrical shape since heat
transfer phenomena can Pe described relatively easy in
cylindrical geometry and there are experimental values of
heat transfer coefficients for similar cases in steel baths. -
This model is a one-dimensional (radial) model, because of the
fact that temperatures within the main body of the cylinder
are affected mainly by heat entering inlthe radial direction
from the bath, ignoring any heat transfer by conduction up
through the bottom surface. .The explicit finite difference
method was employed to solve the set of unsteady state
differential egquations of heat transfer and accompanying

boundary conditions and equations. In the following section

the general equations of the model in rigorous mathematical

. form will be presented. Discrétization equations for the

numerical solution of the model will not be presented here;

the interested reader is referred Eo the references 59, 60

-

and 61 for more details about this. It is important to note

'though, that a computer program based on this model and

Ao,
written in FORTRAN computing language, was compiled with a -~

FORTRAN-H compiler and executed on an AMDAHL computer. Then ’
the‘same pfogram was compiled with an Abéofé FORTRAN-77
Coqgiler.(Version 2.1) gnd executed on an EXORmacs (MPU-68000)
MOTOROLA designed pseudo-32-bit microprocessor. Once the

performance of the program had been checked to the last

2
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detail in both systems, executions of the program were\ .
performed by the EXORmacs entirely thereafter. Cbmputational
results were obtained for both metals (i.e., nicbium and
zirconium) and will be presented in the present and the

following chapters.

5.5.2 General Equations 9of the Model

The heat conduction equation expressed in cylindrical

coordinates has the form103:

SHCEDEEE TCE R A G RN S
where T : the temperature at a specific location inside
the cylinder;
_k : thermal conductivity;
p : density;
cp : heat capacity;
& : heat generation per unit volume per unit time

inside the cylinder;
r : radial distance;
z : axial distance;

¢ : angle.

In the absence of heat conduction in the axial direction, then
dT/dz = 0. If in addition, the heat flow is symmetrical with
respect .to the angular component, {(i.e., conditions at r

and z, uniform ana independent of ¢ ), then the above

eguation reduces to:



¢

1°9 3Ty, - _ 3T

T 3¢ (kr-55)+ 9 = pc, =¢ (5.8)
Finally, without‘agy heat generation (é = 0), this general
equation simplifies to that for transient radial conduction

of heat in a cylinder:
3 9T - .
5T (kr 3T ) SN B

k ]

Equation (5.9) is solved to determine the temperature

C
PCp

|

ol
i

-

distribution inside the solid additive and the sclidified
steel shell. Figure 5.8 presents a typical set of events
taking place during the steel shell periocd for a cylindrical
additive immersed in liquid steel. The diagram represents a
schematic cross-section perpendicular to the cylinder's axis.
One can use the eguation (5.9) té\yrite appropriate expressions
for transient heat conduction in the snlid additive and the
steel shell:

Solid additive: 0 €£r g r ’ 0 < t ¢ t

! total
s ps%=%aa_r(ks i 9—3) (5.10)
Solid steel shell: r,<€r ¢ r, . 0 g t g ttota{
°re “py, T rr (kFe r 3¢ ) (5.11)

Generally for zirconium and for low bath superheats in
the case of niobium, when the steel shell/additive iffterface
exceeds a certain threshold temperature, an exothermic

reaction is initiated. This phenomenon has been approximated



Figure 5.8

i

Schematic representation of an addition
with the solidified steel shell and the
liquid steel; the various interfaces and
the cooerdinate system used in the mathe-
mati¢al model are also illustrated.

‘\.
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(in its simplest form) with a conaé;nt heat generation term

at the inner steel shell interface, together with associated

erosion of the steel shell. This erosion is caused by a

constant flux of dissolved additive (i.e., zirconium), supplied

through dissolution of its core. Figure 5.9 presents these
phenomena jin schemati¢ form;
A) Initial Conditions
Prior to immersion, the temperature of the cylinder can
be taken to be uniform at T.,. Expressing the above condition

0
mathematically, (T7.C.1) for t = 0 and 0 ¢ r < T,
T:TO {(5.12)
Similarly, bulk temperatures within the steel bath can he
taken to he constant prior to immersion: (T.0.2) + = 0 and
r ™~

1f

T =T {5.113)

B} Boundary Conditions
In writing boundary conditions, these have beep listed
in a systematic way starting at the cylinder's center and
time zero, and proceeding radially outward towards the liquid
steel bath. Although'the problem has been expressed in terms
of five boundary conditions, those applyiﬁg at the inside
steel-shell boundary change once exothermic reaction begins.

The boundary conditions are:

(B.C.1) - 0&tet 0, £ =0 &
3T _
=0 £5.14)

-



Figure 5.9

Schematic representation of/an addition
reacting exothermically ing the steel
shell pericd; the vario interfaces
and the coordinate system used in the

mathematical model .afe also illustrated.
T
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(B.C.2A) 0 £ ¢t < tR ot r=r,
L1} B_T = iT_
q Fe 9or ks ar
and q" = - (5.15)

Fr :

where T;e and T; repreésent the iiterfacial temperature
of the iron and scolid additive interfaces in imperfect

thermal contact.

(R.C.2B) t_ € t £ t

R ‘totar " T
3T " _ s 3T N
—kFe 3T 7 Ns AH kq Ar (5.16)
C‘:\ "
where RT = 0, and Ns = Ks (CS - Cg/Fp)

The boundary condition (B.C.2B) suggests that when the
exothermic reaction starts, the differenée between heat
fluxes into ,and out of the interface or reaétion\zone must.
be balanced By the heat flux generated by the exéthermic
réacqépn. Furthermore, when the reaction starts Eh? contac?

resistance disappears (i.e., RT.= 0), and it is assumed that

the reaction zone remains at the original iron/additive

interface. o )
(B.C.3) 0<¢t<t, 1 ,m I=r,
) ‘ N
T = TM P.Fe : {(5.17)

I

Equation (5.17) means that the temperature at the in;erface

between the steel shell and the liquid steel, is in fact,

*



the melting point of the steel bath. .

<§> {(B.C.4) 0 < t < ttotal » T =1,
' a'r) ar
k — = p A — 4+ h (T - T Y (5.18)
( Fe 9T /oy shell Fe "Fe Ot BATH M.P.Fe
where kFe is the latent heat of fusion of the melt.

Equation (5.18) represents a heat balance for the moving ste?l
snlidification front at the steel shell/ligquid steel interface.
The heat transfer coefficient (h) from the bath to the
enclnsing steel shell surface, has been dedncad from the

1

FAallowing dimensinnless correlaticmn:

1/3
Nt - C 5.
lT. RHT. (5.19)
whare NUT :  the Nusselt numher;

RaL : the Rayleigh number;
T. = the cylinder length

and € is a constant depending on the experimental conditions.

Actually, C = 0.23 when there is some induction stirring to

the melt (i.e., the power to the induction furnace is kept on

during the test), and C = 0.17 when the induction furnace

is turned off during the test. The v:lidity of the

equation'(5.19) has been verified from anocther indepeﬁdent

study104'105

, in which cylindrical specimens' were immersed
in steel baths simi%ar (in guantity) to those used for the
present study.

(B.C.5) 0 < t < t

r &+ ®

total '
T =

.

TBATH (5.20)

@

't
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The last boundary condition demonstrates that the temperature

, of the steel bath far from the steel shell can be regarded

as being constant. ‘

To model the free dissolution period of nicbium and
zirconium in liquid steel, an effectife heat transfer
coefficient (heff) was introduced. This was done so, in
order to take into account the convective heat transfer
between the dissolving cylindrical additive And the steel
bath. The heat flux that leaves the cylinder and goes into
the melt during the free dissolution period, is called the
'nnbwar% flux®, and is given by the formnla:

Qout ~ heff ( TI - Tg ) (5.21)
where Ty T the temperature of the erylindrical additive at
its dissolving front;
TB — the temperature of the hath,

Tt is ohvious, that Aout can be positive or negative

Al

depending on the sign of the diFFe}ence { TI - TB ).

The inward flux q:n, that is the flux that enters the
cylindrical additive at its dissolving front, is given by
the following equation:

- ()

{5.22)
where k = the thermal conductivity of the additive;

the derivative of the temperature with respect to the radial
distance {3T/dr}, is taken at the interface (I}.

A simple energy balance at the dissolving front demon-

strates that the sum of the inward@ and outward fluxes is

Ve

-
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equal to the generated heat per unit surface per unit time =

due to the exothermic dissoclution:

—_ ] |
K (5;)1 +h o (T - T, ) = N, 6 (5.23)

where N.
]

n

the molar flux of the dissolving element j;

—0

AH.
J

the partial molar heat of mixing at infinite

dilution of j.

"
The molar flux Nj of the dissoléinq element j can also be

written as:

L

CLICL
i L]

{(5.24)

-
Z|o

where p the density of j:

M = the molecular weight of j:
%% = the reduction of the cylindrical additive's

radius per time, or simply the dissolution speed.
One can group some constant parameters together:

V== E __0
Q, w MHj (5.25)

where QV is the generated heat per unit volume.

So, the equation (5.23) now becomes:

3T
K (3;)1 Thege (T - Tp ) 7O (5.26).

T@e above formula (5.26) has been used to model heat
transfer events during the free dissolution of niobigm and
zirconium in liquid steel. 1In the following sections, the

75t&matlon of the effective heat transfe; coefficient (heff)
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will be described, and results based on this equation will be

presented as well.

5.5.3 Steel Shell Period

il

In the section 5.2, the subject about the reaction at
the nioBium/steel shellrépﬁerface had béen discussed. It
was pointed cut, that a reaction does happen once there is
enough time for the starting te&perature of the reaction to
be reached, before the shell melts back. As the reaction
temperature for this case is relatively high 13700C (1643 X),
the reaction does not practically happen or, it does just a
few seconds hefore the end of the steel shell period. Tn
Figure 5.10 one can notice that the reaction has not actuwally
taken place yet. This is a CYOSS*SPCEiOn from a niohium
cylinder 2.24 cm in Adiameter, which had been immersed for
8 seconds in a steel melt at 1600°C (1873 K). The model

predicted that the reaetion should start 10 seconds after

immersion and that the steel shell period should last 131.5

seconds. Similar predictions were made for niobium cylinders
with diameters in the range of 1 cm to 5 cm. Stagnant gteel
baths were assumed (i.e., the power to the induction nace

was turned off during the hypothetical test) at 1600°C (1873 K},
and with a melt cooling~rate 0.25 K/sec. These results

o~ are shown in Figure 5.11. Line 1 represents the time for
/ “the reaction to start for a specific diameter cylinder. Two

% shell periods are presented. Curve 2 gives the steel shell

M~
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Figure 5.10 Cross-section of a niobium cylindrical
specimen {2.24 cm in diameter) encased
by the solidified steel ell. This
sample had been immersed in liquid steel
at 1600°C (1873 K) for 8 seconds. )
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period for &¥specific diameter niobium-cylinder in which the

‘ ° CN
generated heat flux due to the exothermic reaction

(equation 5.1) has a relatively large value 360.2 kW/m’

(8.61 cal/cm?/sec). This is considered to be a large value,
as it .1s of the same order of magnitude with the heat fluxes
estimated for the steel shell period of zirconium cylindgrs
in liquid steel (see-Chapter 6). Curve‘3 gives the steel
shell period for the extreme case in which the generated heat
flux is zern. One may gquestion why thaose two values for the
steel shell period of a specific diameter cylinder happen to
be so c¢lose. This can be expla%ped on the basis that tQ%
reaction takes place in the lTast stages of\the steel shell

period and hence, the heat transfer by convection from the

fluid to the cylinder becomes more important than any other

generated heat due to the exothermic reaction. FurthprmSSe,
] 0 L] [l ﬂ‘
this makes the precise determination of the generated hea

flux due to the reaction in the steel shell period imposéible.
On the other hand, most of the experimental work has been
carried out with nidbium cylinders of maximum diameter
5.54 cm, and as it is depicted in the Figure 5.11, at smaller
diameters the two shell periods becomelalmost identical.
Before closing the discussion about the steel shell
period of niobium cylinders‘ig steel melts, one last thing
should be pointed out. 1In Figﬁfe‘s.lz, predictions are given
on the possibility of the reaction's occurrence. Curve I

shows predictions for liquid steel without induction stirring

-«
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40 . . . 40
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TIME ¢ SEC )
~TIME ¢ SEC )

BIAMETER ( CM )

Figure 5.11 Predicted steel shell periods for niobium

cylinders of various diameters.

1) Time after immersion in which the
reaction begins during the steel shell
period; .

2) Steel shell period for a large value
of generated heat ux;

3) Steel shell period without any heat
generation.
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Figure 5.12
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=

Predicted results on the possibility of the
reaction's occurrence during the steel shell
period with respect to steel bath superheat,
cylinder diameter, and stirring condition

of the%helt.

1) No./induction stirring (power off);

2) Induction stirring (power on).
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(i.e., pqwer off) qnd cooling rat?.0.25 K/sec, while Cgrve 2
shows predictions for liquid steel with induction stirring
(i.e., péwer on) and cooling rafe 0.05 K/sec. Three regions
can be identified: In region A no reaction can practically
happen during the steel shell period. The bath superheats
are high enough so that the convective heat-transfer ;vents
are so predominant, that the stéel shell melts back before
the reaction temperature is reached at the niobium/steel
shell interface. 1In region B no reaction can in reality take
place for inductively stirred melts bhut, the £eac ion will
happen for quiescent baths. Finally, in region C{the steel
bath superheats are low énough,'so that relatively long steel
shell periods are expected to happen and hence, the reaction.

will occur irrespective of the convective heat transfer

characteristics of the steel melts.

5.5.4 Free Dissolution Period

Referring to Figure 5.6, the volume of the immersed

portion of the niobium cylinder can be expressed as:

- 2 '
Vigm = 7 T L (5.27Y.
where r : the cylinder radius;
L : the immersed cylinder length.
From equation (5.6) using (5.27) one has: N
9FypF d(nriL)

) g {5.28)
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Assuming that the dissolution takes place in the radial

direction only, the cylinder length (L) can be considered as

f

constant, independent of time. This assumption is valid in
view of the special precautions which were téken to that
effect (see Section 4.2.1). Consequently, equation (5.28)

%

can be written as:

drF ’ 2
NDF _ d(r”) -
dt "L 5t { PNb,s " “pe,0 ) 9
42 4
dr
NDF _ dr B
_“‘"—'_"'"dt - 2TTL‘|’ a_:’ ( DNb’g DF‘F‘,R ) g (q.?g)

Equation (5.29) shows how the radial velocity of the

dissolving interface varies in relation. to the rate at which

the net downward force changes, as registered by the load cell.
Durihg the free dissolution period, heat is generated

in the vicinity of the dissolving niobium interface; this

results from the intermixing of liquid iron with niobium.

Mathematically, this has been described by equation (5.26).

An effective heat transfer coefficient (heff) has been

introduced in oxder to estimate the heat transfer between

the cylinder and the melt (i.e., the outward heat flux,

Dout

). Aétually, there is no information available on heat
transfer characteristics for prdblems of this nature or in
other words, there is not any correlation in the literature,

from which a value for the heat transfer coeffig{ent (heff)

could be obtained. However, there is a way that an
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approximation can be made. First of all, niobium dissolves
‘slowly‘in liquid steel;and therefore, the rate of change of
the cylinder radius ({(dr/dt) which is small,'can be considered
as a cﬁnstant at least -for the initial sf&éﬁs of thé free
dissolution. Second, the dissolution rate of niobium in
1iqhid steel is influenced by the fluid flow chéracteristics
of the melt. Higher dissolution rates hgve been measured
with induction stirring than without it (see Section 5.7).
Third, at the time the steel shell period terminates and the
free dissolution period starts, there cannot be any
instantaneous cﬁange of the heat traﬂgfer coefficient. When
a niobium cylinder dissolves in a steel melt without induction
stirring, then the dissolution proceeds in an environment
where natural convection prevails. There will be some degree
of turbulence during the dissolution and as of that, the
Nusselt numbef (NuD) based on the diameter of the cylinder
will be proportional to the Rayleigh number (Raj) raised to
the power of 1/3. A correlation of this type suggests that
the effective heat transfer coefficient will be independent
of the diameter (D} of the dissolving cylindricél specimen.
But as it was mentioned previously, the heat transfer .
coefficient at the beginning of the free dissolution must be
équal to the heat transfer coefficient (h,)} estimated at the
end of the steel shell period using the correlation (5.19)

and C = 0.17 (i.e., power off). So, for the free dissolution

of a niobium cylinder under conditions of natural convection

A
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in a guiescent {i.e., no inductively stirred) steel bath,

the following formula can be used:

heff =h ' ' (5'30)

When the dissolution of niobium (or the dissolution of
zirconium-in general; see next Chapter) takes place in an
inductively stirred melt, the equation (5.30) is not valid
any more. This is so, because it seems more reasonable
that conditions of forced than free convection prevail. Fof
the cylinder in cross-flow, where the flow of a fluid is
normal to the axis of the cylinder, the following empirical

correlation103 is important from the standpoint of engineering

calculatinns for heat transfer in foreced convertion environ-

mentsa:
Nu - ‘P‘ nag pr /* ‘ (5.31)
where NuD { = hb/k), the Nusselt number;
ReD { = UC qéy }: the Reynolds number;
Pr : The Prandtl number of the fluid.
C m are constants. !

1f

For a specific fluid and for a certain temperature range

the Pr number is almost constant and hence, the eguation (5.31)

can be written as:

m
Nuy = C, Rej (5.32)

106

Recently, Churchill and Bernstein have proposed a single

comprehensive equation which covers the entire range of Re,

for which data are available, as well as a wide range of Pr.
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The equation is recommended for all Re, Pr > 0.2 and has
the form:
1}2 k]5
0.62 Re

/3 oo
. D D
Mo T 02 o {5.33)

P [l + (0.4/Pf)d3]”“[ (282000) ] :

For liquid steel where Pr = 0.12 the equation (5.33) can be
used when ReD > (0.2/0.12) = 1.7. But for a 2.54 cm diameter
, :

cylinder, and a steel melt of a 7.6 10~7 m?/sec kinematic

¢
viscosity, it takes only a minimum cross-flow velocity of

 the order of 0.05 mm/sec for this consiraint to be satisfied.

Minimal natural convection driven forces can‘develop velocities
of this order in liquid steel, aithough the velocity of the
liquid steel in the vicinit& of the dissolving cylinder

should be of the order of a few centimeters per second. In

any case, equatién (5.33) can be applied to liguid steel,

and the present author used this correlation to deduce a
relationship of the form (5.32), for engineering calculations
in liquid steel (Pr = 0.12) only:

= 0.52 '
Nuy = 0.22 Rej (5.34)

The above correlation gives the same NuD numbers as the .
equation (5.33) for liquid steel for Reynolds numbers in the }%
range 300 to 15000; least=squares fittiﬁg was employed for

the determination of its " coefficients and the correlation
coefficient was found to be 0.999. What is of great

importance in eguation (5.34), is the power to which the

Reynolds number is raisedsor in other words, the functional

relationship of the Nup number with the Rep number. One has
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. A
' 0.52 ) ,
NuD « ReD | j
or . 0.52 .
h D U_ D
ff c
S «( y ) (5.35)

It is clear from equation (5.35) that the heat transfer
coefficient (heff) is rglated to the cross-flow velocity (UC).
During'the free dissolution however, the density difference
between thé dissclving metal and the liquid steel generates-
motion of the f£fluid along the c#lfhder axis and not across it,
leaving the cross-flow velocity (Uc) almost constant. There-

fore, from equation (5.35) one can derive that:

—-0.48
heff = D {(5.36)

Equation (5.36) clearly states\;hat the effective heat
transfer coefficient increaéés as the free dissolution .
proceeds. This is a reasonable result since during the free
dissolution period mass transfer phenomena appear, and

BEcome equally important with the heat transfer ones, so that,
the overall convective heat transfer increases due to the
cumulative effect of two events. Recalling the fact that

the heat t;gnsfer coefficient (h;) at the end of thé steel
shell period should betthe same with the heat transfer
coefficient at- the beginning of the free dissolution period,

one finally has:

_ ‘.-'ﬁ , - .
hoer = hD(D ) (5.37)
Equation (5.37) can also be used to describe the’heat

transfer events at the initial stages of the free dissolution
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of niobium c¢ylinders, even whep natural convection prevails,

since the rate of change of the cylinder radius'per unit time

3

is small, so-that D = D,, and hence heff ='h°, which is in
agreement witﬁ ghe equation (5.30). -

In Figgre 5;13, theoretical .predictions based on the
model are presented. Curve 1 shows the radius of the'cylinder
by time, for the experiment presEnted in,Figure 5.7. Two
regions are ideﬁtified: The steel shell period (region A)

and the free dissolution period (region B). In region A,

the radius of the cylinder is larger than the initial one

due to the presence of the shell. 1In region B, the radius of
the cylinder has been estimated from a deduced value of the
rate of radius chdnge by time (Equation 5.29), from the
segment DE og Curve 2 (Figure 5.7). Tt is ohserved thaé the
rate of niobium dissolution in liquid steel is actually small.
Cﬁrve 2 shows the)temperature at the centerline of the
cylinder. This temperature increases fast and it finally
exceeds tha£ of the steel bath (Curve 4}. The same can be
observed for Curve 3, which is the temperature of the ﬁoving
front. During thé steel shell period, it represents the
temperature at the niobium/solidified shell interface, while

in the free dissolution period, it is the temperatur®e of

the dissglving front.. This temperature finally exceeds the

‘melt temperature, as it is expected, due to the exothermic

dissclution. It is worth noticing that the two temperatures

(Curve 2 and 3), finally become almost the same. This can
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TEMPERATURE ¢ K O
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L)
Figure 5.13 Experimental and predicted results from a
niobium experiment in liquid steel (see
Figure 5.7}. The cylinder diameter was
2.54 cm and its length was 18 cm.
W’l 1) 'Predicted cylinder radius;
2) Measured and predicted centerline
temperature;
3) Predicted temperature at the niobium/
steel interface;
4) Measured steel bath temperature.
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be explained on the fact that thé dissolution speed of
niobium in liquid steel is small, and as of that, thé
generated heat due to the éxothermic dissolution is small as
well. On the other hand, the thermal conductivity of niobium
is large (almost two times the thermal conductivity of
zirconium at high t%?peratures) therefore, the temperature
distribution inside the cylinder becomeés almost flat or in
mathematical terms:

° | k 2L = g (5.38)

From equation (5.26) one then has (because of eqn. 5.38):

. dr
hese (T~ Tg ) = Q) 3¢
el ¢
0
~ . v dr
s Ty " TR TR _C At (5.39)
eff

For the dissolution of niobium, the right-hand-side
part of the ?quatiOn-(S.BQ) is almost constant. So thié
formula suggests that the temperature of the dissolving front
of a niobium cylinder in ligquid steel exceeds the temperature
of the melt by a constant value, at least for the initial
stages of thg free dissolutiop.

In ?{gﬁre_5.14, the estimated heat fluxes during.the
free dissolution of niobium in liguid steel, are presented.
Curve 1 represents the iqward flux (qiﬁ} while Curve 2
demonstrates the outward flux (qgut)' These are computational
results as well. It is observed that the inward flux (q;n)

decreases appreciably by time to an almost zero value. On

,/
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Predicted heat fluxes during the free
dissolution period.

1) The inwards directed heat flux;

2) The outwards directed heat flux;
3) The generated (total) heat flux.
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the other hand, the outward flux.iq;ut) increases appreciably
by time, wuntil it attains an almogt constant value. Their
algebraic sum is thq~tota1 (generated) hegt flux (q;ot)'
presented by Curve 3. This is constant during the free
dissolution period of niobium in liquid steel, at ieast for

its initial stage..

5.6 EFFECT OF THE DISSOLVED OXYGEN AND NITROGEN IN THE MELT

With the way the steel bath chemistry was adjusted
(Section 4.2.2) the adtive oxygen level in the melt was .less
than 10 ppm. The dissolved nitrogen in the melt was determined
to be less than 50 ppm (0.005 wtg N). Evans and Pehlke107
have foundPrhat 11.41 wt% Nb can be at equilibrium with
0.209 wts N at 1600°C (1873 K) in liquid steel without any
nitride formation. So, no reaction between the dissolved
nitrogen and the dissolving niobium, at this low level‘bf
nitrogen, should be?expected. In their book, Bodswortﬁ and
BelllOB, suggestlthat two niobium oxides can form, depending
on the niobium concentration in the melt. Niobium forms the
spinel FeO.NbZOS, at lowuresiduaJ concentrations, whilé the
.oxide NbO, is the product at highér concentrations. Thermo-
dynamic calculations reveal (Appendix IV) that 250 ppm of
dissolved oxygen can be at equilibrium with 1.25 wt% Nb in
liquid st;;l, Qithout any fﬁrther oxide formation. Therefore,

at these low levels of oxygen in the steel baths under which

the tests were carried out, no interference from the dissolved
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oxygen should take place during the dissolution and inter-

mixigé\eé’niobium with liquid steel.

5.7 DISCUSSION

As indicated in p;evious sections, free dissoclution
commences once the steel shell period ends. 1In general, it
is expected the free dissolution of niobium cylinders to be
controlled by mass transport of dissolved niobium, through a
nicbium-rich boundary layer adjacent to the cylinder, out
into the 1iguid steel bath. Thus, continuity at the
dissnlving interface dictates that:

Net moles of niobium lost from cylinder per ﬁnit time

= Met moles of niohinm diffusing into steel hath per

unit time, ide., N

-4 (ny’Tp /M) = *L B

s 5.
At Nb’ ' Nb 2™ 0 g ! (5.40)
where r = cylinder radius:
L. + immersed cylinder 1?nqth:
QNb : niobium density:;

MNb : niobium molecular weight:

*
CNE t liquidus concentration of niobium at the
temperature of steel bath;
Cgb :  bulk concentration of niobium in the steel;

Kep experimental mass transfer coefficient.

Since L, and My, are independent of time and Cgb' is

pr'

equal to zero, equation (5.40) reduces tg:
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%
. .
ar _ Kb Swb  (5.41)
R )
dt A N

Based on this expression, an experiﬁental mass transfer
coefficient can he-estimated.

A general form of the nondimensional correlation‘fof
mass transfer with.natural convectiOnlll is expressed in the

following relationship from an analogy to heat transfer:

sh = al(6r, gc)™ (5.42)

where Sh, Gr_, and Sc are Sherwood nﬁmbe%;kcrashof number,

\

and Schmidt number, regspectivel and'a, m are constants.

These are some of e aracteristic numbers for mass transfer,

and more detaills out\them\c

——

and 113. For the study

be qund in references 112
issolution_of the iron-carbon
system under static conditions, Pehlke e: al.37 have
demonstrated a quite reasonable approximation with-the best

fit of the data yielding the eguation:

Sh = 0.149 (Gr, sc) " (5.43)
Minowa et al.27 have reported that the relationship could
be expressed by the following representation: A
[N .
' 13
Sh = 0.11 (Grp Sc) _ {5.44)
114

Furthermore, for other metals (Cu-Pb, Zn-Hg, Sn-Hg,

Steel-Zn), the experimental results were treated "as follows:

V3
Sh = 0.124 (Grp Sc) (5.45)

115

Ravoo et al. suggested the following‘correlation for

L | .
turbulent free-convection mass transfer around vertical
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cylinders and flat plates:

& 1/3 .
Sh = 0.13 (Gry Sc) {5.46)

On the basis of the results of the present study, in which
the product (Grp S¢) is above 10'°, and a turbulent boundary
layer is formed in the neighbourhood of the solid additive,

7
it is possible to use eguation (5.46) to estimate mass

transfer coefficients (Kp) as follows:

ShL
i\
L //ﬁ\
where T. : the immersion length;

€h_ : the Sherwond numbhery based on the rharahtérigtir
length TL.;
N, @ the &iffusion coefficient of the dissolving
metal (i.e., niobium) in liquyﬁ steel.
Tt is worth noting that the eguations (5.46) and (5.47)

were used very recently by I.«'_a"n:ic'ial‘l6

to predict mass transfer
coefficients and compare them with experimental ones, for a
dissolution study of solid nickel in liquid tin under static
conditions. 1In Table 5.1, a comparison is demonstrated
between experimental and theoreFically predicted (egns. 5.46
and 5.47) mass transfer coefficients during the free
dissolution period of niobium in liquid steel, and at
different bath temperafures.n It can easily be observed that
these values are within an order df‘magnitude close, but the
experimental mass transfer coefficients are 1.2 to 1.6 times

the predicted ones for the specifi¢ temperature range. This
’ ~

can be justified by two reasons: First, niobium dissolves

T

m&"



Table 5.1
Mass Transfer Coefficients during
niobiym free.  dissclution under

Static Conditions.

119

Experimental ' Predicted
Mass Transfer Mass Transfer
Temperature Coefficient Coefficient
(cm/sec) from egn. (5.46)
{cm/sec)
1603°C 0.0055 0.00436
(1876 K)
1612°c 0.0059 0.00444
(1885 K)
1624%°%C 0.0065 0.00454
(1897 K)
L
1632°C . 0.0071 N 0.00460
(1905 K)
' 1642°%% 0.0074 0.00469 :
(1915 K) '
1664°¢ 0.0077 0.00488
(1937 K) '

\
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with an exothermic fashion in liquid steel and'Eherefore,
larger mass transfer coefficients tpdn the ones predicted by
eqn. (5.46) are expected, since the correlation (5.46) is
used to describe mass transfer events under natural convection,
in the turbulent flow regime, and in the absence of any
endothermic or exothermic phenomena. Second, as niobium 4
dissolves slowly in- steel and exhibits small values of
generated heat due to the exothermic dissolution, the
experimental and predicted mass transfer coefficients should
be relatively close, and they are indeed! However, the
experimental mass transfer coefficients have a greater
'dependence s temperature than the predicted ones. This may
be due to the development of a larger degree of turbulence in
the vicinity of the niébium interface, than in the one which
is associated with the correlation (5.46}.

Values of the dissolution speed (i.e., -dr/dt) of
niobium cylinders at various steel bath temperatures, during
the initial stages of tRe free dissolution, were estimated
for the 18 différent runs and are presented in Table 5.2.
Most of these values have been deduced from tests which were
carried out under static conditions (Runs 1-13), that is,
the power to the induction furnace was turned off (i.e., power
off}) during the test. Using equation (5.41), mass transfer
coefficieﬁts were also computed. 1In order to derive an
- Arrhenius type of relationship between the deducea mass
OFF

transfer coefficient under static conditions (KNb ) and the

absolute temperature (T), a regression analysis was performed:
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E: Table 5.2
Experimentally measured (~dr/dt) and deduced mass
transfer coefficients (KNb) duging niobium free
dissolution under static {(Runs 1-13), and dynamic

~(Runs 14-18) conditions.

N gemperature (-dr/dt) 10° Kap 10°

(7C) (K) {cm/sec) {cm/sec)
1 1603 1876 4.52 5.55
2 1625 1898 5.24 6.44
3 1596 1869 4.49 5.52
4 1606 1879 4.61 5.66
5 1612 1885 4.80 5.90
6 1627 1900 5.40 6.64
7 1632 1905 5.75 7.07
8 1605 \ 1878 4.51 5.54
9 1642 1915 6.09 7.48
10 1646 1919 6.16 7.57
1 1656 1929 " 5.88 7.22
12 1664 1937 6.27 7.70
13 1624 1897 4.83 6.47
14 1600 1873 6.02 7.39
15 1613 1886 7.12 8.75
16 1605 1878 6.27 7.71
T 17 1615 1888 6.98 8.58
18 1630 1903 B.12 9.97
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log KgiF = a-2 (5.48)

2.5416 + 0.419

where A
B = 8982.4 = 795.8

with a correlation coefficient 0.959 at 11 degrees of freedom

and a standard error of estimate 0.016. The apparent

activation energy was estimated to be 41.1 (+ 3.6) kcal/mol

or in SI units, 172 (#15) kJ/mol. The correlation (5.48) is

presented in Figure 5.15 as line 1 along with the exSerimental

values. 1In the same graph, line 2 ggrrelates mass transfer

coeffi?dents as a function of the steel bath temperatures,

from a few tests which were carried out uhder dynamic conditions,

that is, the power to the induction furnace was kept on dﬁrinq

each test. The straight line 2 (Figure 5.15) was drawn

according to the following Arrhenius-type equation, which

was the result of a regression analysis based on the

experimental results derived under dynamic conditions:

ON _ ,+ _B'
| log KNb = A T {5.49)
where A' = §.24 * 0.76
B' = 15674 * 1438

with a correlation coefficient 0.988 at 3 degrees of freedom
and a standard error of estimate 0.021. The apparent
acélvation enexrgy in this case was estimated to be

71.7 (¥ 3.3} kcal/mol or,in SI units, 300.0 (+ 13.8) kJ/mol.
It is obvious that these values of mass transfer coefficient;'

are 30 to 70 percent larger than the ones prééented for static

conditions. Theref@re, the induction stirring, or in other
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words, the fluid flow characteristics in the vicinity of the
cylindér, have a great effecf on the dissolution rate of
niobium in liquid steel, and hence, for the experimental
conditions under which the tests were carried out, it seems
that diffﬁsion through a liquid phase mass-transfer boundary
layer was the rate-controlling step.

It should be pointed ocut once more, that the presented
values for the mass transfer coefficients are vali€ for the
early stages of niobium disgolution in ligquid steel. At the
later stéges of niobium dissolution where the mass transfer
phenomena take place at smaller radii, or equivalently, at
higﬁer curvatures, the dissolution speed and the mass
transfer coefficients might be larger. Figures 5.16 and 5.17
show some niobium cylindrical specimens immersed in steel
baths at different temperatures, and for various times. One
can notice the formation of a 'frustum' on the upper part of
the cylinder close to the liguid's free surface. . If a
niobium cylinder is kept immersed in a steel bath for prolonged
times, then the dissolution proceeds faster in the region‘
around the 'frustum', and finally, the cflinder is cut there
'‘and settles on thé bottom of:the crucible. For this reason
it is impossible £o collect data relevant to the free
dissolution period of niobium in liguid steel until its
completion.l

Nevertheless, assuming that the values for the dissolution

speed (~dr/dt) presented in Table 5.2, remain approximately

,5}
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Figure 5.16 Niobjium cylindrical specimens after
immersion in liquid steel.
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Figure 5.17 Niobium cylindrical specimens after
immersion in ligquid steel.
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constant during the free dissolution period, one can correlate
the average value of the dissolution speed at a specific bath

temperature, as follows:

ar OFF - s
-[HE] = (0.03042 T - 52.486) 10 {5.50)
avg
- dr OFF . _ -
where —[EE] . = average dissolution speed {(cm/sec)
avg

under static conditions;

average steel bath temperature in

=
I

Ke}vin.
The correlation coefficient wag found to be 0.947 at 11 degrees
of freedom and _a standard error of estimated egqual to
0.23-107°%. In this way, for a given set of experimental
conditions, the mathematical model can be used to predict
the steel shell period, while the equation (5.50) can be used
to predict the free dissolution period. The sum of those
two periods represents the total dissolution time. Some
results are presented in Figufe,S.lB.
Similarly, the rate of radius change by stime under
dynamic conditions was correléted as~d function of the bath
-

temperature, and the following statisticallyégignificant

equation was obtained:

ar o fé !
'[’é?] = (0.07118 T £ 127.316) 1073 (5.51)
avg ‘
- ON
where —[%%] = average dissolution speed (cm/sec)
avg

under dynamic conditions;
T = average steel bath temperature in

Kelwvin.
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Thé correlation coefficient was found to be 0.99, at ,
3 degrees of freedom, and a standard error of estimate equal
to 0.134-107°. 1In fact, line 4 (Figure 5.18) has been drawn
according to egn. (5.51) and the values of the steel shell

periods predicted by the model.

7
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" CHAPTER 6 ‘ '
. . : %
6. RESULTS AND DISCUSSION ON THE Zr DISSOLUTION 1IN
LIQUID STEEL ‘
6.)] TINTRODUCTION
In this chapter, the experimental results obtained from
the dissolution of zirconium cylinders immersed in liquid
steel, are discussed. Three sets of immersion tests were
carried out. The first set involved simple dipping experiments

in which zirconium cylinders were immersed for different time
periods. FExcept for measuring the steel shell thicknesses,
the most important target of this set of tests was to measure
the extent of the reaction zone, and identify the possible
intermetallic compounds which were formed duriﬁq the steel
shell period. The total number of zirconium cylinders used
for tgis set of experiments was five. The cylinder diameters
ranged from 1.905 cm to 2.54 cm. In the second and third set
of tests zirconium cylinders were immersed in steel baths
and théir dissolution was studied in a 'dynamic' way, that
is, the cylinder and steel bath temperatures as well as the
apparent weight of the ‘dissolving sample were monitored
during the dissolution process. The second set of tests is
char@cterized by the dissolution Qf zirconium cylinders in
liquid séeel under static conditions (i.e., the power to the
induction furnace was shut off during the test; power off),

while in the third set, zirconium cylinders were immersed in
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inductively stirrﬁd steel baths (i.e., power on). Twenty-
seven cylinders were used for these two sets. Their diameters
were in the range of i.905 cm to 3.8l cm. For the cylinders
with a 2.54 cm diameter only the centerlihe température was
measured, while for the cylindefs with a 3.8l cm diameter
{there were three cylinders of them), temperatures at two
locations were measured: one at the centerline, the other
at a position close to the edge of the cylinder.

In this chapter, a typical experimental result is analyzed
together with model predictions. Two periods are identified, ‘
which are analysed in detail. 1In Appendix II, typical
results for the last two sets of immersion tests are presented

in graphical form.

6.2 REACTION AT THE STEEL SHELL AND Zr INTERFACE

°

Zirconium is well-known as a reactive metal. The Fe-Zr
phase diagram (Figure 3.4) shows several intermetallic
compounds which can be formed as reacticn products between
iron and zirconium. For this reason, from the begihning og
this study, there was a suspicion that an exothermic reaction
between iron and zirconium should take place during the steel
shell period. Preliminary work showed that a reaction |
started between zirconium and the encasing steel shell/ during
the initial stages of immersion. Figure 6.1 show picture
of the reaction occufring at the steel shell/zirconium

interface.
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Figure 6.1

Cross-section of a zirconium cylinder
(2.54 cm in diameter) after immersion
in liquid steel. The arrows mark the
original interface. .

at
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Composite samples of iron and zirconium were inducfively
heated. The preparation of these samples'is described in
Chapter 4. A typical experimental result from this set of
tests is given in Fiqure 6.2A.The Curve shows the temperature
at the iron/zirconium interface. This teﬁperature ipcfeases
fast and at around IQOOOC (1273 K) the thermocouple is
deStroyed as its tip is chemically "attacked" by a liquid
formed as a reaction product. The reaction releases so much
heat that not only the iron but the zirconium (with a melting
point of 1852°C or 2125 K) around the interface melts, as well!l
From this experimental curve (Figure 6.2A), it seems that
the exothermic reaction had started around 1023 X, a value
corresponéing t?/thg inflexion point A, 'Another experimentél
result of this kind és presented in Figure 6.2B. Iﬁ thié
case, the temperature around the iron-zirconium interface
increases rapidly, and at about 1300 K the temperature
recordings become erratic, because the tip 'of the thermocouple
comes in touch with the ligquid reaction product, and as a
result, it is completely destroyed- after a few seconds.
Probably, the reaction had started earlier but the thermocouple
registered this event some time later, when the temperature
was about 1300 K. From £;ese two extreme eXperimental cases,
it seems that the starting temperature for the exothermic
reaction lies somewhere between 1023 K and 1300 K. Zirconium

is a very reactive metal, and as of this, intermetallic

formation with iron can be initiated even at temperatures
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Figure 6.2A Temperature versus time for an inductively
. heated iron-zirconium composite sample.
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Figure 6.2B Temperature versus time for an inductively
heated iron-zirconium composite sample.
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as low as 1000 K. This however, is greatly depenaed upon
the physicochemical condition of the interface. For example,
’ v

the existence of an oxide at tgszinterface can considerably

disturb or prevent the reaction process. Regardless, the

" formation of the liquid product is what really matters,

especially id the modelling of the steel shell pericd of
zirconium in liquid steel. From the Fe-ZIr phase_@iagram‘u
(Figure 3.4), one can observe that a ligﬁid eutectic c;n 5e
formed at 1220 K (947°C); this value was selected as the
sflarting reaction temperature. This temperature is in fast
between the experimentally/determined values, and it is als
associated with the formation ©f a ligquid (eutectic) prgg ct.
The eutectic liquid provides the necéssary trigger fé;ﬂéhe
exothermic reaction to proceed even faster. Some material
was extracted from the interface after the test, it was
ground to a powder form, and then it was examined with the
X-Ray diffraction method. The intermetallic compound FeZrs
was the only identified'compound, but the material was found
toiﬁ§ somewhat amorphous; probably thé liquid product was
not perfectly crystallized.

| Figures 6.3A and 6.3B show the cross-section of two
zircdnium, cylinders (2.54 cm in diameter), which had been
immersed in quiescent steel baths at 1593°C (1866 K). The
cylinder ih,Figure 6.3A was kept in the melt for 4 seconds,
while the .cylinder in Figure‘G.BB was kept in the melt for

6 seconds. One can notice that the reactfﬁn has proceeded
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Figure 6.3A

s Ve .

Crpss-section of a zirconium cylinder
(%.54 cm in diameter)} after immersion
in Tiquid steel at 1593°C (1866 K) for

4 sedonds. The arrows mark the original
interface.
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Figure 6.3B Cross-section of a zirconium cylinder
(2°54 ecm in diameter) after immersion
in liquid steel at 1593°C (1866 K) for
6 seconds. The arrows mark the ’ :
original interface.
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more in the second case (Figure 6.3B) than in the first

{(Figure 6.3A). The-model predicted that the reaction should
start‘g.ﬁ seconds after immersion, with a total steel shell
period of l4_seconds.

In Figures 6.4A and 6.4B two typicél samplés,'used for
Elgctron Probe X-Ray Microanalysis, are pre;;;;ed. Detailed
inVéstigations in the reaction zone revealed that the formation
of only two intermetallic compounds took place: the high
melting point intermetallic compound Fe,Zr (or ;éb-667zr0.333)f

ané the low melting point one FeZr, {or Fe An

2 0.333%T0.667 -

error analysis was performed on the data obtained from the
microprobe analysis, and the following)error margins were
deduced for the identification of the intermetallics: For
both of them the experimental errors for the determination of)Y —
the iron and zirconium mole fractions were found to be 0.001
and-0.002, respectively. For example, the FeO.333Z?0.667_
was identified as a compound Feery with x = 0.333 £ 0.001

and y = 0.667 * 0.002. In the reaction zone, the average

composition was found to be 49% zirconium-mole-fraction

Wi.e., corresponding to 61 wt% zrY, and 51% iron-mole-fraction

{i.e., c&rresponding to 39 wt% Fe). 1In general, the following

' (overall) reaction is proposed toc occur during the steel

shell period of zirconium in liquid steel:

1.53 Fe + 1.47 Zr = 0.53 Fe,2r + (.47 Felr

2 2 A,

The reaction between iron and zirconium happened almost at

equimolar concentrations. The intermetallic compound Fle2

-



Figure 6.4 A & B

Typical samples including parts of
the iron-zirconium interface during
the steel shell period, used for

Electron Probe X-Ray Microanalysis.
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had also been verified with the help of the X;Ray diffraction
method, as a product at the reaction zone of the inductively
heated composite samples. As it was previously mentioned,
“this intermetallic has a low melting point (around 1100°¢C or
1373 K) and therefore, it melts congruently a short timeé
after the exothermic reaction has been initiated. It seeﬁs
that the following steps take place at the steel shell/
zirconium interface in relation with the reactioh:

- The reaction starts at the eutectic temperature_(9470C
or 1220-K), and some liquid eutectic forms to accelerate the
reaction kinetics.

- Intermetallic compound formation follows and two inter-
metallic compeunds have been identified: the high melting

point Fe,Zr, and the low melting point FelZr

2 2°

- The reaction_is ethhermic.end liquid FeZr, forms, which
proﬁides an additional effect for the eroeion of the inner
surface of the steel shell. When liquid forms, any gap
between the ineer surface of the solidified steel shell
and the outer-surface of the zirconium cylinder is filled
with liguid, and hence, any contact resistance vanishes. In
this way more convective heat is supplied td the cylinder by
the melt, ‘some more heat is generated from the exothermic
reaction (6.1), and therefore, iquid products form so that
the steel shéll period dramatically decreases. For example,
" for the case presented in Figure %.3 and described above,
the model predicted a steel shell period of 18.0 seconds in
the .absence of any exothefmic reaction. More details about

!
- )

o

A, .
s
.
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the zirconium's steel shell period in liquid steel will be
described in later sections of this chapter. In Appendix III,
estimations for the heat of mixing dué to reaction (6.1),

and mass transfer coefficients during the steel shell period

are given.

6.3 INTERPRETATION OF DATA FRQOM THE DISSOLUTION EXPERIMENTS

Figure 6.5 depicts some typical results from the zirconium
dissolution experiments. The diameter of the cylinder was
3.81 cm and its length was 20.5 cm. One thermocouﬁle ?ad
been placed along the cyliﬁder axis, while a second thermo-
couple was 1.4 cm apart from the center. Curve 1 of
Figure 6.5 shows the bath temperature as registered by the
DAPC facility. The data acquisition system started monitoring
the dissolution parameters a few seconds prior to immersion
of the zirconium cylinder into liquid steel. Curve 2 of the
same figure presents the force (i.e., the net downward force)
registered by the load cell during the dissolution experiment.
During the ﬁeriod AB the load cell registers only the
gravitational forces; vibrations are usually recorded as the
cylinder is lowered towards the surface of the melt. When
the leading edge of the zirconium c¥ii9dgr touches the
su£face of the steel bath, the forcé which the load cell
registers starts decreasing. This is due to the increase in
the buoyancy forces and is represented in line 2 by the
segment BC. The subsequent segmen£ CD in line 2 degicts the

steel shell period during which a shell of scolid ste%ﬁ

w——
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Figure 6.5 Results from a typical zirconium dissolution
experiment in liquid steel. The cylinder
diameter was 3.81 cm and 1ts length was
20.5 cm.

l) Measured steel bath temperature;
2) Registered net downward force;
3) Measured and predicted temperature at
a distance 1.4 cm apart from the center:;
4) Measured and predlcted centerline
temperature.
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freezes around the cylinder. The force registered by the
load cell remains almost constant during.this period. .This
can be attributed to the fact that the expansion of the
zirconium cylinder and the freezing of the steel shell tend
to compensate each other so that oniy mincor effects appear on
the overall force balgnce, prgvided they occur simuitaneously.
The segment DE of Curve 2, shows the free dissolution.
period where there is no frozen steel shell period around
the zirconium cylinder. During this period, the volume of
the zirconium cylinder decreases due to dissolution and
consequently, the buoyancy forces also decrease. Equation (5.6)

can be written for the zirconium case as follows:

dFNDF - dvimm (p - ) g (6.2)
dt at Zr,s Fe, ! .
where now, the density of niobium (DNb S) has been substituted
by the zirconium density (er S); The density of zirconium
- r

at elevated temperatures is smaller than the density of

liguid steel so, the density difference (er,s - OFe,R) is

less than zero; the rate of the change of the volume of the

dissolving zirconium cylinder is alsoc a negative number.
Therefore, the rate of the change of the net downward force
increases during the free dissoldtion (segment DE). At the
point E the immersed portion of the zirconipm cylinder has
been dissolved completely in the melt. The point E signifies
the end of-the free dissolution, therefore not any interesting

phenomena are recorded during the pericd from E to F.
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Curves 3and 4 of the Figure 6.5, show predicted and
experimeﬂtal temperatures in the intérior of the zirconium
cylinder. The solid lines represent predictions, while the
points show the measured temperatures. Curve 4 depicts the
temperature at the cylinder's axis while Curve 3 shows the
temperéfure at a distance 1.4 cm apart. Time zero for the
cylinder's témperatures is taken the time corresponding to
point C, where the cylinder has just been completely immersed
in the steel bath.

Referringlto Figure 6.5, the centerline temperature
(Curve 4) increases fapidly up to the 17th seéond of immersion.
A reduction in the rate of the temperature rise then follows
up to the 19th second. The cause for this slowed ascent
can be explained in. terms of the endothermic transformation
of a-Zr to B-Zr. This occurs at a temperature of 863°C
(1136 K). As demonstrated, there is a good agreement between
experimental and predicted temperatures. Unfortunately, thé
two thermocouples were destroyed before the completion of
the tést. Specifically, the thermocouéle which was placed
close to the edge of the cylinder (i.e., 1.4 cm from the
center) was destroyed around the end of the steel shell period.
It is important to noté however, that there is a change in
the slope of the temperature at this point (Curve 3), fact
which reveals the exothermic behaviour of the mixing of iron
and zirconium in the reaction zone during the steel shell
period. The thermocouple which was placed along the centerline

of the cylinder lasted somewhat longer, until the initial
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stages of the free dissolution, However, the most important

s

e

.
5
A

aspect of the experimental valuds of the temperature distri-

4,

bution inside -the' zirconium cyliqger is that they seem to
increase so much, that figally they become greater than the
temperature of the liquid steel. In fact, computational work
suggests that the temperature of the cylinder approaches the
melting point of zirconium, during the final stages of the
free dissolution. In a later section, this topic will be
discussed in a more detailed mannexr. Another event should be
pointed out: in Figure 6.5 the bath temperature (éupve 1)
initially drops with a certain rate due fo the immergiOn of
the relatively "cool" zirconium cylinder and the turning off
of the induction furnace during the test. As the dissolution
of the zirconium cylinder proceeds however, the temﬁérature of
the melt remains almost constant. This fact means that the
heat losses from the melt are balanced by the heat liberated
during the mixing of the dissocolving zirconium and the ligquid
steel. Curve 1 of Figure 6.6 illustrateé that the temperature
of the melt increases towards the final stages of the free
dissolution. This can be attributed to the fact, that this
test was performed with induqtion heating (i.e., péwer on},
and as of that, the exothermic heat released, exceeded the

heat losses from the melt to the environment, and therefore,

the bath temperature increased. The immersed zirconium

\\CYlinder had the same dimensions with the one mentioned

previously, and depicted by the Figure 6.5.

™
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diameter was 3.81 cm and its length was 20.5 cm.
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As in the case of niobium, the dissolution of iirconium
in liquid steel involves two distinct periods. The steel
shell period and the free dissolption period. Referring to
Figure 6.5, the time coordinate of the curved arrow tips
(a,bz show where_each‘one of the above periods start. The
steel shell period lies between a and b while the free
dissolution period starts at b and enas at ¢. In the next
sections of this chapter, these periods are analyzed in more

-

detail.

6.4 APPLICATION OF THE MATHEMATICAL MODEL

In this section, some predictions will be presented
based on the semi-empirical heat and mass transfer model which
has been described mathematically in the Sgction 5.5. The
predictions concern the estimation of the internal heat
generation during the steel shell period, and the inwards

directed heat flux during the free dissolution period.

6.4.1 Steel Shell Period

In order to’estimate the heat generation due to the
reaction in the steel shell period, it was degided that the(
phenomenon of the exothermic heat release should -best be
reported as an interfacial heat flux, q; (Egqn. 5.16, B.C.2B):

g = N_ AH {6.3)

1 1]
where, NS is the corresponding molar flux of zirconium to the

inner steel shell interface;
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AHR is the heat released/mole of zirconium.
The same formalism had been followed by Argyropoulos and

60 for the modelling of the steel shell period of

Guthrie
titanium in liquid steel. The exothermic reaction between
dissolved zirconium and the steel shell was expected to take
lpiace in a thigvﬁggs transfer boundary layer adjacent to the
internal part of: the shel}. In the computational procedure,
an empirically determined heat generation term (és) wag\
applied to the volume element'adjacent to the initial shell

at r, (Figure 5.9). The following formula relates the

1

interfacial heat flux q; with the heat generation term és:

50 = q, 6V = q. oA (6.4)

where &¢A and §V represent elemental areas and volumes in the
numerical scheme, and dé is the rate of heat releasé within
the élemental volume adjacent to the steel shell.

, Figure 6.7 shows experimental temperature-time data
(points) for a 2.54 cm diameter cylindér placed in a bath of
1603°¢C (1876 K) without induction heating (power off). These
may be compared with the continuous curve 1, predicted for
conditions of zero heat generation. The arrow a denotes the
time at which the encasing steel shéll is predicted to have
entirely melted back to expose solid zirconium. Curve 2
denotes experimental results and model predictions, considering
the rate of internal heat generation equal to 9 cal/cm?/sec
(0.376 MW/m?). Arrow b shows the time at which the steel

shell period is predicted to end, and marks the start of the
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‘free dissolution period. Cﬁrve 3 presents model predictions

considering the rate of the internal heat.generation equal to

10 cal/cm?/sec (0.418 MW/m?). Again, the arrowsc points out

the end of the steel shell period. The results of ten

cylinders were analyzed in the same way. The rate of heat’

generation thus deduced,varied from 8.6 cal/cm’/sec (0.36 MW ;;)

to 12.9 cal/cm?/sec (0.54 MW/m?). From these.values, an

effective mass transfer coeffici:?flfor zirconium cguld be

oﬁtained. The procedures used for this kind of estimations
are described in Appendix III. In this manner, the estimated
mass transfer coefficient for zirconium in the steel shell
period ranged from 0.046 cm/sec to 0.069 cm/seé. Similarly,
the estimated mass transfer coefficient for iron in the steel
shell peried ranged from 0.013 cm/sec to 0.019 cm/sec. It
should be.noted that the heat déneration term is introduced

\'in the computaticnal scheme, only when the interface of

i/ g;gconiuﬁ/steel shell has }eached the starting tempefature

.“;éf the reaction, which was selected to be 947°c {(1220\K) .

For the computations involved in the steel shell perio

the interfacial thermal resistance was chosen to be

8 cmzsecocégal (.1912 m*K/XxW). This value is not an arbitrarily

selected constant, but a value which was estimated on the

basis of previous work on this subject105'117. Once the

vy

reaction temperature is reached however, the interfacial
therméi resistance becomes zero (Eqn. 5.16,’%n§\2B). This

is so, because liquid eutectic is expected to form which
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fills the gap at t interface. The convective heat flux

from the Steel bath t the zirconium cylinder was determined
on the basis of tH€ experimental dimensionless cofrelation-
given by equation (5.19).

Figures 6.8A and 6.8% show two zirconium cylinders )
2.54 cm in diameter, which were immersed in liquid steel at
1593°C (1866 K) for 4 seconds (Figure 6.83), and for 6
seconds (Figuré 6.8B). Cross-sections of these two cylinders
have already been presented (see the Figures B.éA and 6.38jp
One can no£ice how much the reactiion has proceeded for the
second cylinder (i.e., the one immérsed for 6 seconds).
Immersion of another zirconium cylinder at the ;ame bath
temperature for longer periods was not attempted, as it was
expected that the steel shell might break and slip offP
during.withdrawal.. For,those two cylinders the shall thick-
nesses and the reaction zones were measured. Experimental
and predicted results are shown in Figuré 6.9. Line 1 shows
how the outer radius of the cylinder changed with time.
Line 2 depicts the initial radius of the cylinder. The
dashed lines 3 and 4 present the predicted extent of the
internal exothermic dissolution reaction, and give the
location bf the steel shell and the zirconium interfaces,
respectively. Predictions from the model reveal that the
reaction'ﬁas expected to start 2.8 seconds after }mmersion.

Based on the stoichiometry of the reaction (Egn. 6.1} _and the

measured thicknesses of the Feaction zones, the extent of
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Experimental and predicted results for the
zirconiumicylinders shown in Fig. 6.8A and B.
1) Predicted :adius;

2) Initial radius; - . LD Rl
3} Measured and predicted extenﬁfof the
reaction at the steel shell; *

4) Measured and predicted extent of the
reaction at the zirconium. :
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the erosion of the steel shell and the zirconium cylinder
was determined. It seems that the extent .of the erosion of
the zirconium cylinder was larger thag'the one of the steel
sheil, fact qhich is.iq agreement with the deduced larger
values for the maés transfer coefficient of zirconium with
respect to irpn (Abpendix III). The good agreement between
the experimental and the predicted results reveals that
the determiﬁation of the heat geheration during the steel

shell period, although semi-empirical, gives consistent .

results.
g, .
6.4.2 Free Dissoclution Period ﬁ%
h;f;‘a% » |
* In tWe previous sect.ion, a way to compute the radius of

q_‘;"_{ .
- a zirconium cylinder immersed in liquid steel during the steel

shell period was described. 1In this section, the radius of

a zirconium cylinder during the free dissolution period will

be estimated. One could solve this problem directly from

the experimental results witﬂ the appliéétion of equation

(5.29), in this case for zirconium. However, another method

" was employed here, which may imply a more fundamental insight

in the free dissolution of zirconium in liquid steel.

Referring tS Figure 6.5 and 6.6 (and the Figures in Appendix II),
it can bg notiééd that in the free dissolution period of
zirconium iﬁ liguid steel (segment DE), the rate of change

of the net downward force is qlmost constant, or in other

words, the net downward force is approximately a linear

-

¢ - :



o

— ’ 156

function of time. One might wonder why that could be so, but

" a least-squares fitting of the experimental results, for the

scgment DE.(illustratgd in Figures 6.5 and 6.6), resulted in
a first degree poLynomial with a‘cd}relation coefficient |
arourd 0.988. Thig is of great importance, as it can be used
in the estimation of the rate of change of the radius of the

cylinder. Mathematically, this can be described as follows:

From equation (6.2) one has

N
dFNDF = dvimm (n - D ) = Congtant
at at 7r,s Fe,¢’ 9 OnSLe
or ‘
d d
V' . L]
dtmm = Constant
or
4 (rr’1 Y — Constant
dat "imm .
. ) . . . . dr _
or assuming only radial dissolution 27nr Limm I Cn?stant
and finally:
dr C
-y = r—l {(6.3)

Equation (6.3) is a very important one as it intrpduces
the aspect of "acceleration" in the dissolution process. In
fact it explicitly declares that.the d&ssolution speed
increases during;the frée dissolution ﬁeriod of zirconium in
liquid steel. In“this manner, it bécomes very large during
the final stages of the free dissolution where r + 0. This

eguation was introduced in the model in order to compute the

radius of the cylinder during the free dissolution period.

~
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The effective heat transfer coefficient given by equation
(5.37):was used to estimate the convective heat transfer
between the dissolving cylinder and the bath., Using also
the geneial equations of the model (described in Section 5.5.2),
the temperature distribution insiae the zirconium cylinder.
was computed. Figures 6.10 and 6.11 present these estimations
for the experimental cases presented in Figures 6.5 and 6.6,
respectively. Line a divides the diagraﬁ in two regions: A,
the steel shell period and B, the free dissolution pericod.
Line 5 shows the ini%}al radius of the cylinder. Curve 1
depicts the radius of the zirconium cvlinder. 1In region A,
it is the shell that makes the radius larger than the initial
one.. In region B, the radius decreases and the acceleration
phenomena become more pronounced, during the final stages of
the free dissolution. Curve 2 is the centerline temperature
of the cylinder, while Curve 3 is the temperature of the
'éylinder half nodal-point distance from the steel shell/
zirconium interface {region A}, ;r the liquid steel/zirconium
interface {(region B). It is quite interesting, that both
temperatures approach the ﬁelting point of zirconium duripg
the final stages of the free dissolution. This is due to
the exd;hermic manner by which the dissolution proceeds. As
it has been described in Section 3.5.3 the partial molar heat
<of mixing of Zr at infinite dilution in liquid iron is
-82.634 kJ/ﬁ;l atoms or ~-19.75 kcal/gr-atom. This is a

relatively high value (i.e., in absolute value), and the
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Experimental and predicted results from a
zirconium experiment in ligquid steel (see
Fig. 6.5). The cylinder diameter was
3.81 cm and its length was 20.5 cm.

1) Predicted cylinder radius;

2) Measured and predicted centerline

temperature;

3) Predicted temperature at the zirconium/
'steel interface;

4} Measured steel bath temperature.
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Fig. 6.6). The cylinder diameter was

3.81 cmfand its length was 20.5 cm.

1) Predicted cylinder radius;
i, 2) Measured and predicted centerline
temperature;

3) Predicted temperature at the zirconium/
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important aspect is that this is the heat liberated per

gr-atom of dissolved Zr in a relatively.large mass (~65 kg)
N .

iy

of liquid steel. As discussed in Section 5.52, the total
heat flux generated during the free dissolution period is:

Y= NN aEY
90t = Yar Zr : (6.4)

Il

where  AH) = -82.634 kJ/mol and

+
1]

N

o r the molar flux of the dissolving zirconium.

From equation (5.24) and {6.3), it is obvious that the
molar flux increases during the free dissolution; the same
is true for the q;ot' As described by equation (5.23),
the sum of the inwards directed heat flux q;n (i.e., towards
the dissolving zirconium interface), and the outwards directed

heat flux Aout is equal to the generated (total) heat flux:

™ " ”

Gtot -~ Yin * Dout (6.5)
The total/ééat flux q:;t can be estimated from equation (6.4)
while the heat flux q"Out can be deduced from equation (5.21).
Their differfnce is the inwards directed heat flux q;n . Its

estimation i critiqal to the computation of the temperature

, distributionAEnside the dissolving cylinder. One should
expect that the value of the q;n should be larger in the

| beginning of the free dissolution, just after the shell has

melted back, and when the ?ylindrical speci%en is relatively

cooler in comparison with the melt, The direct exposure of

the zirconium cylinder to the melt,, L and its exothermic

— -
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dissolution heat it up‘rapidly, ahd it starts getting hotter
than the ligquid steel. At the same tiﬁe, the steel bath

acts as a ligquid metal heat;exchanger to the dissolving
sample. The melt absorbs most of the exothermically ggnerated
heat, and therefore, the q;n decreases. Although the inwards
directed hedt flux drops to a relatively small value, it is
enough to heat the cylinder up to its melting point.

Figure 6.12 presents these details in graphical form. The
computations have been carried out for the experimental case

presented in Figure 6.5. Curve 1 depicts the inwards directed

heat flux q;n . Curve 2 shows the outwards directed heat
flux q;&t , and Curve 3 illustrates the generated (total)
heat flux q;ot . It is interesting to observe, that the

inwards directed heat flux (q;n) decreases in an almost
exponential manner, while most of the generated hf;;'ébes to
the melt at the final seconds of the free disséTGtion?F This
verifies the id?a that the q;n should decrease, obtaining
the value zero at least in the last second of the ffee
dissolution, where the last portiéon of the generated heat '
should be absorbed by the melt. |

Concluding this section, it should be pointed out that
an average value for the-q;n can be determined, during the
free dissolution period. For exaﬁple, with numerical
integration the.average value of the inwards directed heat
flux (Curve 1 of Figure 6.12) was found Po be 6.2 cal/cm?/sec

(0.26 *MW/m?). Similar analysis was performed for twelve
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experimental cases and, the average value of the inwards
+

directed flux q;n , during the free dissolution period, was

found to .be:

") 8.65 * 2.45 cal/cm’/sec

in’ avg

{q
or »

= + 2
(qin)an 0.36 0.10 MW/m

It is gquite interesting to note, that this value is very
close to thé“one reported-by Argyfopoulos and Guthrieeo, for
the inwards directed heat flux during the free dissolution
of titanium in liguid steel: 8.25 + 1.75 cal/cm?/sec or
0.345 * 0.073 MW/m?. 1In their model, they hgd assumed that
the inwards directed heat flux was constant during the free
dissolution period. Although in the present study, the
inwards direcégd heat flux was not kept constant during thé
free dissolution period, it is quite intriguing to note that

in average values, the two models give predictions which

agree very well with each other.

I

6.5 EFFECT OF THE DISSOLVED OXYGEN AND NITROGEN IN THE MELT

Evans and Pehlke107 have measured experimentally the

solubility of nitrogen in liguid- binary alloys of iron with
zirconium at 1600°C (1873 K). Some of their results are

summarized below:

% 21) [® N K' = 1% Zrl & N)
0.253 0.0425 0.01076
0.322 0.0432 ‘ 0.01391
0.409 0.0225 ! 0.00921

0.558 0.0185 0.01032
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It's worth noting, that from thesé results it séems
that up to 185 ppm of nitrogen can co-exist with 0.558 wt% Zr-
in.liquid iron, without any zirconium nitride precipitating
to an appreciable extent.  The solubility products K' were
statisticaily treated by the present author, and the following
value was determined for K':

K' = 0.011 + 0.002 (6.6)

Assuming this value to-%e constant at 1600°C (1873 X),
it is estimated that with 50 ppm N in the melt the corresponding
equilibrium concentration of zirconium is around (0.011/0.005)
or 2.2 ’wt% Zr. ’This concentration of zirconium in the
65 kg steel bath would éorrespond to the immer;ion cf three
zirconium cylinders (2.54 cm in diameter), although- after
eéch“test, most of the dissolved zirconium was skimmed off
the melt together with the formed slag:; it is repeated here,
that zirconium has a smaller density than ligquid steel.
Experimentally, it was measured that the nitrogen in the melt
was around 50 ppm. Therefore, the dissolution of zirconium
was not influenced by the dissolved nitrogen in liquid steel,
for the e#perimental conditions.under ﬁhich the tests were
carried out. @

Zirconium is known as a powerful deoxidant in liquid
steel. Theoretical calculations reveal that it can react
with dissolved Qxygen at concentrations aé low as 1 ppm. The
deoxidation practice which was followed in these tests

- (Section 4.2.2) reduced the active oxyge%‘content to
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concentrations around 10 ppm (maximum). So, at least for
thermodynamic reasons, the dissolved oxyéen'can react with
thecdissolving zirconium cylinder. A simplified analys;s
will follow in order to confirm that this has a negligible
effect on the dissolution: With a dissolved oxygen concen-
tration of 10 ppm (max), the total oxygen content in the
liquid steel is 10-107°65000 g = 0.65 g O = 0.04 mol O .
Assuming that this oxygen reacts completely with the
dissolviné zirconium to form Zro,, it will require

{(0.04/2) = 0.02 mol of Zr. WNow even for the immersion of
the smallest in diameter zirconium cylinder used in these
experiments (1.905 cm in diameter}, a mass of 220 g of
zirconium will generally b% dissolved. Then the begE?ntage
loss OFFZirconium due to the reaction with oxygen wilikbe

"0.02 {(91.22/220) 100% = 0.8%, or equivalently 99.2% of the //fﬁ

dissolving zirconium cylinder will react exclusively with o

S

r

liguid iron. This effect will appear only during the
immersion of the first cylinder in %}quid steel, duripg an

experimental day. For this purpose, a 1.905 ém (3/4")

diameter cylinder was never immersed as first. If a 2.54 cm ®

diameter cylinder is immersed then the zirconium percentage

LY

which will intermix only with liguid iron increases to 99.6%.

-

A rough estimatipn can give a value gbout the effect of the
reaction with oxygen on the generated exothermic heat. The
heat of formation of 2Zro, is given by Elliottl%8 equal to

- 1080 kJ/mol. The (maximum) heat liberated from this



reaction will then be equal bg 0.02 (~1080) = -21.6 kJ.

The heat generated due to £he exothermic dissolution of a

2.54 cm in diameter zirconium cylinder is 99.6% 5.48 (-82.634)
= ~451.0 kJ, because approximately 500 g or 5.48 mol of
iirconium will ultimately dissolve inwa test like that.

One now has (21.6/451.0) 100% = 4.8% or in other words, at
least the 95% of the recorded exothermic‘events during the

free dissolution period are attributed to the mixing of the

dissolving zirconium cylinder with the liquid#iron.

. f ‘
6.6 THE DISSOLUTION OF THE Fe-Zr (~80 wt% Zr) FERROALLOY

IN LIQUID STEEL " ’

A few lumps of the B0% grade ferrczirconium were immersed
in steel baths, in order to stully the dissolution characteristics
of this ferrocalloy. The ferroalloy samples used in these
tests were identital to those used by the steel industry.

Their length varied from 9 cm to 13 ca and their wrﬁ;h from

4 cm to 7 cm. These épecimens were supplied by Shieldalloy -
Corporation, Newfield, New Jersey, U.S.A.. The chéﬁical
composition of these samples was 79.70% Zr (almost BO%),
0.1% C, 0.009% S, and the balance was iron.

Experiments were carried out in quiescént baths (i.e.,
power off), as -well as in inductively stirred steel melts
(i.e., power on). Figure 6.13 illustrates a typical .
experimental result for the ciissolution cof ar; 80% grade

o)

ferrozirconium lump in an inductively stirred steel bath at
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ﬁ: 1635°C (1908 K). Curve 1 shows the temperature of the liquid

steel, and Curve 2 depicts the net downward force by time as
recorded by the DAPC facility. The DAPC facility started
collecting the data a few 'seconds prior to immersion. Point A

(Curve 2) .corresponds to the moment when the sample was held

Fs

motionless above the bath. After that, the sample was

lowered towards the surface of the melt, and as of that,

L] .h'}
vibrations were recorded. The immersion period correspgnds
<t to the segment BC: point C corresponds to the moment (6th

\

s%cond) when the lump was immersed into the ligquid steel.

/
The model predicted the end of the steel shell period at the
11th second. As it has been pointed out by Argyropoulost,

the mathematical formulation that is applied to the analysis

of dissolution results for pﬁre metals in liquid steel, can

also be used for the analysis of dissolution results for
ferroalloys. 1In other words, equation (6.2) can be used in
this case as well, but now, the parametefs will refer to the
ferroalloy. Measuring the weight of each lump in the air
and in the water, its density was determined. An average

value for th /density of these specimens was found to be
6738 kg/m’ wi a sample standard-error of estimaté\equal to
95 kg/m’'. As the density of this material is less than the
density of the liquid steel (i.e., almost equal to 6944 kg/m?
at 1600°C or 1873 K), one should expect that the rate off ‘ '

change of the-net downward force should be positive, as in

@Eﬂ the case of pure zirconium. The same trend, although not so -
\ :

\
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much pronounced, is followed by Curve 2 of figufe 6.13, at
the free‘disgolution perxiod. .As the density of the; liquid - :
steel and that of the lumps are very close, as f4dr as:their
values are concerned, the accuracy of the qﬁthod decreases.
Therefore, apart-from the experimental resﬁits obtained by
the method, Ehelinitial and final weights of the lumps were -
strbngly faﬁen under conkideration during the analysis of
the data.

The mass flux m", or in other words, the mass of the
dissnlving ferroalloy per unit area per unit time, can he
used to adequately describe the rate phenomena. Assuming
the disenlving lump to be a sphere of the same volume, the
rate of change of the radius by time can then be deduced as
the ratin of the mass flux divided by the density of the
ferroallny. FExperimental results for the mass flox, and
estimated values for the rate of change of the ferroalloy
radius, considered as a sphere, are presented in Table 6.1,
From this Table, one can easily notice that the inductien
stirring increases the solution rate of this ferrballoy in
liquid steel. It must be pointed out that the liguidus
temperature of this ferrocalloy (i.e., Fe-80% Zr), according
to the Fe-Zr phase diagram (Figure 3.4), is. around 1050°%C
or 1323 K. Therefore, it seems tﬁat this ferroalloy ex%ibits
melting instead of dissolution in liquid steel., In Figure 6.14,

predictions for the total melting times of 80% grade ferro-

zirconium spheres of various diameters, are presented.



Table 6.1

Eﬁperimentally measured rates &‘
of the 80% grade ferrozirconium
Quiescent Steel Bath

o
1610°C (1883 K)
Mass Flux Dissolution Speed
(m") (kg/m’ /sec) (-dr/dt) {(cm/sec)
0.56 (+ 0.0R) : 8.31 1077
Inductively Stirred Steel Baths
Masg Flwygx Pissolution Speed
(m") (kg/m7/sec)) (-dr/dt) (cm/sec)
o
1620°C (1893 X) 1
1.37 ( 0.20) 240 1072
o}
16357°C {1908 K}
Y

1.53 (+ 0.23) 2.27 10”2
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500 ————— S— SO

e

450} - f - N .'4SG'
o 400} “ : 1400
L, ‘

] |
-~ 3501 {350
L & |
- =z
~ 300} {300
250 {250
= : .
— 200} {o00
1l
W
150] {150
-1
= 100} 1100
O
—
5@ Isp
b . _
2 3 4 5 5
. DIAMETER ¢ CM ) J

- Figure 6.14 Predicted total melting times versus lump
¥ diameter (considered as a sphere) for
various conditions:
' Static conditions (pgower off):
1) Liquid steel at 1610°C (1883 K).
fﬂgz Dynamic conditions (power on):
R SR 2) Liquid steel at 1620°C (1893 K);
3) Liguid steel at 1635°C (1908 K).
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Curve 1 show
2y

, . ’ . ' ' ™.
melting period), for ferrozircenium spheres of wvarious

e total melting time (steel shell period plus

diameters immersed in qqiescent steel baths at. 1610°C (1883 K).
Curve 2 and 3 present gimilar predictionsnfor inductively

stirred melfs af 1620°%C (1893 X) and 1635°C (1908 K),
respgctively. Again, one can notice.thaﬁ éhdrter melting

times are expected, if spheres from this ferrcalloy are

immersed in inductively stirred steel melts.

6.7 DISCUSSION @

Estimated heat and molar fluxeg in the steel shell/
zir;oniuﬁ reaction zone are presented in Table 6.2. As seen
in Section 6.4.1, the predicted locations of the stetl shell/
liquid steel interface and that of the inper stéET’shell
boundary agree rather well with the experimental data. This
indicates fhat the heat fluxes estimated at the outer and
inner steel shell surfaces are both independently correct.
The starting time for the reaction at the steel shell -~
zirconium interface depends mainly upon two factors: the

cylinder diameter and the steel bath superheat.

The semi-empirical method of estimating heat fluxes

-generated during the steel .shell period involves a 15%

uncertainty. This is due to two factoré#/ffe first derives
from the convective heat transfer correlations used at the
outer surface of the steel, while Fhe second arises from the

fact that steel-shell melt back and exposure of zirconium



Table 6.2 !

Estimated Heat And Mass Fluxes During the Steel Shell and Free Dissolut%ii’?eriods

s

&

CGS Unitsg 81 Units
Heat flux at : 10.75 £ 2.15 cal/cm?/sec 0.45 + 0.09 MW/m’
the interface :
[a]
S . |
g [Molar flux of 1.47 107° ¥2.9 107" mol/cm?/sec 14.7 % 2.9 mol/m?/sec
A liron
'q N -
s |Molar flux of 1.41 10! - 2.8 10~" mol/cm?/sec 14.1 * 2.8 mol/m2/sec
T |zirconium :
o ,
A _ ,
;3 |Mass transfer : 0.016 = 0.003 cm/sec 16 107° + 3 10™° m/sec
E coefficient of iron l ‘
5]
Mass transfer . - s :
coefficient of . 0.058 * 0.012 cm/sec 58 1077 * 12 10-5 m/sec
zirconium ,
é 8'8 Heat flux during N .
g @70l free dissolution 8.65 * 2.45 cal/cm//sec 0.36 * 0.10 MW/m?
Ha 3 ot (average value) ' -

€L
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in liquid steel may be somewyhat stochastic in nature. lThus,
* any slight impeffectioné in a hot, rapidly thinning shell
will lead to premature exposure of zirconium in liquid steel.

As it has élreagy been mentioned, the free dissolution
period starts, fonce the steel shell period ends. At the
dissolving inteXface the continuity of mass dictates that
the net moles of zirconiumklpst from the dissolving cylinder

—,

per unit time, must be equal tﬁ the net moles of zirconium
diffusing into the liquid steel per unit time. Mathematically,
this can be eg;iessed_with equation (5.40) if niobium is
substituted by zirconium. With 5 similar reasoning as the

one described in Section 5.7, the followihi\fquation is
' ~

derived: *
K, C.»
_ gE = ir TZr (6.7)
t er;MZr
where dr/dt = the rate of change of the dissolwving zirconium
.cylinder radius by time; B
Ppp = the density of zirconium;
M, = the molecular weight of zirconium;
C;? = the liquidus concentration of zirconium at
the temperature of steel bath; ‘ ~
KZr = ekperimental;gass transfer coefficient.

Based on this expression, an experimental mass transfer
coefficient can be estimated. Mass transfer coefficients
experimentally measured and, predicted from equation (5.46)

during the initial stages of the free digsolution of zirconium -
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Table 6.3

Mass Transfer Coefficients of Zirconium

in the Beginning of the Free hissolution .
' ) - Predicted
Experimental " Mass Transfer
Mass Transfer Coefficient
R Coefficient from egr.. 5.46
Temperaturé (cm/sec) .(cm/sec)
1600°¢C (7.2.+ 1.0) 10~" 5.6 107"
(1873 X)
1620°C (8.9 + 1.5) 107" 5.8 107°
(1893 K)
: \
‘ .
1640°C (10.6 *+ 1.8) 107° | 6.0 103 \
(1913 K | ) 2
(19 ) .

@ \ d
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are presented in.Tab e 6 3 It is.obvious that the experi—

mentally measured mass transfer coeff1c1ents are 1arger than ¢

the predlcted ones from equatlon (5. 46) and, it seems that

there is a strong 1nf1uence of bath temperature on measured

-

L

mass transfer coeff1c1ents. This trend was observed in

. R . -'. . . . -
every experiment..

- - [ -

An average dr/dt and an average steel hath‘temperatﬁre

N

during the  frée dissolution perlod was estlmated for the 21

different runs. The Tables 6.4 and 6 5 summarlze these data

.

for testg/ carried out under static COndlthDS (power off) and

dynamic conditions (power on), respectively. Using egquation

(6.7), an average mass transfer coefficient was also computed.

T ' LGN ol e .
In order to deduce_  an Arrhenius-type relationship between the

mass transfer coeffrgient and the absolute temperature of

the melt, these datafwere plotted as.showa in Figure 6.15.

The data represented by circles correspond to tests|carried

out under static conditions yhile, #he ones represented by
triangles correspond t? experiments performed under dvnamic
conditions. It seems that there is rot any appreciable

effeet of the fluid flow characteristics on the freedgissolution

—— . )
of zirconium in liquid steel, at least for the experimental

conditions under which the tyo sets of tests were carried out.
Linear regression analysis was separately performed for the
two sets of data (i.e., the mass transfer coefficients from

tests with power off and on), and the resulting correlations

of log K vs. (1/T) gave mass transfer coefficients which

. -

\
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,
it

Cr
L o
s

- © " Table 6.4

Experimentally Measured "(-dr/dt) and Mean Mass Transfer
Coefficients during Zirconium Free Dissolution

Under Static Conditions.

Temperature (-dr/d4t) 107 Kgip'loa

Run No. (OC) (K) {em/sec) {cm/sec)
1 1614 1887 8.79 9.41
2 1629 1902 9,00 9.64

_ 3 1637 1905 9.25 9.91 *

4 1640 1913 11.58 12.41
5 1642 1915 12.05 12.91
6 1645 1918 ) 11.60 12.43
7 1643 1916 11.30 12.10°
8 1622 1895 8.22 8.80
9 1_1595 1868 6.81 7.30
10 1602 .‘]\875 6.77 7.26
11 1603 1876 6.61 7.09
12 1608 1881 8.45 9.05
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» ' ﬁ Tab]—e 6.5

‘ Y :
Experimentally Measured;(—dr/dt\\?nd Mean Mass Transfer
Coefficients during Zirconium_Free‘Efssolutio

Under Dynamic Conditions

L%
'3'\
Temperature (-dxr/dt) 102_ ng 02
Run No.i (°c) {K) (cm/sec) {(cmisec)
13 1618 1891 8.37 ' 8.97 o
14 1621 1894 ~8.65 9.27
15 1638 1911 12.08 ' 12.94
16 164€ Jo18 10.79 ( 11.56
17 1657 1930 12.19 ' \113.07
18 1605 1878 7.40 - 7.94
19 1600 1873 6.99 7.49
20 1613 - 1886 7.41 ' 7.94"
21 .1635 1908 © 11.40 12.22
v -
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Figure 6.15 Arrhenius-type plot of the experimental

: mass transfer coefficients.

. Mass transfer coefficients deduced
from tests which were performed under:
(0) Static conditions ({power off);

{4) Dynamic conditions (power on).

a
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differed by 1.5% (maximum) for the temperature range 1580°¢
(T§53 K} to iﬁéOOC (1933 K). So, it was decided to correlate
all the data together and the straight line 1 (Figuré 6.15)
illustrates this r?Sult in graphical form. In mathematical

form the following equation was derived:

= _B
log KZr = A 7 {(6.8)
1)
where A= 8,351 + 0.729
= . + 82.5
~._ B = 17757.8 * 13

——

with a correlation coefficient 0.947, 19 degrees of freedom
and a standard error of estimate 0.031. The apparent
activation energy was found to be 81.2 (% 6.3} kcal/mol or,
340 (+ 26.4) kJ/mol. Large values of the apparent activation
energy have been reported in previous studies i.e.,

65.1 kcal/mol (273 kJ/mol) for the dissolution of molybdenum41
in ligquid-iron, 70.5 kcal/mol (296.3 kJ/mol} and 71.5 kcal/mol
(300.6 kJ/mol) for the dissolution>’ of titanium and vanadium
in liguid steel, respectively. Although tﬁese values/are
relatively iargea liguid phase mass—tranéfer has been
considered tééxrate controlling stép. However, for the
dissolution of zirconium in liquid steel this may not bé

the case as no effect from the induction stirring was
identified. Even though this may be true and geﬁg}éi\for

the case of zirconium, it is mandatory to restrict the
generality of this conclusion to the experimental conditions

under which these tests were carried out. It 'is necessary

to extend this study in bigger vessels (i.e., ladles),
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capable of containing iarger quantities of liquid steel and
in which, the stirring intensity will be more pronounced than
the one generated by induction stifring in the steel baths,
used for the present work. Conseauently, without any further
experimental results ayailable; no conclusion can be drawn

on the rate-controlling mechanism.

y
b

There are some more phenomena relited to the tests
themselves which should be discussed. Visual examination of
the bath surface close to the dissclving zirconium cylinder
showed it becoming much hotter aﬁd turbulent, with the
upwel;ing plume of liguid becoming faster during the later(w’
stages of free dissolution. It has been ghown in previous
figures (i.e., Figures 6.10, 6.11) that the predicted

-

temperature near the dissolving front exceeds the bath
tempera%hre and approaches the melting point of =zirconium
(1852°C or 2125 K), during the final stages of the free
dissolution peridd. In this way the mass transfer coefficients
become more sensitive to temperature chénges, and therefore,
the mechanism of accelerated dissolution (egn. 6.3) comes
into effect. It must be a combination of effects that gives
rise to this dissolution behaviour: The exothermic dissolution
increases the temperature of the disgolving front, which in
turn has as a result to accelerate the dissolution by
increasing the mass transfer coefficient.

Linear regreSSion analysis was performed to the reéhlts

presented in Tables 6.4 and 6.5, The following relation was

deduced:
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dr .

| <L = {6.9)

[dt] aT+Db
avyg

10.45 10™*

%
oy
)
H
m
o
i

o
H

-1.89

temperature in Kelvin.

=
It

The cor ation coefficient was found to be 0.941, with

19 degrees of freedom, and a standard error 0% estimate
0.007. With the application of.the model in order to
estimate the steel shell period For a particular diameter
cylinder, and the statistically deduced equation (6.9), the
total dissolution times required for the dissolution of
zirconium cylinders at various diameters can be determined.
Figure 6.16 shows these predictions for zirconium cylinders
of various diamete{s immersed in steel baths at 1590°C or
1863 X (Curve 1), 1615°C or 1888 XK (Curve 2), and 1640°C or
1913°K (Curve 3}, under static tonditions. Instead of using
equation (6.9) to estimate the free dissolution period,
another way to achieve this could be by direct integration of

equation (6.3) which would give:

= RN

r

teq = 3c, (6.10)
where teg = free dissolution periéd;
r, = the initiél radius of a zirconium cylinder;
B C, = a constant. )

However, experimentally deduced values of the constant C;
revealed that €, is approximately equal to r,(a T+ b)/2,

and therefore, almost the same results would be obtained.
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Figure 6.16 i:Predicted total dissolution times versus
- diameter under various temperatures
1) Liquid steel at 1590°C (1863 K);
2) Liquid steel at 1615°c (1888 K);
< - 3) Liquid steel at 1640°C (1913 K).
3
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In any case, it should be kept in mind that the predictions
presénted in Figgre‘6.16 are éemi-empiricql in natufe.
Another very important aspect which should be pointed out
is the exothermicity itself. Suppose for a moment that
zirconium does not exhibit any exothermic dissolution in
liquid steel. One might wonder to.know the superheat of a
hypotheéical steel bath in which a zirconium cylinderﬁ%elts,
but with a melting speed similar to the dissolution speed
determined experimentally 1 thg actual tests. Of course,
the temperature of this hypothetical steel bath should be
above the melting point of zirconium (18520C or 2125 K). At
those high temperatures, the steel shell?period is-so small
that can be neglected. The avefage (overall) heat flux (q“)

which is supplied to the melting zirconium cylinder .is then:

1 m AH

ql = m (6.11)

where m = the melting mass of the zirconium cylinder;
A = the average area of the cylinder;

At = ghe total time required to melt the mass m;

AH = the total amount of heat reguired to raise the -
temperature of a unit mass of zirconium from the rooﬁ
temperature to the melting point, plus the latent heat of
fusion; using the F*A*C*T systemgl, this value was found to
be 887 kJ/kg (212 cal/g). The following relationship was

found to relate the average area (A) and the initial area

(A,) of a zirconium cylinder:
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A =f Ay (6.12)
where f is a correction factor ha;IAg a value 0.7 within 2%
uncertainty. Assuming that the melting occurs at the radial

di;ection only, equation (6.ll) can be written as:

" p(
q = "2"-f— ug AH . (6.13)
where p = the zirconium density;
ug = - %% = the average dissolution speed
avg : .

{egn. 6.9). -

For simplicity, equation (6.13) can be re-written as:

g = 4.11 ug (6.14)
where the ynits of g and uy are MW/m’ and cm/sec, respectively.
This equation reveals that there is a direct (i.e.}
proportional) rélaticn betwen the required heat flux and
the solution speed. The heat flux (q") is related with the

heat transfer coefficient (h) according to egn. (6.15):

114

g =h (TB - Tmp,Zr) = h ATZr (6.15) -
wheré Tg = the temperature of the hypothetical steel bath; )
Tmp,Zr = the zirconium melting point.

For the determination of the heat transfer coefficient (h),
the correlation.(5.19) was extrapolated from the common

steel-practice temperatures (i.e., around 1600°C or 1873 K)
up to the hypothetical steel bath temperaturegw After some

mathematical manipulations of equations (6.15) and (5.19),

the resulting formulas were: -
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woafh
AT . = 1.69 107 (g )’ - when ¢ = 0,17
(i.e., power off) (6.16)
and z w3
AT, = 1.35 107%(q ) when ¢ = 0.23 .
with q" in MW/m?. (i.e., power on) (6.17)

Figure 6.17 has been drawn acéording to estimétiOns
based on equations (6.14), (6.16), and (6.17). Curves 1l and 2
depict the effect of exothermicity on the steel bath ~
superheat under static and dynamic conditions,‘respéctively.
of cdurse, at those high st®el bath temperatures, the
induction stirring may not have the same significance as at
lower temperatureé, but one can obta}n at least a qualitative
picture. It is interesting *o note, that the exothermicity
substantially decreases the bath superheats required to
dissolve zirconium in liguid steel. . In tWe absence of any
exothermic event, melting could be consiéered the only
mechanism that could give rise to solution rates similar to

the ones deduced experimentally.



188
CHAPTER 7 :

7. - THE DISSOLUTION OF NIOBIUM ALLOYS IN LIQUID STEEL

7.1 INTRODUCTION

In this chapter, the disscolution of the high purity
ferroniobium alloy in liquid steel ﬁi}l be examined. The
effect of the dissolved oxygen on the dissolution speed of;
standgkd ferroniobium in liquid steel will be discussed.

!
Final the dissolution of a Nb-Ni alloy in liquid steel,

will /be studied as well.

/7.2 EXPERIMENTAL WORK

The steel baths were of the same material and quantity
as mentioned in Section 4.2.1. The experimental procedure,
as far as the adjustment of the steel bath chemistry, the ‘
immersion of the bath_thermocouple, the weight sensor, and
the microprocessor based DAPC facility are éoncerned, was
similar to the one, described in the Sections4.2.2through
4.2.5. Iﬁs;ead of the immersion of cylindrical specimens,
lumps of ferroalloys identical to those used by the steel
industry were immersed. The length of these lumps varied
from 9 cm to 13 cm and the width from 4 c¢m to 7 cm. Table 7.1

-
gives the chemical compositions of the ferroalloys used; they

were supplied by Shieldalloy Corporation, Newfield, N.J.,

v.8.a.. -
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‘ Table 7.1

Chemical Compositions of Ferroalleoys Tested

-~

Ferroniobium . " Ferroniobium

Standard .High Purity A
Grade Grade
’ ﬁb = 66.00% fofgb = 64.00%
" ' C=0.17% Y c = 0.06% o

5i = 2.43% S = 0.007%
Al = 3.33% Al = 0.75%
Fe = Balance Si = 0.02%
N = 0.008%

Fe = Balance

Nb~Ni Alloy

Nb = 64.5%
'C = 0.02%
S = 0.002%
Si = 0.12%
Al = 0.76%
d = 0.02% ‘

N = 9.01%

Sn = 6.01% (max)
Pb = 0.001%

P = 0.011%
Fe = 0.126%

Ni = Balance

189
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7.3 RESULTS AND DISCUSSION

' Figqure 7.1 shows a typical expérimental result for the
dissolution of a high-purity ferroniobium lump in ligquid
steel, under static conditions (i.e., power off). Curve 1
depiéts the bath teﬁperature while Curve 2 illustrates the
net downward force, as a funéfion of time. The DAPC faéility
started collecting the data a few seconds prior to immersion.
At point A the lump was above the melt; the.segment BC
denotes th® immersion period. The steel shellkperiod
(segment CD) was completed at the 19th second, after which
the free dissolution period followed. The mass flux (m"), or
in other words, the dissclving mass of this lump per unit
surface per unit time was estimated (based on these
experimental results) to be equal to 0.069 g/cm?/sec
(0.69 kg/m’/sec). ‘Another experimental result is shown in
Figure 7.2, This test was carried out under dyngmic conditions
that is,ithe power to the induction furnace was iept on

‘gduring the experiment. The mass flux m" was found to be
0.112 (* 0.009) g/cm®/sec (1.12 * 0.09 kg/m®/sec). Although
the average bath temperature of the second test w;s higher
than the first, an effect was actually found from the fluid
flow conditions in the vicinity of the dissclving ferrcalloy
on its dissolution speed. So,'large¥ dissolution rates were
determined for the experiments which were performed under

62

dynamic conditions. Previous work on this subject has

shown that the dissolution characteristics can be enhanced
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Figure 7.1 Results from a typical dissolution experiment
of a high-purity ferroniobium lump in ligquid

} steel under static conditions.
%\}J/ 1) Measured steel bath temperature;

2) Registered net downward force.
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Figure 7.2  Results from a typical dissolution experiment

of a high-purity ferronjobium lump in liquid
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1) Measured steel bath temperature;

2) Registered net downward force.
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Predictions for the totdl dissolution times
of high-purity ferroniobium lumps, considered
as spheres, as a function of lump diameter
and experimental conditions:
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up to 60% under the influence of induction stirring. Similar
results have been observed in this study, as well. Figure 7.3
depicts predictions for the total dissolution times of high
purity ferroniobium lumps considering them as spheres of
various diameters. Curves 1 and 2 give predictions for the
total dissolution times of lumps under static conditions, -
while Curves 3 and 4 give predictions for the total dissolution
times under dynamic conditiens. The bath temperatures are
supposed to be: 1610°C or 1883 X (Curvé 1), 1630°C or 1903 K
(Curves 2 and 4), and 1620°C or 1893 K (Curve 3). The high-
purity grade ferronidbium has been found62 to dissolve faster
than the standard grade ferroniobium, which is extensively
used in the steel industry, under the same exper}mental
conditions. Nevertheless, induction or argon stirring of

the liguid steel in the ladle is important for shorter

dissolution times and homogenization of the melt.

7.4 THE EFFECT OF OXYGEN ON THE RECOVERY AND DISSOLUTION OF

THE Fe-Nb ALLOYS IN LIQUID STEEL

o

Modern steelmaking practice requires ferroalloys with
repeatable and consistently high recoveries. The use of
ladle furnaces or ladle meﬁallurgg stations for refining and
alloying, currently increases in modern steelmaking practice.
Emphasis on recovery of alloying and speed of solution will
be required for these ladle furnaces in order to bptimize

their use. An important factor which influences the
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recovery of alloys is the active oxygen in molten steel.
Various steelmaking operations have experienced different
recoveries on ferroalloys. However, what is even worse, is
that the recoveries are quite often erratic. This is usually
true‘in steelmaking practices where different microalloying
ferroalloys are used under semi-killed steel Bath conditions.
The prime objective of this study, was to understand
the fundamental factors that control the recovery of solid
ferroalloy additives (with emphasis on standard ferroniobium),
and quantify these factors in simple mathematical (statistical)

formulas.

/}%? Recovery depends upon the physicochemical properties of
/‘" .
the ferrocalloy, such as solution speed and density, as well

as on the dissolved oxygen in liquid steel. Tt has been

prnpnged70 that a mathematical expressimon mnst exist:

R=Ff (u, p, 101) {(7.1)
where R = recovery;
u = solution speed; .
p = density;
(0] = dissolved oxygen in liquid steel. |

Dissolved oxygen content is all of the non-combined oxygen
dissolved in liquid steel. Active oxygen content is that
part of the dissolved oxygen , which is not associated with
other elements in the steel. For the fesults presented in
this .section, the dissolved oxygen will be considered’ as

equal to the active oxygen content. For the low residual
¢

(. |
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concentrations of dissolved niobium ‘in ligquid steel (as.in
this case), the dissolved and the active oxyggn contents are
_ .equal within a 5% uncertainty.

Conditions of ladle metallurgy stations were simulated
in the induction furnace described in Section 4.2. The steel
bath was prepared by melting down 65 kg of ARMCO IRON. The
bath temperature was brought up to 1600°C (1873 X), and
thereaftér maintained to within 210 K by adjusting the input
power to the induction furnace. dgly for this measurement,
Leeds and Northrup Dip-Tip thermocouples were used. The
power to the induction furnace was kept on during the
experiments. The standard grade ferronicbium lumps had an
average length and width of 11 cm and 5 cm, respectively;
their chemical composition is given in Table 7.1. Figure 7.4
presents a schematic cross-section of the experimental
apparatus. The solution‘épeed characteristics of the {v
ferrcalloys were measured with a weight sensor (Section
4.2.4). The active oxygen and the bath temperature were
measured with the CELOX oxygen-probe system made by
Electro-Nite Co. The analog outputs of the weight sensor
and the oxygen probe system were fed into the uMAC-5000.

An intelligent measurement facility (INMEFA) capable of
collecting and storing thé anaiog data, was built and
programmed for this research work. The intereéted reader

should refer to reference 83 for more details about this data

acquigftion and process-control facility. A BAIRD-ATOMIC

[/
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Oxygen Sensor
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Figure 7.4 Schematic cross-section of the induction
furnace with ferroalloy lump, weight sensor,
CELOX oxygen-probe system, and the intelli-
gent satellite microperipheral uMAC-5000.
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Spectrometer (SPECTROVAC 1000 Model DV-2) was used for

the chemical ahalﬁsis of samples, which were aspirated from
the steel bath. In general terms, the following procedure
was followed: When the ARMCO IRON had melted and the
'temperdéure had first reached 1600°C (1873 K), the measufed
active oxygen was found to be 1200 * 50 ppm. Prior to every
solution rate measurement, the active oxygen and the
temperature of steel bath Qere recorded. After measuring the

solution speed, an aspirated sample was taken from the steel

bath for chemical analysis. The following formula was used -
for the calculation of recoveries: \
Ry, = Wb yg0q (7.2)
MreNb
where Ryp = nléblum recovery;
myp = Mass of the ferrxoalloy that was found in the
liguid steel after chemical analysis;
Meonp — MaSS of the ferroalloy which was found to be

trénsferred into the liquid steel by the weight
Sensor.

Figure 7.5 presents typical dissolution of standa;d
ferroniobium into liquia steel. These results were obtained
immediately after the measurements illustrated in Figure 7.6.
Curve 1 (Figure 7.6) shows that the temperature of the melt
was around 1873 K, and Curve 2 of the same figure illustrates
that the active oxygen content was almost 1100 ppm. The
slope of the segment DE (Figure 7.5) is very small, and this”

is an indication of a very low dissoclution speed of standard
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Figure 7.5 Typical experimental result obtained from
” measuring dissolution of standard ferro-
niobium in liquid steel. The active ; ®

oxygen of liquid steel for this case is
shown in Figure 7.6.




L
-

200
18973 ‘1 ' 11300
1873F 1200
1773} 1100
1573'_
1573F 1200
1473} Japp
< 1373f |
w 1273}
| 1700
&§1173 :
E 107 3f - 4600 .
R | |sa0
ch 873' &
= 773] |
6573} 1300
573' '2GE
473}
373 11ee
LD [l . il Il
g 3 _— g 12 15
TIME ¢ SEC )
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measuring the dissolution rate of the
standard ferroniobium lump (Fig. 7.5},
curve 1 shows the measured temperature,
and curve 2 depicts the recorded active
oxygen in liquid steel in ppm.
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ferroniobium in a steel bath with 1100 _ppm active oxygen
content.
Figure 7.7 shows experimental résults for standard
ferroniobium, where the measured recovery is plotted against
the measured active oxygen of the steel bath. Linear

regression analysis of these results was performed, in order

" ‘--‘v“:‘a;

to deduce a relationship betw%ﬁn the recovery of niobium and
the active oxygen idthe stee

bath. The equation for

Curve 1 in Figure 7.7 is:
Ryp = 70.5 - 0.045 0] (7.3)

with a correlation coefficient of 0.973 at 7 degrees .of
freedom and a standard ergor of estimate 4.47. These results
show guite clearly that as the active oxygen increases the
expected recoveries decrease. This is because, under these
conditions the ferrcalloys act as gdgeoxidizers. 1In the case
of fully killed steel (i.e., very small active oxygen), the

present correlation agrees well with the niobium efficiency .
. . 149
given by Silver : 75% (+ 1ll%}).
Figure 7.8 shows the effect of active oxygen on the

dissolution speed of standard ferroniobium lumps. It seems

thaE]there is a significant effect on the dissolution speed
'

resulting from the active oxygen. Linear regression analysis

of these results was performed for a relationship between

the solution rate and the active oxygen in the steel bath.

- The equation for Curve 1 in Figure 7.8 is:
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Figure 7.7 Niobium recovery from standard ferroniobium
lumps as a function of active oxygen in
liquid steel. Curve 1 shows the regression
line.
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Figure 7.8 Dissolution speed of standard grade ferro-

niobium lumps as a function of active
oxygen in liquid steel.
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u = 23.4 - 0.014 101 Y(7.4)

where u = dissolution speed.(in mg/cm?/sec) with a
correlation coefficient of 0.984 at 4 degrees of freedom and
a standard error of estimate 1.34. Althéugh the active
oxygen content does not seeﬁ to inflpencg'the dissclution
speed of ferrocalloys with melting range below the steel bath
temperature, it exﬁibits a negative eéffect on the solutioﬁ
rate of ferroalloys with melting points above the temperaturé
of the liquid steel; the 80% grade ferrovanadium is anoﬁher

example (see reference 83). This can be explained by the

fact that these (high melting. point) ferrocalloys follow a

ea

dissolution (not melting) mechanism, and consequently, their
assimilation into liquid steel is very slow. Since the
standard ferroniobium has very slow dissolution kinetics, it
has a greater chance of forming so0lid refractory oxides

whenever it is used in a steel bath with a high active

S

oxygén content. This in turn, might reduce their effective

dissolution speed. Similar results have been obsebjed for

4

the dissolution characteristics of the 80% grade ferro-

vanadium in ligquid stee183.

.3

7.5 THE DISSOLUTION OF Nb~-Ni ALLOYS IN LIQUID STEEL

The Nb-Ni alloys are not so extensively used in the
steel industry. Depending on specific customer demands
however, these alloys can sometimes be employed. Furthermore,

tMESimultaneous introduction of two important alloying
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elements (niobium and nickel) into liquid steel, with the
use of just one alloy addition, may also have positive
economic benefits. Finally, as it will be discussed in this
section, the fast solution rates that this alloy exhibits in
liquid steel, make it an attractive alternative with réspect
to customary ferroniobium and/or ferronickel alloys.

The solution rates of lumps from this alley in liquid
steel were experimentally measured. The chemical composition
of the Nb-Ni alloy used, is given in Table 7.1. The densities
of these lumps were found to be ig-the range 8740 * 174 kg/m®.

Figure 7.9 illustrates a typical experimental result
from the dissolgtion of a lump of this alloy in liquid steel.
This test was performed under static conditions in a steel
bath with an average temperature of 16550C {1898 X). Curve 1
depicts the bath temperature as recorded by the DAPC facility
during the test. Curve 2 shows the monito%ed net downward
force. Similarly, the segment BC signifies the immersion
period, while the segment CD represents the steel shell
period. The part DE of Curve 2, is the free dissolution
period of the lump in the molten steel. It seems that this
alloy exhibits a relatively fast solution rate, and therefore,
no significant changes to the net downward force are recorded
during the period represented by the éegment EF. Table 7.2
gives the measured solution rates {(or equivalently, the
mass fluxes) of this alloylin quiescent steel baths at various

temperatures. Table 7.2 also presents an average rate of
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Figure 7.9 A typical experimental result from the melting >
of a niobium-nickel lump in liquid steel.
1) Measured steel bath temperature;
2) Registered net downward force.
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Table 7.2

Solution Rates of Nb-Ni Lumps

in Ligquid Steel Under Static Conditions

™~
Mass Flux {(-dr/d4dt) 10°
Temperature ) )

(g/cm’ /sec) (kg/m’ /sec) (cm/sec)
1605°¢ 0.103 (+0.008)' 1.03 (+0.08) ©11.78
(1878 K)
1610%¢ 0.110 (* 0.009) 1.10 (*+ 0.09) 172.59
(1883 K)
1625°C 0.147 (+0.012) 1.47 (+0.12) 16.82
(1898 K)
1634°¢C 0.220 (*0.018) 2.20 (*0.18) 25.17
(1907 K)
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change of radius.of hypothetical spheres of thiélalloy, which
exhibit thé"@iveﬁ éOlﬁtiBﬁ'fates'at'thé”Cb?fé§§6ﬁ&1ﬁ§maVEEEge
bath'tempe;atﬁrés. One can generally notice, that this
ailoy diSsSlves relatively fast in liquid steel, even under
statié conditions. An inspecti?n of the Nb-Ni phase t'iiagram120
shows that the iiquidus temperature of Lhe 65 wt¥ Nb -

3? wtg Ni_allof is about 1310°C or 1583 K. Deeleyl gives

1583 K and 1613 K for the solidus and liguidus temperatures

of this ferroalloy, respectively. It seems that the solution
mechanism of this alloy in liquid steel is melting, and not
dissolution. Figure 7.10 shows predictions for the total

melting times of Nb-Ni spheres of various diameters in liguid

steel under static conditions.
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Figure 7.10

Predictions for total melting times of
spherical niobium-nickel lumps in liquid
steel under static conditions:

M Liquid steel at 1600°C (1873 K);

2) Liquid steel at 1615°C (1888 K);

3) Ligquid steel at 1630°C (1903 K).

-
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Figure 7.11 A typical sequence of events occurring during
a typlcal melting test of a nloblu.m—nlckel
" alloy in liquid steel.
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CHAPTER 8§

8. - CONCLUSIONS

The purpose of this work was to investigate the phenomena
which take place during-the dissclution of niobium and
zirconium in liquid steel. Some conclusions are summarized
below:

1) For the dissolution of niobium and zirconium cylinders
in liguid steel two distinct periods were identified. The
'steel shell period’ and the 'free dissolution period’.

2) Depending on the steel bath superheat and the fluid
flow patterns in the vicinity of A niobium cylinder, which
is kept motionless ih ligquid =teel, a réaction may or may not
take place at the steel shell/niobium interface. The
conditions under which this reaction does occur have been
investigated, and the reaction products have been identified.
As this .reaction generally t;kes place at the final stages of
the steel shell period, the produced exothermic heat has a
negligible effect on the duration of the steel shell period.

3) Niobium dissolves relatively slowly in liguid steel
and its dissolution rate is greatly enhanced when the melt
is‘inductively {or otherwise) stirred.

4) In the early stages 0f the steel shell beriod, and
when the temperature at the steel shell/zirconium interface.
is around 947°Q (1220 K), the dissolution reaction starts.

A liquid film of eutectic composition thenjforms and an

exothermic reaction is initiated. The heat-generated from
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this reaction makes the steel shell period shorter. The heat
involved in this reaction has been quantified and its net
effect (in the form of heat flux) has been determined.

5) The dissolution rates of zirconium cylinders have
been measured during the free d%gsolution period. Due to
the vigorous exotﬁermic dissolution of zirconium in liguid
steel, the temperature at its dissclving front exceeds the
bath temperature causing the dissoclution to accelerate. 1In
the final stages of the free dissolution period, the temperature
of the zirconium cylinder increases so much, that it reaches
the zirconium hmelting point.

6) ggr the experimental conditions undexr which these
tests were carried out, the dissolutiun rate of zirconium was
not influenced by the induction stirring of the melt. .Without
any more experimental evidence(i.e., experiments carri;d out
in bigger vessels), this conclusion should be restrictéd for
those conditions under which this study was undertaken.

7) An existing mathematical el has been extended, in
order to describe the coupled hea'/and mass transfer events
which take place during the dissclution of both metals in
liquid steel. The model provided a good quantitative ¥
representation of the processes studied.

B) The digsolution of some ferroniébium and ferro-
zirconium alloys in liquid steel was investigated. The  *
effect of oxygen on the niobium recovery and the dissolution

of standard ferroniobium lumps, was also examined. A mass
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transfer mechanism seems ‘to control the dissolution rates of

most ferroalloys studied. In the case of the 80% grade

- ferrozirconium and the 65% Nb-Ni alloys, melting seems to be

the mass transfer mechanism which determines their assimilation

in liquid steel. ' 4
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CHAPTER 9 |

. , ¥
9. FUTURE WORK

As it has been mentioned in the Chapters 6 and 8, the
dissolution rates of pure zirconium cylinders in liqﬁid steel
seems to be independent of the fluid flow cngracferistics of

the steel bath. This conclusion is restricted only to the

’experimental conditions under which these tests have been

carried out. Similar tests should Ee performed in ladle
metallﬁrgy stations for example, whexe larger quantities of
steel can be treated and more powerful stirring systems can
be applied. _In this way the dissolyition rates of zirconium
could be measured under the maximum passible degree of
turbuience. )

Another area where further work is called for is in the
determination of the various factors which reduce the
dissolution rates of Class II ferrcalloys (i.e., ferroalloys
with melting range above the steel-bath temperature) in 3
liguid steel with high level of active oxygen content.

Finally, the heats of mixing of liquid iron-zirconium

alloys should be measured experimentally.
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CHAPTER 10 ’

10. CLAIM TO ORIGINALITY

. : e
~ According to- the author"™s opinion, the following aspects

are contributions to original knowledgei

1) The steel shell periocd pf niobium cylinders in liquid
steel has_been investigated for tge first time. Conditions
under which a reaction takes place at £he steel shell-niobium
interface have been examined. The reaction products have
been identified. )

2) The free dissolution period of niobium cylinders in
liquid steel has been studied. The dissolution rates, at
various bath temperatures and fluid flow conditions (static
or dynamic), have been measured in a detailed manner for the
first time.

3) A thermodynamic study for the heats of mixing of
Fe-Zr Tiquid alloys has been performed, and mathematical
equations have been proposed. -

4) The steel shell period of zirconium cylinders in
liquid steel has been examinedffor the first time. The
reaction which occurs at the steel shell-zirconium interface
has been investigated, and the reaction products have been
identified.

_ 5) The exothermic, self-accelerating dissoluticn of

zirconium cylinders in liquid steel has been experimentally
measured for the first time. For the experimental conditions
under which the tests were carried out, the inducticn stirring

did not seem to influence the dissolution rates.

-

.
¢
W -
L.
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6) A mathematical model has been proposed, which gives
predictions for the coupled heat and-mass £ransfer phenomena
which participate during the free diésolution period of
niobium and zirconium in liquid steel,.

7) The effect of oxygenion the dissolution and recovery

of the standard ferroniobium has been investigated for the

first time.
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Results fram a typical niobium dissolution
experiment (Run no. 7, Table 5.2} in liquid
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Measured steel bath temperature;
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Measured and predicted {4) centerline
temperature.
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Results from a typical niobium dissolution

experiment (Run no. 6, Table 5.2} in liquid

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm. |

1) Measured steel bath temperature;

2) Registered net downward force;

3) Measured and predicted (4) centerline
temperature.
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experiment (Run no. 2, Table 5.2) in liquid
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1) Measured steel both temperatuxe,

2) Registered net downward force; .

3) Measured and predicted (4) centerline

temperature.
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Figure I-4 Results froma £ypica1 niobium dissolution

experiment (Run no. 14, Table 5.2) in liquid

steel. The cylinder diameter was 3.8l cm

and its length was 12.4 cm.

1) Measured steel bath temperature;

2) Registered net downward force; -

3) Measured and predicted temperature 1.4 em
apart from the cylinder axis;

4) Measured and predlcted centerllne
temperature.
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Figure I-5 Results from a typical niocbium dissolutiggd’f:>
experiment (Run no. 1, Table 5.2) in liqu J

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force;

3} Measurei and predicted (4) centerline -
temperature.
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Results from a typical nicbiup dissolution
experiment (Run no. 8, Tableé .2) ;in liquid
steel.\ The cylinder diameter was 1.905 cm
and its ngth was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Figure I-7 Results from a typical niobium disspfﬁtion

experiment (Run no. 11, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1} Measured steel bath temperature;

2} Registered net downward force.
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Results from a typical niobium dissolution
experiment (Run no. 18, Table 5.2) in liquid

steel. The cylinder diameter wag 1.905 cm
. and; its length was 18 cm.

1) Measured. steel bath temperature;
2) Registered net downward force.
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Figure I-9 Results from a typical niobium dissolution >

experiment (Run no. 13, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Results from a typical niobium dissolution
experiment {(Run no. 15, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;
2);Registered net downward force.
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Figure I-11

Results from a typical niobium dissolution

experiment (Run no. 9, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm

and its length was 18 cm. .

1) Measured steel bath temperature;

2) Registered net downward force.
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Results from a typical niobium dissolution
experiment (Run no. 16, Table 5.2) in liquid
steel. The cylinder diameter was '1l.905 cm
and its length was I8 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Figure I-13

Results from a typical niobium dissolution
experiment (Run no. 10, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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TN
Results from a‘*typical niobium dissolution
experiment (Run no. 12, Table 5.2) in liquid

© steel. The cylinder diameﬁ@r was 1.905 cm

and its length was 18 cm.

" 1) Measured steel bath temperature;

2) Registered net downward force.
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Figure II-1 Results from a typical zirébnium dissolution
N experiment (Run no. 2, Table 6.4) in liquid
P steel. The cylinder diameter was 2.54 ¢cm
\ and its length was 18 cm.
\ 1) Measured steel both temperature;
: 2) Registered net downward force;
3) Measured and predicted centerline
temperature.
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Results from a typical zirconium dissoclution

experiment (Run no. 6, Table 6.4) in liquid

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force;

3) Measured and predicted centerline .
temperature.

v’

'NET DOWNWARD FORCE ( N

~236

J

./



237

TEMPERATURE ( K D
NET -DOWNWARD FORCE ( N )

TIME ¢ SEC >

-/

Figure II-3 Results from a typical zirconium dissolution
experiment (Run no. 12, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm 2
and its length was 18 cm.
1} Measured steel bath temperature;
.2} Registered net downward force;

N 3) Measured and predicted centerline

temperature,
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Figure II-4 Results from a typical zirconium dissolution
experiment (Run no. 7, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm
and its length was 18 cm. v
1) Measured steel bath temperature;

2) Registered net downward force;
3) Measured and predicted centerline
. temperature. '
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TTFigure—FI~-5-—Resultts-from--a—typicalzifconium—dissolutien- - -

experiment (Run no. 11, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm

and its length was 18 cm..

1) Measured steel bath temperature;

2) Registered net downward force;

3) Measured and predicted centerline
temperature.
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Figure II-6 Results from a typical zirconium dissolution
experiment (Run no. 8, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force;

r3) Measured and predicted centerline
temperature. '
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Results from a typical zirconium dissolution

experiment (Run no. 4, Table 6.4) in liquid

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1} Measured steel bath temperature;

2) Registered net downward force;

3} Measured and predicted centerline
temperature.
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Results from a typical zirconium dissolution

experiment (Run no. 9, Table 6.4) in liquid
- steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1) Measured steel bath temperature;

2} Registered net downward force;

3) Measured and predicted centerline
temperature. .
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Results from a typical zirconium dissolution
experiment (Run no. 5, Table 6.4) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Figure II-10 Results from a typical zirconium dissolution
experiment (Run no. 1, Table 6.4) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;
2) Registered net downward force.
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Figure II-11

Results from a typical zirconium dissolution
experiment (Run no. 3, Table 6.4) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Figure II-12 Results from a typical zirconium dissolution
experiment (Run no. 18, Table 6.5) in liquid
steel. The cylinder diameter was 2.54 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force;

3) Measured ard predicted centerline
temperature.
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Results from a typical zirconium dissolution

experiment {(Run no. 21, Table 6.5) in liquid

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1) Measured steel bath temperature;

2} Registered net downward force;

3) Measured and predicted centerline
temperature. '
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Results from a typical zircoium dissolution

experiment (Run no. 19, Table 6.5) in liquid

steel. The cylinder diameter was 2.54 cm

and its length was 18 cm.

1} Measured steel bath temperature:

2) Registered net downward force;

3) Measured -and predicted centerline
temperature.
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Figure II-15 Results from a typical zirconium digsclution )
experiment (Run no. 13, Table 6.5) in liquid
steel. The cylinder diameéter was 1.905 =
and its length was 18 cm. ‘
1) Measured stgel bath temperature;
2) Registered net downward force.
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Results from a typical zirconium ‘dissolution

experiment (Run no. 16, Table 6.5) in liquid
steel. The cylinder diameter was '1.905 cm
and its length was 18 cm.

1) Measured steel bath temperature;

2) Registered net downward force.
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Figure II-17 Results from a typical zirconiuﬁ dissolutioﬁf'; !
. experiment (Run no. 17, Table (6.5) in liquid .
\ . steel. The cylinder diameter was 1.905 cm -
{’ " .  and its length was 18 cm.
N .- 1) Measured steel bath temperature;
\ 2) Registered net downward force.
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Figure II-18 Results from a typical zirconium dissefution
experiment (Run no. 15, Table 6.5) in liquid
steel. The cylinder dlameter was 1. 905 cm

~and its length was 18 cm.

1) Measured steel bath temperature;
2) Registered net downward force.
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APPENDIX III

ESTIMATION OF EXOTHERMIC-HEATS OF MIXING

AND Zf‘MASS TRANSFER COEFFICIENTS

DURING STEEL SHELL PERIOD

At the steel shell-zirconium interface, solid steel at
a temperature below its melting point is dissolving and
mixing with solid zirconium. It was found experimentally
(Section 6.2} that thé relative amounts of Fe and Zr in the
reaction zone were 39 wt% Fe and 61 wt% Zr, with main reaction
products the intermetallic compounds Fe,Zr and Felr,.

Consequently, the exothermic dissolution teaction can be.

represented by:

1.53 Fe + 1.47 2r = 0.53 Fe_Zr + 0.47 Felr

(s) (s) 2°7(9) 2(%)
e
A (IT11-1)
where
1 " _ l " B a
1753 Vre - 1.47 Var (111-2)
and N;e ' N;r are the molar fluxes of Fe and Zr towards the

reaction zone fyrbm opposite directions. This intermixing

results in an enthalpy changg AHR._ The study of this

enthalpy change was performed using the F*A*C*T systemgl.

The data were taken from Reference 8% and were selected for

pure ordered compoundleI, as far as the two intermetallic

compounds were concerned. .Predictions from the model revealed

~
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that the steel-shell temperature in the vicinity of the
reaction zone was around 1450°C (1723 K), for most of the
time during the steel shell period. At this temperature

the following result was found:

-7.61 kcal/mol of zircohium

It

AgR

or

»

-31.84 kJI/mol of zirconium (ITII-3)

AHR

It should be noted tq§t AH_ becomes more negative as the

R
temperature increases, obtaining a value 35% larger (in
absolute value) than the one given by equation {III-3) at
1600°C (1873 K).

The semi-empirically determined heat flux fitting the

dissolution data was found to be in the range of 8.6 to

12.9 cal/cm’/sec (or 0.36 to 0.54 MW/m?). So, the molar
flux is given by: .
n
n _ qs
. . NZr = AHR {ITI-4)

which ranged from 1.130 10~% +to 1.695 10~°% mol Zr/cm?/sec.

=

" The mass transfer coefficient can be defined as:

K = molar flux of Zr
2r net concentration driving force
or "
: NZr )
_ . K. - = = {I1I-5)
. 2x (Cop CFe/Zr)

where the ‘'driving force' (C

gy " CFe/Zr) can be calcula#ed

as follows:

€, = mole of Zr in (Pure zZr)/em?® = 0.07115 : o~
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and

= 5 1 1 : + E - :
CFe/Zr mole of Zr in (mixture 61 wt% Zr)/cm 0.04662

Consequently, for the system sﬁudied, the mass transfer
coefficient of zi;conium varied from.0.046 to 0.069 cm/sec.
In a similar way the mass transfer coefficient of iron was
calculated and found to range from 0.G13 to 0.019 cm/sec.'

The thickness of the reaction zone could therefore be
deduced based on a knowledge of tﬁe heat reléased and the

stoichiometry of the reaction.
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APPENDIX IV
DEOXIDATION WITH NIOBIUM
Niobium forms the spinel, FeO:NbZOB,'at low residual
concentrationsloez
2 + 60 + Fe = Fe0.Nb.,O Iv.1
Nbg) * 6 Qs {p) = FeO-NP05 (Iv.1)

The eguilibrium constant gor the above chemical reaction
. 108 <
is :
88300

log K = == - 36.76 (1IV.2)

At 1600°C (T = 1873 K), the equation (IV.2) gives:

log K =.10.384 (IV.3)

Assuming that there is not any change in the composition

of the oxide phase (i.e., thHe spinel FeO.Nb is a shoichio-

2%
metric compound and solid)} then its activity can be taken

equal to 1. One then has:

log K = -2 (log [¥Nb] + log f£. ) - &6 {(log (%01l + log fo}

Nb
{Iv.4)
where [8Nbl, [%301: concentration in wt% of Nb

and Oxygen respectively;
L2

£ . £

Nb Henrian activity coefficients of

o

niobium and oxygen.
The activity coefficient, of niobium (f4,) is given by the?

~

formula:

. - _Nb o . ~
-log be r\'er [ENb] .+ eNb 1301 : .5)

o

ey
.
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' ~ Al
rly, the activity coefficient of Gx¥gen (fo) is:
_ 0 Nb - -
log fo = ey (s01 + eOZI%Nb] | (IV.6)

The parameters e% are the first-order interaction coefficients
between the elements i, j. 1In the.case where i and j are the_
same (i.e., they refer to the same element), then the ¢
parameter ei is the self-interaction coefficient for the

element i. Values of the interaction coefficients are given

by Elliott109 aLd_for this case:
Nb = - 0 = - 0 = Nb = -
e - 0.067, eq 0.2, e b 0.83, e, = 0.14 (Iv.7)

Plots of [%0) in solution (and in equilibrium with the
oxide} as a function of the [¥M) Qhere M‘is the métal used
for deoxidation, generally show a minimum, that is, an
optimum quantity of deoxidizerllo; above a certain concen-
tration of M the level of oxygen rises ('overkill'). The '

same happens for the case of niobium and the minimum value

of 1%0) is found at the following level of ({%Nb):

_ 0.434 x _
(8NE) . = o S5~ = 0-89 (1IV.8)

Y e + X egy

where x = 2, y = 6 (from the stoichiometry of the reaction}.

Using the eguations (IV.3), (IV.4), (IVv.5), (IV.6) and (IV.7)
one can solve for the minimum wt% of oxygen in the melt when
[8Nb) = 0.89 :

F%O]min$= 0.028 h (IV.9)

n

So, at low residual concentrations of niobium in the melt if

the oxygén level is below 280 ppm, no deoxidation can take
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place by niobium. The oxide Nbo2 is the product at higher

concentrationslog: T 4

Nb + 20 = NbO

The equilibrium constant is:

32780

log K = ==— - 13.917 (Iv.11)
At T = 1873 K
log K = 3.584 {Iv.12)

Assuming the activity coefficient of the solid_oxide (Nboz)
to be uﬁﬁty and following the same procedure as previously,

the wt% Nb at the minimum value of wt% 0O is:

P4

_ (-0.434) 1 _

(8 Nb) in = T3 (=0.14) ¥ I (=0.067) - 125 (Iv.13)
The minimum [$ O] is found to be: e

5 01 = 0.025 | gy 14)

Therefore, at higher concentrations of niobium in liquid steel
if the dissolved oxygen }s less than 250 ppm deoxidation by
niobium is- impossible. As the tests were carried ouﬁ at
oxygen levels of less than 10 ppm, no reaction could occur

between the dissolving niobium and the oxygen in the melt.
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