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ABSTRACT

The dissolution

in liquid steel have

rates of niobium and zirconium cylinders
\,

bee~ measured in a 'dynamic way', with

In the case of zirconium, an exothermic reaction occurred

the help of a data acquisition and process control facility.

Two distinct periods were identified; the steel shell period

and the free dissolution period.

Lower bath superheats allowed a reaction to take place

at the steel shell/niobium interface while higher superheùts

didn't; the intermetallic compounds FeZNb and 'FezNb3 were

identified as the reaction products. riobium dissolved

relatively slowly in liquid steel and lts dissolution speed

was increased under dynamic conditions (i.e., indu~tively

stirred baths).

at the steel shell/zirconium interface and the intermetù~lics

FeZZr and FeZrZ were identified as the reaction products.,
This reaction was triggered at lZ20 K by the formation of a

liquid Fe-Zr (76 at% Zr) eutectic. For the experimental .

•

7

•

.
conditions under which this study 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 .



\

ii

RESUME

Les vitesses de dissolution de barres de niobium et de

zirconium dans de l'acier liquide.ont été mesurée~ dynamique­

ment à l'aide d'un syst~me permettant l'acquisition des

données et le contrôle du procedé.Deux étapes distinctes

sont identifiables: une de dissolution de la peau d'aéier

1

suivie par la dissolution libre.

De basses températures de surfusion du bain ont permis

de mettre en évidence une réaction à l'interface acier/

niobium. Ce phénom~ne n'est pas observé pour des temperatures

de surfusion plus elévées. La réactio~bservée à basses
) &

températures forme les composés intermétalliques Fe2Nb et

Fe2Nb3' Le niobium se dissout à vitesse relativement lente

dans l'acier liquide mais elle augmente en régime dynamique

(agitation du bain par induction).

Dans le cas du zirconium une réaction exothermique

est observée à l'interface acier/zirconium et x'on a ïdentifié

les composés intermétalliques Fe2Zr et FeZr2 comme produits

de la réaction. Cette réaction commence à 1220 K par la

formation d'un liquide eutectique Fe-Zr {76% atom. Zr~.

Pour les conditions experimentales de cette étude l'agitation

du bain d'acier ne semble pas influencer les vitesses de

dissolution de zirconium.

Un mod~le mathématique simplifié est proposé afin de

simuler les phénomènes couplés de transport de chaleur et

de masse ayant ~ieu durant les deux étapes.



" -

" TABLE OF CONTENTS

r
'5' - -, Page

ABSTRACT.. .. .. i
c

RESUME ••••••••~. • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • ii

LIST OF FIGURES ••••• ~ • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • •• iii
,

LIST OF TABLES .•••••••••••••••••••••••••••••••••••••.••• xvi

CHAPTER 1 INTRODUCTION...... • • • • • • • • • • • • • • • • • • • • • • • • . • . 1

1. 1 PRELIMINARY REMARKS............................. 1
1. 2 ALLOY ADDITIONS IN STEELMAKING.................. 2
1.3 NIOBIUM AS AN ALLOYING ELEMENT IN STEEL......... 3
1.4 ZIRCONIUM AS ,AN ALLOYING ELEMENT IN STEEL....... 4

CHAPTER 2 PREVIOUS WORK................................ 7

2.1 GENERAL CONSIDERATIONS.......................... 7
2.2 DISSOLUT~ON IN LIQUID IRON ALLOYS............... 8
2. 3 PRESENT WORK •••••••••••••••••••••• _. • • • • • • • • • • • • • 32

"-
)

CHAPTER 3 PHYSICO-CHEMICAL AND THERMODYNAMIC DATA FOR
Nb, Zr, AND Fe-Nb, Fe-Zr ALLOYS............... 34

3.1
3.2
3.3

DATA FOR NIOBIUM.......... ••• • ••• •• • • • •• • ••• • • • • 34
DATA FOR ZIRCONIUM.............................. 34

i~~~gP~~;~~~·~~·:~~:~~~:·~~~~~~l~:·~~····~
. \

3.3.1 Phase DJ.agram................ ••••••••••. 3~

3.3.2 Density •••••••••••••••••••••••••••••••••• 3~ \
3.3.3 Viscosity •••••••••••••••••••••••••••••••• 37
3.3.4 Thermal Conductivity..................... 37
3.3.5 Specifie Heat and Latent Heat of Fusion •• 38
3.3.6 Diffusivity.............................. 38

3.4 A THERMODYNAMIC ASSESSMENT OF THE IRON-NIOBIUM
SYSTEM ••••••••••••••••••••••••••••••••••••••••••

•

\

3.4.1
3.4.2
3.4.3

Phases and Structures ••••••••••••••••••••
Solid (Fe-Nb) Alloys •••••••••••••••••••••
Liquid (Fe-Nb) Alloys ••••••••••••••••••••

31F"
41
41



c: Page

3.5 A THERMODYNAMIC ASSESSMENT OF THE IRON-ZIRÇONIUM
SYSTEM "'. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 44

3.5.1
3.5.2
3.5.3

Phases and,.. Structures.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .... 44
Solid (Fe-Zr) Alloys .•..••••••••••••••.... 47
Liquid (Fe-Zr) Alloys .•...•••••••••.••..•. 48

CHAPTER 4 EXPERIMENTAL PROCEDURE .•..•.•.••••.••••••••.•. 55,

4. 1 INTRODUCTION. . • • . • • • . . • • • . • . • . . • . . • • . . . • • • . . . . . .• 55
4.2 CYLINDER IMMERSION EXPERlMENTS .••••...••.•.•.•••• 55

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5

4.~. 6
4.2.7
4.2.8

Materials .••..•...•...•............••...•. 57
Adjusting the Steel Bath Chemistry •....•.. 60
Immersing the Bath Thermocouple ...••••..•. 61
Weight Sensor.......................................................... 62
Microprocessor Based Data Acquisition
System.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .... 68
Procedure for Cylinder Immersion Tests .•.. 68
Induction Heating of Composite Samples: ••• 70
Electron Probe X-Ray Microanalysis •..•..•• 70

CHAPTER 5 RESULTS AND DISCUSSION ON THE Nb DISSOLUTION
IN LIQUID STEEL 73

5.1
5.2
5.3

5.4
5.5

INTRODUCTION ..•....•....•.•..•.•.......•.. ; . • . . .. 73
REACTION AT THE STEEL SHELL AND Nb INTERFACE .••.. 74
INTERPRETATION OF DATA FROM' THE DISSOLUTION

CONSISTENCY AND ACCURACY OF THE METHOD ...•.••.•..
APPLICATION' OF A MATHEMATICAL MODEL ..••.' .. ·. -....•.

5.5.1

C
~' 5.5.2

5.5.3
_ 5.5.4

Introduction ....••.•..•. : . . • . • . . . . • • . . . • .. 89
Gene~al Equations of the Model ....•..•..•. 91
Steel Shell Pe~iod..•. ~ .••••.•.......•.•.. lOO
Free Dissolution Period ..•••..••••••.•.•.• 105

c

5.6 EFFECT ON THE DISSOLVED OXYGEN AND NITROGEN IN
THE ~LT 115

5.7 DISCUSSION 116

CHAPTER 6 RESULTS AND DISCUSSION ON THE Zr DISSOLUTION
IN LIQUID STEEL .••••••••.••.••••.••••••••.•..• 130

6.1 INTRODUCTION 130
6.2 REACTION AT THE STEEL SHELL AND Zr INTERFACE .•..• 131



Page

6.3 INTERPRETATION OF DATA FROM THE DISSOLUTION
EXPERlMENTS. • • • . . • • • • • . • • • • • . • • • • • • • • • • • • • • • • •• 142

6.4 APPLICATION OF THE MATHEMATICAL MODEL .• , ••••.•• 148

6.4.1 Steel Shell Period •..•.•.•••••••.••..•.• 148
6.4.2 Free Dissolution Period •••••••.••••..••. 155

6.5 EFFECT OF THE DISSOLVED OXYGEN AND NITROGEN IN
THE MELT........................................ 163

6.6 THE DISSOLUTION OF THE Fe-Zr (-80% Zr) FERRO-
ALLOY IN LIQUID STEEL.......................... 166

6.7 DISCUSSION ...••.•••..•.•• ~ ..•..•••..••..••..•.• 172

CHAPTER 7 THE DISSOLUTION OF NIOBIUM ALLOYS IN LIQUiD
\STEEL ••••.•••••..•••...••.....•. '...••..•...•. 188

7.1' INTRODUCTION .••••••••••.•..•..•.....•...••..~ 188
7.2 EXPERIMENTAL WORK.... . • . • • • . . • • . . . . • . • • . . • . . • .. 188
7.3 RESULTS AND DISCUSSION •••••...••..•.•.••....•••. 190
7.4 THE EFFECT OF OXYGEN ON THE RECOVERY AND

DISSOLUTION OF THE Fe-Nb ALLOYS IN LIQÛID

7.5 i~iE~ÏssoLüTÏON·OF·Nb:Ni·ÀLLoys·ÏN·LÏQüÏD······1~
STEEL /2'04

CHAPTER 8 CONCLUSIONS.. . . . • . . • . . . . . . . • • • . . . • • . . . • • . . .. 211

CHAPTER 9 FUTURE WORK................................. 214

CHAPTER 10 CLAIM TO ORIGINALITY •••••......•.•..•.••..•. 215

ACKNOWLEDGEMENTS. • . • • • • • • • • . • . • • . . • . . • . . . • • . • . . . . • . . • .• 217

APP~DIX l

APPENDIX II

TYPICAL.RESULTS FROM THE Nb IMMERSION
TESTS ••••••.••.••••••...••.•..•••••.•...•. 219

TYPICAL RESULTS FROM THE Zr IMMERSION
TESTS ••••.•.••••.•••••.•••.••••••••.••••.• 234

•
APPENDIX III ESTIMATION OF EXOTHERMIC HEATS OF MIXING

AND Zr MASS TRANSFER COEFFICIENTS DU RING
STEEL SHELL PERIOD........................ 253

APPENDIX IV DEOXIDATION WITH NIOBIUM ••.••.•••.•.••••.. 256

REFERENCES. • • • • • • • • • . • • • • • • • • • • • • • . • . • • . • • . . • . . • • • . . • •• 259



c

iii

LIST OF FIGURES

. Page

Figure 2.1 Schematic representation of the thermo­
physical phenomena which take place when
a solid addition is immersed in liquid
steel. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . 11

Figure 3.1 The iron-carbon phase giagram............•.. 36

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

The iron-niobium phase diagram.......• ; ..•.• 40

Partial and Integ~l Heats of mixing of
the liquid iron-n~bium alloys ...•.. : .....\. 43 C
Th' , ,\ h d' ....,

paet::;n:::;::::::a: :::ts1::r::~~~~.~~..... 45

th liquYcfi~on-zirconium alloys .~. . . . . . . . . . . 52'

•

Figure 3.6 P~ icted Fe-Zr phase diagram L = LIQUID,
A = Fe, B = Zr, C = Fe2Zr, and D = FeZr2 .....

Figure 4.1 The induction furnace with its controls .....·

Figure 4.2 A steel-bath thermocouple ..•.•.......•..•...

Figure 4.3A Schematic represe~ation of the induction
furnace, the weight sensor, the bath thermo­
couple, and the immersed cylindrical specimen
with one thermocouple along its axis •...•.. ~

54

56
),
66

Figure 4.3B

Figure

Figure

Figur

Schematic representation of the induction
furnace, the we~g~ensor, the bath thermo­
couple, and the lmmersed cylindrical
specimen with two thermocouples .........•...

4(4 The DAPC-facility........••......•......•...

4.~Scbematic cross-section of a composite sample
lI-gîmensions are in millimeters) .•...•..•

(
.1 Cross-section of a niobium cylindrical

s ' n (1.905 cm in diameter) encased by
he so11 ified steel shell. This samgle had

been imm rsed in liquid steel at 1600·C
(1873 K) for 8 seconds ...•..••...•..•.......

67

69

71

75 .

----~

c (



,1 ..
Page

iv

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 15700 C (1843 K) for 15 seconds .•••..••.• 77

Figure 5.3 Temperature versus time curve for an
inductively heated iron-niobium composite
sample. • • . . . . • • . . . . . •. . . • • • • . . . . . • • • . • . . . . • . 78

Figure 5.4 Temperature ver s time curve for an·
inductively heat d iron piece ...•......•... 79

Figure 5.5

Figure 5.6

5.7

A typical sample incJ.uding a part'of the
iron.niobium inte fa during the steel
shell period, used fo Electron Probe X-Ray
Microanalysis ••••• '. •.•..•.••.••••..•.•..• 81

•
Schematic representat' n of. the forces
applied to the load cell when a cylindér is
immersed in liquid steeL.................. 83

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) centerlinè

tempera ture. • • • . • • • • • • • • • • • • • . • . . • . . • . .• 86

Figure, 5.8 Schematic representation of an addition wi th
the solidified steel shell a the liquid
steel; the various interface and the
coordinate system used in the thematical
model are also illustrated••...•.• : •..•..• 93

Figure 5,9 Schematic representation of an a5tlition
reacting exothermically durbQg t~e steel
shell period; the,various interfaces and the
coordinate system used in the mathematical
model are also illustrated•.•.•. :~ •• : ••••.. 95

•
Figure 5.10 Cross-section of a niobium cylindricâl

specimen (2.24 cm in diameter) encased'by
the solidified steel shell. This sample had
been immersed in liquid steel at 16000 C
(1873 K) for 8 seconds •.••.•••••••..•..•.•• 101



(
Figure 5.11

Page

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 flux; \

3) Steel shell period without any heat.
generation .•..•..•...•..•............... 103

v

Figure 5.12 Predicted results on the possibility of
the reaction's occurrence during the steel
shell period with respect to steel bath
superheat, cylinder diameter, anft stirring
conditions of the melt.
1) No induction stirring (power off);
2) Induction stirring (power on) ..•........ 104

Figure 5.13

\

Figure 5.14

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.
1) Predicted cylinder radius;
2; Measured and predicted centerline

temperature;
3) Predicted temperature at the niobium/

steel interface; .
4) Measured steel bath·temperature .

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 .

112

114

}

\

•

Figure 5.15 Arrhenius-type plot of the experimental
mass transfer coefficients.

Mass transfer coefficients deduced from
tests which were performed under:
1) Static conditions (power off);
2) Dynamic conditions (power on) •.....•.... 123

Figure 5.16 Niobium cylindrical specimens after
immersion in liquid steel....••••..•........ 125

Figure 5.17 Niobium cylindrical specimens after
immersion in liquid steeL ..••.••.•.••••... 126



•.-
vi

J '. Page

Figure 5.18 Predicted total dissolution times versus
diameter for different steel bath
temperatures and stirring conditions:

Static conditions (power off):
1) Liquid steel at 15900 C (1863 K):
2) Liquid steel at 16150 C (1888 K);
3) Liquid steer at 16400 C (1913 K).

"Dynamic conditions (gower on).:
4) Liquid steel at~1610 C (1883 K) ..•..... 128

Figure 6.1

Figure

Cross-section of a zirconium cylinder
(2.54 cm in diameter) after immersion
in liquid steel. The arrows mark the
original interface .•...•....•..•..••.•.... 132

Temperature versus time for an inductively
heated iron-zirconium composite sample .... 134

•
Figure 6.2B Temperature versus time for an inductively

heated iron-~irconium composite sample .•.. 135

Figure ,6. 3A Cross-section of a zirconium cylinder
(2.54 cm in diameter) after immersion in
liquid steel at 15930 C (1866 K) for 4
seconds. The arrows mark the original
interface 137

Figure 6.3B Cross-section of a zirconium cylinder ~

(2.54 cm in diameter) after immersion in
liquid steel at 15930 C (1866 K) for 6
seconds. ,The arrows mark' the original
interface••.•..... '.........•.'.. . .•. . . . . . .. 138

Figure 6.4A

Figure 6.5

& B Typical samples including parts of the
iron-zirconium interface during the steel
shell period, used for Electron Probe
X-Ra~ Microanalysis .•.•....•: •..•......... 140

Resufts from a typical zirconium dissolution
expe~iment in liquid steel. The cylinder
diameter was 3.81 cm and its length waè
20.5 'cm. ,
1) Measured steel bath temperature;
2) Registered net downward force; ::Y
3) Measdred and predicted temperature at a

distance 1.4 cm apart from the cente •
4) Measured and predicted centerline

temperature ...•.•••.••.........•..• , •... 143



vii

Page

Figure 6.6 Results from a typical zirconium dis§olution
experiment in liquid steel. .The cylinder
diameter was 3.81 cm and its length was
20.5 cm. ,
1) 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 predicted centerline

temperature ..............••....•........ , 147

Experimental and predicted results for the
zirconium cylinders shown in Fig. 6.BA and B.
1) Predicted radius;
2) Initial radius;
3) Measured and.predicted extent of the

reaction at the steel shell;
4) Measured and predicted extent of the

reaction at the zirconium .

Figure 6.7 Measured and pkedicted tempe ratures in a
"~ 2. 54-crn-diameter zirconium cylinder.•...•..., .

Figure 8 A & B ~o zirconium cylinders (2.54 cm in
~ ~~am~~) after immersion in liquid steel at
~93 C (lB66 K) for 4 seconds (A), and 6
seconds (B) •••••••••••••••••••••••••••••••••

Figure 6.9

150

153

\
~

154

\

Figure 6.10

J
Figure 6.11

Experimental and predicted results from a
zirconium experiment in liquid steel (see
Figure 6.5). The cylinder diameter was
3.Bl 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 •.••...... 15B

Experimental and predicted results from a
zirconium experiment in liquid steel (see
Figure 6.6). 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) Predic'ted temperature at 'the zirconium/

steel interface;
4) Measured steel bath temperature •.••.•..•• 159



1

viii

Page

Figure 6.12 Predicted heat fluxes during the fre
dissolution period.
1) The inwards directed heat flux;
2) The outwards directed heat flux:
3) The generated (total) heat flux ..••••..• 162

Figure 6.13

Figure 6.14

Results from a typical dissolution
experiment of a (80% grade) ferrozirco ·um -
lump in liquid steel at l635 0 C (1908 K). -' :~
1) Measured steel bath temperature:
2) Registered net downward force .....•..... 16'7

Predicted total melting times versus lump /.
diameter (considered as a sphere) for /
various conditions: J

Static conditions (power off):
1) Liquid steel at l6100 C (1883 K).

Dynamic conditions (power on) :
2) Liquid steel at l6200 C (1893 K):
3) Liquid steel at l6350 C (1908 K) ln

Figure 7.1

Figure 6.l5'\Arrhenius-type plot of the experimental
~ass transfer coefficients.

Mass transfer coefficients deduced from
tests which were performed under:
(0) Static conditions (power off):
(ll) Dynamic conditions (power on) ....•..•.. 179

Figure 6.16 Predicted total dissolution times versus
diameter under various temperatures:
1) Liquid steel at 15900 C (1863 K):
2) Liquid steel at l615 0 C (1888 K):
3) Liquid steel at l640 0 C (1913 K) 183

Figure 6.17 Predictions for theeffect of exothermicity
on the steel bath superheat.
1) Without any induction stirring:
2) With induction stirring ..............•.. 186

Results from a typical dissolution 'experiment
of a high-purity ferroniobium. lump in liquid
steel under static conditions.
1) Measured steel bath temperature:
2) Registered net do~ward force ...•.••.••• 191

•
Figure 7.2 Results from a typical dissolution experiment

of a high-purity ferroniobium lump in liquid
steel under dynamic conditions.
1) Measured steel bath temperature;
2) Reg istered net downward force........... 192

j

.,



/)

i,x

Page

Figure 7.3

Figure 7.4

Figure 7.S

Predictions for the total dissolution times
of high-purity ferroniobium lumps, considered
as spheres, as a function of lump diameter
and experimental conditions: -

Static conditions (power off):
1) Liquid steel at l6l0oC (1883 K);
2)' Liquid steel at l6300 C (1903 K).

Dynamic conditions (gower on):
1) Liquid steel at 1620 C (1893 K);
2) Liquid s~eel at l6300 C (1903 K) 193

,
Schematic cross-section of the induction
furnace with ferroalloy lump, weight sensor,
CELOX oxygen-probe system, and the intelli-
gent satellite microperipheral ]JMAC-SOOO .... 197

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 ...............•.........•........ 199

l

Figure 7.6 , Typical experimental results 0btained by the­
CELOX oxygen-probe system. Just'priqr to
measuring the dissolution r~te of the
standard ferroniobium lump' (Figure 7. S) ,
curve 1 shows the measured temperature, and
curve 2 depicts the recorded active oxygen

-in liquid steel in ppm.............••.•.•... 200

Figure 7.7 Niobium recovery from standard ferroniobium
lumps as a function of active oxygen in
liquid s~eel. Cu-rve 1 shows the regression
line •.... , .•.•......•....•.............•.... 202

F' re 7.8

c

Dissolution speed of standard grade ferro­
niobium lumps as a function of active
oxygen in liquid steeL..................... 203

A typical experimental result from the
melting of a niobium-nickel lump in liquid
steel.
1) Measured steel bath temperat~e;

. 2) Registered net downward for e ..•.•..•.•.• 206

FigU~ -dictions for total melting t~ es of
re I.LU ;~ical niobium-nickel lumps in liquid

stee~'nder static conditions:
1) Liqui teel at l6000 C (1873 K);
2) Liquid s eel at l6lSoC (1888 K); ,
3) Liquid st el at l6300 C (1903 K) .•••..••.. 209

Figure 7.11- A typical sequenc of events occurring
during a typical melting test of a niobium­
nickel alloy in liquid steel ..•............. 210

)



x

Page

""Results from a typical niobium dissolution
exp~riment (Run no. 7, Table 5.2) in liquid
steel. The cylinder diameter was 2.54 cro
and ~-t;:s l~ngth was,,18 cm.
1) Me~sured steel b~l\h temperature;
2) Resîstefed net downward force;
3) Meas~red and predicted (4) centerline

tempeÙ:ature ..•........................... 220

\ \

\

\
~\

Figure 1-1

Figure 1-2 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 221

Figure 1-3 Results from a typical niobium dissolution
experiment (Run no. 2, Table 5.2) in liquid
steel. The cylinder diameter'~as 2.54 cm
and its length was 18 cm. '
1) Measured steel bath temperature;
2) Regi~tered net downward force;
3) Measured and predicted (4) centerline

temperature ..•.......................... 222

Figure 1-4 Results from a typical niobium dissolution
e~periment (Run no. 14, Table 5.2) in
liquid steel. The cylinder diameter was
3.81 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 cm apart from the cylinder axis;
4)'Measured and predicted centerline

temperature 223

Figure 1-5 Results from a typical nio?i~m dissolution
experiment (Run no. l, Tab~5.2) in
liquid stee~. The cylinder diameter was
2.54 cm and its length was 18 cm.
1) Measured steel bath température;
2) Registered net downward force;
3) Measured and predicted (4) centerline

tempera ture ..•..•.. , . . . . . . . • . . . . . . . . . . .. 224. .

Figure 1-6 Results from a typical niobium dissolution
experiment (Run no. 8, Table 5.2) in liquid~

steel. The cylinder diameter was 1.905 cm
and its length was 18 cm. J
1) Measured steel bath temperature;
2) Registered net.downward force ~ 225



xi

Figure 1-8 Results from a typical niobium dissolution
experiment (Run no. 18, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was l~ cm.
1) Measured steel-bath temperature;
2) Registered net downward force 227

•

c-
Figure 1-7

\

Results from a typic-al niobium dissolution
experiment (Run: no. Il, 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 ........••.• 226

Figure 1-12

Figure 1-11

•

c

Figure 1-9 Results from a ~pical niobium dissolution
experiment (Run ho. 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 .........•.• 228

Figure 1-10 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) Registe~ed net downward force 229

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 stëel bath temperature;
2) Registered net downward force f30

Results from a typical niopium dissolU~
experiment (Run no. 16, TaQle 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 •.....•..... 231

Figure 1-13 Results from a typical niobium dissolution
experiment (Run no. 10, Table 5.2) in liquid
steel. The cyllnder diameter was 1.905 cm
and its length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force ........•.•• 232



J

xii

Page

Figure 1-14 Results from a typical niobium dissolution
experiment (Run no. 12, Table 5.2) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was 18 cm.
1) Measured steel bath temperaturel
2) Registered net downward force ••.•.••.. ; •. 233

Figure 11-1 Results from a typical zirconium dissolution
experiment (Run no. 2, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm
and its length was 18 cm.
1) Measured steel bath temperaturel
2) Registered net downward forcel
3) Measured and predicted centerline

temperature. • • • • . • • • • . • • • • • • • . • • . . • • . • • •. 235

Figure 11-2 Results from a typical zirconium dissolution
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 temperaturel
2) Registered net downward force;
3) Measured and predicted centerline

temperature. • • • . • • • • . . • • • • . • • • . . . . . • . . • .. 236

237\

Figure 11-3

Figure 11-4

Figure 11-5

Results from a typical zirconium dissolution
experiment (Run no. 12, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm
an~its length was 18 cm. '
1) Measured steel bath tempe rature 1
2)' Registered net downward force;

3) t:~~~~:~~~.~~~~~~:~~.~~~:~~~~~~ .
Results fro~_~~Pical zirconium dissolution
experiment (Run nQ. 7, Table 6.4) in liquid
steel. The cylindèr' diameter was 2.54 cm
and its length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward forcel
3) Measured and predicted centerline

temperature •••••••••••..••.•••.•••••..••.

Results from a typical zirconium dissolution
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 temperaturel
2) Registered net downward forcel
3) Measured and predicted centerline

temperature .

238

239



xiii

c
Figure 11-6

Page

Results from a typical zirconium dissolution
experiment (Run no. 8, Table 6.4) in liquid
steel. The cylindei 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 •...••....•..•..•............. 240

Figure 11-7 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··'····························241

Figure 11-8 Results from a typical zirconium dissolution
experiment (Run no. 9, Table 6.4) in liquid
steel. The cylinder diameter was 2.54 cm I/~~~
and its length was 18 cm.
1) Measured steel bath temperature; ~_ /
2) Registered net downward force;
3) Measured andpredicted centerline

ternperature 242

Figure 11-9 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 .........•.. 243

Figure 11-11

Figure 11-10 Results from a typical zirconium dissolution
experiment (Run no. 1, Table 6.4) in liquid
steel. Th~ cylinder diameter was 1.905 cm
and its length was 18 cm.
1) Measured steel bath temperature;
2) Registered net~ownward force .•.••.......

"
Results fro~ typi l zirconium dissolution

"-
experime~ no. Table'6.4) in liquid
steel. ThE!7~y :-FI _ ) ià.1lleter was 1. 905 cm
and- its lengtli was lem.
1) Measured steel b h temperature;

.2) Registered net d wnward force ••••..•••.•.

244

245



\

xiv

Page

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 ~ts length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force;
3) Measured and predicted centerline

temperature. • • • • • • . • • • • • • . . • . • • • • . • • • • • •• 246

Figure II-13 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; J'
3) Measured and predicted centerline "

temperature ••.••.••••.•.•••...••..•...•.• 247

Figure II-14 Results from a typical zirconium dissolution
experiment (Run no. 19, Table 6.5) in liquid
steel. The cylinder diameter was ?.54 cm
and its length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force;
3) Measured and predicted centerline

temperature . • • • • • • • • • . • . • • . • • • • . . . • • • • . .. 248

Figure II-15 Results.from a typical zirconium dissolution
experiment (Run no. 13, 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 ••.•....••.• 249

Figure II-16 Results from a typical zirconium dissolution
experiment (Run no. 16, Table 6.5) in liqui~

steel. The cylinder diameter was. 1. 905 cm
and its'length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force ••••.••...•• 250

Figure II-17-Results from a typical zirconium dissolution
experiment (Run no. 17, Table 6.5) in liquid
steel. The cylinder diameter was 1.905 cm
and i ts length was- 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force ••••.•••.••. 251

1



c

xv

Page

Figure II-lB Results from a typical zirconium dissolution
experiment (Run no. 15, Table 6.5) in liquid
steel. The cylinder diameter was 1.905 cm
and its length was lB cm.
1) Measured steel bath temperature;
2) Registered net downward force 252

\



xvi

LIST OF TABLES

Page

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 3.1

Table 3.2

Table 4.1

Table 4.2

Table 4.3

Additions with Melting Range Lower than the
Liquid Steel Melting Point.: •••.••.••.•.•.•••

Additions with Melting Range Higher than
the Liquid Steel Melting Point ..•••••••••....

Dis~olu~ion Experiments in Liquid Iron
Alloys ••••••••••••• '.••••••.•.•.•.•••••.•••...

Dissolution Experiments in Pure Liquid Iron
or Low Carbon L~guid Iron Alloys •..••..••.••.

Integral Heats of Formation of Solid Fe-Nb
Alloys ••••.•••••.•••..•••.•.••.•...•.•.•.•.•..

Integral Heats of Fromation of Solid Fe-Zr
Alloys ••••••••••.•••••••••.••••.•..••.••.•.•.

Chemical analysis of Niobium and Zirconium
cylinders in ppm..••••••••••. \ •••.•••••.•••..

Thermal and Physical Properti~s of Niobium,
Zirconium, and Armco-Iron ...• '~\""""'"

Typical values of the Coefficients A and B
(Eqn. 4.1), obtained by calibration tests .••.

9

10

15

20

42

4.9

58

59

65

Table'5.1

Table 5.2

Table 6.1

Table 6.2

Mass Transfer Coefficients during niobium
free dissolution under static conditions ••..• 119

Experimentally measured (-dr/dt) and deduced
mass transfer coefficient (KNb) during niobium
free dissolution under 'static (Runs 1-13), and
dynamic (Runs 14-18) conditions •••••••••.•••• 121

Experimentally measured rates of the 80% grade
ferrozirconium 170

Estimated Heat and Mass Fluxes during the
Steel shell and Free dissolution periods •..•.• 173

Table 6.3

•
Mass transfer coefficients of zirconium in the
beginning of the free dl\splution •••••••••••• 175

::.....
Table 6.4 Experimentally measured (-dr/dt) and mean mass

transfer coefficien~s during zirconium free
dissolution under static conditions •••••••••• 177



\

xvii

\

Table 6.5 ExperimentallY"measured (-dr/dt) and 'mean
mass transfer coefficients during zirconium
free dissolution under dynamic conditions ...• 178

Table 7.1 Chemical Compositions of ferroalloys tested .. IB9

Table 7.2 Solution Rates of Nb-Ni lumps in liquid steel
under Static Conditions ........•............. 207

,
..



,

..

r~

\)

THE DISSOLUTION OF

NIOBIUM AND ZIRCONIUM

IN LIQUID STEEL

..

..



l

C CHAPTER 1

1. INTRODUCTION

1.1 PRELIMINARY REMARK5

In recent years, the process of steel altoy development

) has greatly benefited from th~ largeOamount 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, $0 that new alloy steels

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

stood metallurgical phenomena from the _ physical me.tallurgy

viewpoint. However, at the refining stage of the alloy

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

out particularly on the solutién rates and mechanisms of

solid additives (i.e., ferroalloys) in the raw~liquid steel.

Especially in recent years, the tight chemical specifications

which the market demands from the steelmakers have as a

• result the introduction of more c~reful ferroalloy addition

practices which should reflect repeatable and consistently

high ferroalloy recoveries, and hence more economic savings

and profit. The development of these practices is directly
,

related· to the accumulated knowledge on the subj,ect. There-

fore, a thorough understan~ing of the solution mechanisms

andtheir kinetics is of paramount importance from both the

academic and indus trial points of view.

c
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1.2 ALLOY ADDITIONS IN STEELMAKINt;.

The steel is termed alloyed, if the content of alloying..
elements in~it, is greater than in common carbon steel. For

Si

the category of alloy steels,

than 0.6% Si or more than 0.8% Mn,

steel usually contains 0.17 - 0.37%common

instance, a ~teel is related to

"contain._--.i-\, i t

whüe

and not more than O~~-Mn

,
Various alloying elements are

employed in steel~ak ng, whose presence imparts special

mechanical and oth properties to the steel.
----~/ \

These may"be e~ther metals (i.e., Mn, Ni,

V) or non-metals (i.e., C, S, P, N, B). Their

Co, Ti, ~b,

solubility

in iron may be very diverse, sorne elements (Pb, Ag, Bi)

being practically insoluble.

Introducing 'small additions' of elements or their

compounds (in amounts not more than 0.1%) into the melt,
,

microalloying of the steel is done, with the aim of improving
~

appreciably the mechanical and service properties of the

final steel.

The effects provided by microalloying are deeper,

deoxidation, desulphurization and degassing of steel; changes
'V

in the shape and,properties of nonmetallic inclusions and

their distribution in microvolumes of the metal; changes in

•
the composition and state of grain boundaries; refinement

of metal grains and control of their growth upon heating.

Microalloying can also affect the critical point~,
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recrystallization temperature and hardenability of steel;

this often happens when sorne metallic additions, such ~s Ti,

V, Nb, Zr, Ta, etc., are introduced in the liquid steel.

In general, there are man~ reasons for the introduction

of alloying elements into liquid steel.

1Sorne of the most important ones, are to :

(1) Improve strength at ordinary temperatures;

(2) Improve mechanical properties at either high or low

temperatures;

(3) Increase hardenability;

(4) Improve toughness at any minimum hardness of strength;

(5) Increase corrosion resistance;

3

(6) Increase wear resistance;

(7) ~magnetic properties.
--

In this work, the study of the dissolution of niobium

and zirconium in liquid steel, has been undertaken. Sorne 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 carbide l • The two uses are metallurgically

related.

As a grain refiner, niobiumis very important in those

HSLA steels which are controlled rolled; many current

\ /
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controlled rolling schedules depend on the precipitation of

NbC (N) during hot working
l

Understandably, this application

accounts'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 'stabilization' of austenitic 18/8 stainless steels

against sensitization-induced intergranular corrosion. It is

also a constituent of abrasion-resistant steels, steels for

elevated temperature service, and numerous superalloys.

Steels microalloyed with niobium, show considerable

promise in the production of high strength reinforcing bars.

Niobium provides addi tional st:t:engthenin'g, beyond that

resulting from carbon and manganese. Because only about

one-half the amount of niobium (0.012% Nb z 0.025% V) is

needed l to produce the same strength increase brought about

•
by vanadium additions. niobium steels can have economic

advantages for the steelmaker.

1.4 ZIRCONIUM AS AN ALLOYING ELEMENT IN STEEL

Zirconium is highly reactive and forms stable compounds

with oxygen, sulfur, nitrogen and carbon. Its affinity for

r

the

use

first three of the se elements accounts for its principal

. l k' l~n stee ma ~ng :

The control of nonmetallic (sulfide and oxysulfide)

inclusions and the fixation of nitrogen, primarily in boron

steels. Zirconium will also inhibit grain growth and prevent
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strain aging, although its use for either of these functions

is quite limited.

Although zirconium is reasonablylPféntiful, 0~
extractive metallurgical propesses.make th~~re/ al ver~
expensive. Fortunately, these operations are t required

for the zirconium addit~on agents used in

Nonetheless, its relatively high price and the availability

of cheaper replacements, has restricted its general acceptance

as an alloying agent in steels. ,

of ulfur has a beneficial eff~ct on transverse ductility

impact properties as weIl. Levels of zirconium between

3 and 0.30% are known to prevêht-t~ formation of the

detrimental grain boundary film SUlfid~~

The hardenability factor for zirconium probably lies

between those for vanadium and titanium. However, for

prabtical and economic reasons, zirconium is not used for
•

the sake of promoting deep hardening.

The presence of zirconium compounds does, however,

~ce grain coarsening. permitting the use of higher

. hardening or carbUriZ~ng temperature. Zirconium pro~uces
only slight changes in the mechanièal properties of quenched

and tempered steels, though these I~anges
1

beneficial. It produces.a more uniform n during
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,
heat t ea~ent than, for example, v\nadium.,

6

ves ductility and impact strength, he yield/

ten ile ratio; imp~oV,s weldability and elim' ates p;~rositY.
In high alloy steels, zirconi~m increases hardJess but

decreases ductility. Several quenched and tempered HSLA

•

2eels, contain
./

ontrol.,

(~j

0.10 - 0.15% Zr, mainly for sulfide shape

•

•
•
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CHAPTER 2

2.

2.1

PREVIOUS WORK

GENERAL CONSIDERATIONS

The solution of a solid in a liquid represents a

classical example of a heterogeneous process. Althou~most

such processes involve a rather complex set of i~9Jal

react~on steps, there are certain eleme~--::':ects--whiCh

are cornrnon 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

~s dissolution.
,

The difference between melting and di~solution is, that

dissolution oocurs when the solid materia1>'èomes in contact---:-

with the liquid at temperatures below the melting point of

~solid. The dissolution process can be divided in two

\ basic consecutive steps. The first is the surface reaction

where the solid goes through a phase change to the liquid.

In t~e case of metallic additions, the phase change is

actually the result of the- rupture of the metallic bond at

the interface, for which a large amount of energy is required.

I~\

€ )
/

/
/,---

The second step is the transport of the resulting solute

atoms from the interface into the bulk liquid by diffusion

through a boundary layer. Either step could be rate-

controlling in the dissolution process.

~
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Additions in liquid steel can be classified into two

lower thanthat of liquid steel. Table 2.1 gtves a list of

categories. The first are those with a melting range

such additions. The second category of additions are those

with rnelting ranges higher than that of liquid steel.

Ex~mples of sorne of these additions are listed in Table 2.2.

Figure 2.1 shows, in-schernatic form, the relevant

thermophysical phepomena which take place when a solid

addition is immer~e~~;n a bath of mol~n steel.
. \ .4c,J ~ ~

The first four routes refer to low melting range

additions while the fifth one depicts the case of dissol~tion

of high rnelting point additions.

Routes l, 2, 3 and 5 are analyzed in a work by Guthrie 2 ,

while route 4 is presented in great detail by Argyropoulos

~rrd Guthrie in references 3, 4. The rnicroexothermic route

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

Argyropoulos.

2.2 DISSOLUTION IN LIQUID IRON ALLOYS

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 experirnents were done in

either high carbon iron alloy melts or carbon saturated iron

alloy melts.
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Table 2.1

Additions with Me1ting Range

Lower than the Liquid Steel Me1ting Point

9

1
or Me1ting Point1,

Addition Me1tin~ Range..,,
/

50% Ferrosi1icon .1210 - 12270 C (1483 - 1500 K)

75% Ferrosi1icon 1204 - 13160 C (1474 - 1589 K)

Standard Ferromanganese 1071 - 12660 C (1344 - 1539 K)

Low Carbon Si1icomanganese 1215 - 12600 C (1488 - 1533 K)

Charge Chrome 50-55% Cr 1404 - 14820 C (1677 - 1755 K)

A1uminurn 660°C . (933 K)



1

Table 2.2

Additions with Melting Range,
Higher than the Liquid Steel Melting Point

Melting Range l
Addition Melting Temperature

Niobium 24670 C (2740 K)

Zirconium 18520 C (2125 K)

Vanadium 19020 C (2175 K)

Titanium 16700 C (1943 K)

Mo1ybdenum 26170 C (2890 K)

Tanta1um 3014 0 C (3287 K)

Tungsten 34070 C (3680 K)

FeMo (62% Mo) 1540 - 18000 C (1813 - 2073 K)

FeW (74% W) 1640 - 27000 C (1913 - 2973 K)

FeNb (60% Nb) '. 1600 - 16500 C (1873 - 1923 K)

FeV (80% V) 1670 - 18900 C (1943 - 2163 K)

10
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Figure 2.1

Additions with rnelting range below the melting point of liquid

steel follow one of the routes l, 2, 3. Additions which

exhibit exothermic reaction with liquid steel follow route 4.,

Route 5 refers to high melting range additions. Route 6

refers to microexothermic alloying additions in liquid steel.

Route 1

The introduction of FeMn, SiMn, Al in steel melts with low

bath superheats for example, can cause internaI melting (lC)

of the addition which in sorne cases (the melting) is

completed (ID) before the remelting of the enclosing shell.

Route 2

In this case, internaI 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

irnmersed in liquid steel with high bath superheats (80-100 K)

can exhibit this behaviour.

Route 3

Once the addition 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 me~ts

back very fast; typical examples are Si, Fe-75% Si.

Route 5 .

13

Typical examples are Fe-V, Fe-Mo, Fe-W.
1

Route 6

(

c

It is also referred as the Microexothermic route. The ~

addition (generally a powder.compact) is surrounded by a ~

steel shell (6B). The duration of the steel shell is very,)

short due to the low thermal conductivity 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., 6e and 6D)

where the addition melts. -

,
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Far fewer experiments have been conducted in low

carbon and relative pure iron alloy melts.

Table 2.3 lists metallic systems of solids dissolved in

iron based melts fo~ which experimental data have been

reported. These experiments have been classified according

to experimental mode and geometry. --- .The experimental mode

•

can be classified into two subgroups; static and dynamic.

In the 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 their rate of dissolution. For

most of the reported experiments, cylindrical or disk shaped

specimens were used.

However, there are two exceptions:

1) Biletskii and Shumikhin15 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 mo'lten

iron. The crucibles used were either alumina or graphite,

apart from a few exceptions, where magnesia crucibles were

used.

The dissolution in liquid iron alloJs was reported to be
,

a diffusion rate control·led process under most c.ondi tions.

An exception is the one reported by Karchin and Grigoryanll

who observed that the dissolution rate of pyrographite in an
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( Table 2.3

Dissolution Exl'eriments in Liquid Iron Alloys

Liquid Solid Specimen Mode Reference

•
Fe-C, Graphïte Cylinder Static ·6_

Fè-C G'raphite Cylinder Static 7

Fe-C Graphite Cylinder Static and Rotating B

Fe-C Graphïte Cylinder Rota.!'ing 9

Fe-Mn Graphite Static 10

Fe"::C Graphite Rotating 11

Pig Iron Graphite Disk Static 12

Fe-C Graphite " Disk Rotating 13

Fe~Ni Graphite Disk Rotating 13

Fe-P Graphite Disk Rotating, 13

Fe-Si Graphite Rotating 13

Fe-C C 14

Cast Iron Graphite) Spherical 15

Fe-C Graphite 16

Fe-C Si-C 16

Fe-C C _17

Fe-C Co Disk Rotating lB

Fe-C Cr Disk Rotating lB

Fe-C Mo Disk Rotating' lB
"

Fe-C .Ni Disk Rotating . 18

. Fe-C -si Disk Rotating 18

f: Fe-C Ti Disk Rotating 18

Fe-C W Disk Rotating lB
\

• "•• cont.
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'Table 2.3 Continued
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Liquid Solid Specimen. Mode Reference

Fe-C . Cr Disk Rotating. 19sat
J

Fe-C CrC· Disk Rotating 19sat

Fe-C Fe Disk Rotating 19
sat

Fe-Csat Mo Disk Rotating 19
)

Fe-C \1 Disk Rotating 19
sat

Fe-C WC Disk Rotating 19
> sat

Gray Iron SiC Cylinder Rotating 20

Pig Iron C-St@.el Cylinder Rotating and Static 21

Fe-C Fe Cylinder Rotating 22
sat

Fe-C A1 203 Crucible Static 23
sat

Fe-C C-Ste~1 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- Fe203 Fe Cylinder Rotating 29

Fe-C Mg-Alloy static 30

Fe-Csat A1 20 3 Cylinder Static and Rotating 31
,

Fe-C Fe 32

~
. Fe-N BN Disk - Static 33

sat

Fe-B BN Disk Static 33

1 f
Cac 2

~, Fe-C Cylinder Rotating 34
sat

~

,. ".J •.. cont.
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1 Table 2.3 continued

Liquid Solid Specimen Mode neference )

Fe-C Fe-Mn Fine lumps Static 47

Fe-C Fe-Cr-C Cylinder Static and Rotating 48

Fe-C C(graphite) Cylinder Rotating 49

Cast Iron C(graphite) Lumps Static 50

Fe-Fe 203 Fe Pellets Static 51

,/



iron-carbon melt was anisotropic w~th respec~ to differen~­

crystallographic faces at high rot~tional speeds. They foùna'

that the solutiort~fterface reaction of graphite became the

controlling step at\high stirring rates.

c
(

Various additions relevant to steelma~g
, /'(

studied for dis~ollution'kinetics in low c~bon
/ .

melts ~re listed~in Table 2.4.

practices

iron-based

19

c

In all cases and immedi.a.telyfollowing immersion a solid

steel shell 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

les sens irtJ:the' case of high melting point additions. In the

first case, the dominant factor in the thermophysical phenomena

is heat transfer, while in the latter, mass transfer becomes

more important. For the dissolution of 50% ferro-silicon in

l~quid steel, a 'doùble heat effect' is applied to the steel

shell such that the dissolution reaction becomes self-

l ' 3,4acce eratJ.ng

Krupman and Yavoiskii42 invJstigated the dissolution of
\ ",

molybdenum in Armco Iron. They distinguish two ~eriods, in the

dissolution process. The first corresponded to the 'thermal'

period where a solid shell freezes around 'the'molybdenum.

The second was 'nhe '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,Lron
. ,

Low Carbon Liquid Iron Alloys

Dissolving
Solid. Specimen

,
Experimental\:',

Mode ')" .

or

Î
j

Reference

Static 2

Statie 2

S~atic 3

static 4

Static and vibrating 42

Rotating 43

Rotating [ 3

Rotating 43

Rotating 43

, Rotating 43.

Rotating 43

Rotating 43

Rotating 43

~
static 46

'Static • 46

Static 46

Static 46

Static and Rotating 52

static and Rotating 52

static 53

Static 53

Static 53

•.. cont.

''-',..-- .'

Disk

Disk

Disk

Cylinder

Cylinder'

Cylinder and Sphere

Cylinder and Sphere

Cylinder

Mo Disk

W Disk

• .'FeMo (62% Mo) Disk

FeW (74% W) Disk

FeNb (60% Nb) Disk

C (graphite) Lumps
<

Si Lumps

Cr Lump's

Mo Lumps

Mo :D " Cylinder

W Cylinder

Fe-Mn Cylinder

Cr- Cylinder

Cylinder

Fe-Mn

Si-Mn

Fe-Si (50% )

Fe-Si (50% )

Mo

Ti

Cr

Nb
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( Table 2.
, .

ontinued

C

,Cr

71

63

69

70

68

57

57

67

58

54

55

68

66

64

65

54

57

59

60

56

60,61,62

Reference
•

Specimen Experimental
Mode..

Lumps with Isotopes Static

Lumps with :I:sotopes Static

Rotating

.~.=:.j} -
Cylinder Static

Cylinder S~iC

Cylinder Stitfc

Sphere Stat'ï.c

Sphere Rotating

Cy I1nder
~

Static

Cylinder Static

Lumps Static

Slab static --
Sponge Pellets Static

Cylinder Rotating

Disk ) Rotating

CY1~r Rotating

Cylinder Rotating.

Lumps Static

Lumps Static

Powder Compacts StaticFerro-alloys

Fe-Cr

Fe-Cr (

Ferro-alloys

C (graphite)

Al

Si-Mn

Fe

v

Mo

Ferro-alloys

Ferro-alloys

Fe-Si

Al

TiN

Ti

Dissolving
) SoUd

CFe-Mn

"') Si-Mn

•
,

1
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1

~.
,~ ~';-- relationship for the dep~ndence of mass transfer coefficients

on temperature,:

log K = 14800 +T 4.87, (2.1 )

1< : cm/sec

T K

Based on their data, an activation energy for the solution of,
molybdenum in liquid iron was calculated-ana shown to be at

273 kJ/mole (65.1 kcal/mol). .J..They eXPlained t is surprisingly ~

l quid phase

et ai~ 72 anddiffusion. However, m9re recent work by Ershov

Ono et a \73 has shown that the activation energy for the

l

high value of activation energy on the basis of

diffuJi~ of molybdenum in liquid iron is only in the order

o~~J/mol (14.5 kcal/mol). Consequently, their,explanation

based on a liquid phase diffusion controlled process must

be regarded with sorne doubt.

Shantarin and shurygin43 studied the dissolution rates

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 in
. ,

the order of Mo-W-C~-T~ and among the ferro-alloys (FeNb,~__~~/

60% Nb)· - (FeMo, 62% )

provide any eXPl~;ati~
- (FeW, 74% W). They did ot

nd the precise mechanism were

be in agreement with th recent work of Ershov et

they calculated diffusio coefficients which were to

neither considered nor i entified .. ~ased on

- 1
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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 forced convection, thèy used rotation of

their cylinders as weIl as flow of argon gas through the iron

bath at a rate of 3.B _cm 3 /sec. They found that the dissolution

rate of molybdenum was higher than that of tungsten at lB63 K

(15900 C), and that the mass transfer coefficients were about

the same. At temperatures below 1910 K (16370 C) the reaction

of tungsten with liquid iron resulted in the intermetallic

combination Fe 7W
6

whose structure permitted no conclusion of

any preferred qiffusibility of the constituent elements.

Te~ziyan5~ studied the dissolution kinetics of ferro-

alloys in steel ladIes. He labelled the alloys with radio-

isotopes, immer-sed them in liquid'steel for specifie times

and measured the JOSS in weight of the alloy and the radio­

activity of metal samples from the ladle.

The experiments were carried out in both quiescent and

intensively stirred liquid steel bath~. Data on the kinetics

and mechanisms of dissolution of ferromanganese and silico-

manganese were processed statistically. Regression equations

were formulated for the time of dissolution as a function of

lump size and metal temperature in relatively quiescent metal

baths.

They Dbtained:

Tp = 100 + 27.75 xl - 17.25 x 2 + 2 xi

+ 2 x~ - 5.25 xl x 2 (2.2)



duration of solution (sec)

(
Tp = 63 + 2.5 xl - 12.5 x 2

+ 1.4 x~ - 2.5 xl x 2

where:

Tp

+ 2.7 x 2

l

\ "

)

24

(2.3)

xl parameter characterizing the diameter of the

sample d(mm) xl = (d-50)/10

x 2 parameter characterizing the temperature of the

x 2 = (t-50)/15.

Equation (2.2) gives the solution time for ferromanganesc

while equation (2.3) gives the solution time for silico-

manganese. Terziyan claimed that these equations were

?'
determined with a sufficient degree of accuracy for predicting

solution times of ferro-alloy lumps, measuring from 40 to

180 mm in diameter at bath tempe ratures ranging between 1560

and 16500 C (1833 to 1923 K).

58 .
Later, Gourtsoyannis et al. developed 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 shown that the enclosed object would continue to

melt at a rate which depended on

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

steel shell solidifies," and
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(bl the rate of convective heat transfer from the

bath to the outer surface of the steel shell.

Argyropoulos 57 conducted a series of experiments to

study the meLting charac~5ttcs of ferromanganese and

silicomanganese CYlin~s in ;Plten steel baths. In his

work, a heat transfer model simulating the thermal events

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 wlth 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

~
.;,~~

, -,
'r

c

'kinetics of dissolution of solid cylinders of 50 wt% ferro-

silicon in liquid steel was studied. It was shown that the

customary frozen shell of steel was formed around the

ferrosilicon cylinder following its initial immersion.

Premature internaI melting of the cylinder then began as a

result of liquid eutectic of Fe2Si composition forming at

the inner steel shell/ferrosilicon boundary. This phenomenon

was shown to trigger exothermic dissolution arid 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 dissolution phenomena is that considerably

shortened shell dissolution times canbe observed in comparison

to more conventional ferro-alloy/steel systems.

Povolotskii et al.
74

investigated the diffusion of deoxidants

such as Al, Si, Mn in molten iron using the capillary method.

The diffusion coefficients~ Dm' and energies of act~vation, E,

for diffusion of the deoxidants.in iron containing various

amounts of carbon were determined.

They found ihat in the case of separate diffusion in a

melt containing oxygen, the higher the deoxidizing capacity

of the eiement, the greater was the activation energy of

diffusion. Thus, with diffusion in an iron containing 0.003

0.010% o~ygen, the energy of activation of aluminum, silicon

and manganese is 145.7 kJ (34.7 kcal) , 121.2 kJ (29 kcal) ,

101.2 kJ (24.1 kcal) , per mole of the diffusing element.

Mucciardi59 studied light alloy addition techniques in

ste~lmaking. Aluminum wires of 6.4 to 15.9 mm in diameter

were fed into steel melts while their 'apparent' weightswere

monitored. It was "found that the maximum depth of penetration

of an aluminum"wire fed into molten steel- can be expressed in,
the dimensional equation:

Depth(m) =
145.5 Diam~ter(m)0.B6 velocity(m/s)0.52

Superheat(K) 0.34
.,1

. ( 2 • 4}

Argyropoulos studied the kinetics of dissolution of

vanadium60 and titanium61 ,62 in liquid steel. For both cases,

!
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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~ow

grade ferrovanadium alloys, the dissolution proceeds viai
heat transYer mechanism. On the other hand, for high grad s,

ferrovanadium mass transfer mechanisms dominate. He prolcsed

the following relation for the mass transfer coefficien~

K(cm/sec) with respect to the' absolute temperature T(K),

for the case of the dissolution of ~he pure vanadium in

liquid steel:

log K = - 157g7.7 + 6.082 (2.5)

c

The value of the energy, that he derived for

the forementic~ed case, is 300. kJ/mol (71.5 kcal/mol).

In the case of titanium, was shown that the customary

frozen shell of steel encases following its

•initial immersion. Premature internaI dissolution then begins

as a result of liquid eutectic of FeO•
3
Ti O• 7 composition

forming at the inner steel shell boundary. It wàs pointed

out60 ,61, that this phenomenon triggered an exothermic

dissolution and erosion of the inner surface of the steel

shell. The net result was to shorten considerably shell

melting times. In the second, or free dissolution period it

was found that the surface temperature of the. exposed 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 and mass transfer

h ~nvolved60,62. H 1 t d h' , 1P enomena • e corre a e ~s .exper~menta

results wi~h an Arrhenius type of equation and he deduced the

following relationship between the masstransfer coefficient

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

)

1 15481.54 + 7.2846og K = - T (2.6)

According to those data, the apparent activation energy

for the solution of titanium in liquid steel was found to be

296.3 kJ/mol~or 70.5 kcal/mol). He attributed this relatively
':

large value of activation energy to two reasons. First,the

average steel bath temperature during the free dissolution

period did not represent the temperature of the dissolving

interface which was higher. Second, the exothermic reaction

alt~red the fluid flow patterns in the vicinity of the

dissolving interface.and made the effective boundary layer

thinner, thereby increasing the sensitivity of experimental

mass transfer coefficients to changes in temperature.

Argyropoulos also, in a more recent study63, measured

ih a 'dynamic way' the dissolution characteristics of ferro-

alloys used 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 vanadium
60

,6l.

The ferr'oalloy samples, he used, were the same as the ones

utilized in the steel industry.



He concluded, that" for the

(
He wor\ed with different

. . .
vanadium and ferroniobium.

• r

aforementioned ferroalloys,

grades of ferrosilicon, ferro-

silicon and the different

29

.. grades of ferrosil'icon exhibi t the highest solution rates .

For the ferrosilicon alloys, the dissolution rate increase·s

as the silicon content increases. Finally, he pointed out, \

that the high pur~y grade ferroniobium dissolves

liguid steel th'an the standard purity grade one.,

faster in' '"

He attributed

this result to the lower exothermicity exhibited by the

st·andard ferroniobium, due to the presence of the

af Si and Al (totally 6%).

impurities

'(\,
\

(

>- 67
Using the rotating disk method Han et al. , performed'

dissolution studies in order to measure the diffusion

coefficient of carbon in liquid ~te~l. Ericsson et al. 66 ,

studied the influence of sulphur on the rate of carbon

dissolution in liquid iron;by rotating graphite cylinders in

Fe-C-S melts with different sulphur content. They fou~d that

sulphur decreases the rate of carbon dissolution in liq~id

iron and to a minor extent they attributed this behaviour to
1..0-.

the d~crease of carbon solubility when sulphur is added.

There is sorne work done on the rate of dissolution of

solid iron in iron-~rbon melts (Table 2.3). Recently, Mori
. ( .

44 '
et al. , studied the rates of dissolution of stationary or

rotatingcylindrical iron specimens containing various amounts

of oxygen into a molten carbon-saturated liquid iron alloy
,

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

'"
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"--"
the evolution of CO was found to have a marked effect on the

dissolution rate. The highest dissoiution rate which was

observed. at l4000 C (1673 K) for iron containing 0.96% oxygen

was 590 times as large as the lowest

(1473 K) for aluminum-killed iron.

rate observed at l2000 C
1

In the case of rotational

dissolution of iron specimens containing oxygen, at lower

number of revolutions per minute (rpm), the rate wascontrolled

mainly by the extent of CO evolution, while at higher ~pm, the
•

effect of 'rotation becarne predominant.

Seaton et al. 65 , investigated the rate of dissolution of

pre-reduced'iron in molten steel~ The dissolution of sponge

iron pellet~ was accompanied by à continuous gas evolution

which was due mainly to the reduction of iron oxides remaining
~

in the pellets by the carbon within the system. They found

that the rate of heat transfer from the bath to the pellet

~increased with increasin~ gas; evolution and the melting

process was simulated by a mathematical model by assuming-heat transfer control.

Benda)7 investigated the
/

alloys of vanadium, chromium,

dissolution of selected

. , d V
t~tan~um an manganese.

ferro-

Ferro-

alloy test samples were chopped up fine (50-100 g) and dropped

into the melt. After expiration of a fixed time period they

were removed from the bath and their initial and final weights

were ~ompared. For the case of ferrochrome, cylindrical

samples with a height to' diarneter ratio of h: d = l, were

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

JI
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of the metal bath, the influence of carbon content in ferro-

chrome on the dissolution kinetics, was studied. He noticed

that a steel-shell is formed around the ferroalloy upon

immersion which gradual~y melts back exposing the sample

directly to the liquid metal. He pointed out that the

melting point of the ferroalloys plays an important role in

their dissolution; the higher the melting point of a ferroalloy
/

the more time it takes to dissolve. Sorne of his important

findings were that FeV (36% V) dissolved faster than FeV (82% V),

FeTi (68% Ti) dissolved faster than FeTi (26% Ti and 35% Ti)

and that FeCr w±th 6.2% C dissolved faster than FeCr with

0.11% C.

In another work, Shumikhin et al. 46 studied sorne thermo-

dynamic and kinetic parameters of dissolution of graphite,

silicon, chrome and molybd.enum in iron at l7000 C and Fe-C-Si,

Fe-C-Si-S, Fe-C-Si-P melts at l6000 C. They me.asured the

heats of dissolution with.the use of a high-ternperature

vacuum isothermal calorimeter. They pointed out that the

dissolution of carbon, silicon, chrome and molybdenum can

be affected on with diverse elements.--The presence of silicon

within t~ Fe-C melt, for example, resulted in ~ncrease of

an endothermal effect of carbon dissolution; conversely, when

the melt contained carbon then silicon dissolved with

less heat liberation, Also, the pr~nce of silicon and

carbon in the melt decreasesthe endothermic heat effect of

chrome dissolution. Moreover, they described that sulphur



which is currentlY used in the

­,...J. and phosphorus lessen, essentially, the thermal effect of

"chrome and molybdenum dissolution in iron-based melts.

The knowledge and appreciation of the endothermic or
,

exothermic phenomena which are involved in a dissolution

process in liquid steel are of paramount importance. The

understanding of two different aspects of exothermici ty, the

Microexothermicity and the MacroexothermicityS, has resulted

in the production of a new family of ferr~alloys, the micro­

exothermic ferroalloys which have exhibited faster dissolutiop
.:.0 .

rates and better and more consistent recoveries than the

conventional ones.

One typical example of such a ferroal1oy is the micro-

h 'f 'b' 71exot erm~c erron~o ~um ,

steel industry.

2.3 PRESENT WORK

In the present study, the dissolution of niobium and

zirconium cylinders has been examined in a

A microprocessor-based data acquisition a d

facility (DAPC) was employed in order

way' .

ess contro(

the bath abP'
cylinder temperatures, and to monitor the change of the

apparent weight of the dissolving specimens. Two distinct

periods were identified: the steel she11 period and the free

dissolution period. Experimental ~esu1ts and predrctions

based on a simplified mathematical mode1

will be discussed in the·next sections.

were o~tai~d, which

The dissol~tion of
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, .
sorne ferroniobium and ferrozirconfum alloys has been studied

in a similar manner, and predictions for their dissolution

times have been deduced. Finally, the effect of active

oxygen .in liquid steel on the solution rate and niobiùm

recovery for lumps of standard ferroniobium has been investi-

gated as weIl .

,.

/'
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CHAPTER 3

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

AND Fe-Nb, Fe~Zr ALLOYS

3.1 DATA FOR NIOBIUM

Niobium

number ·~h in the

l,
(also called(columbium)

1
1 •

periodic cl\l~sification

metal has the atomic

of the elernents, and

is in the same group with vanadium and tantalum. It has an

atomic weight 92.9064 75 and its density at 200 C is B600 kg/m!

(B.6 g/cm 3 ) 75.

Niobium crystallizes in the body-centered cubic system

and there is no transformation recorded till its melting point

at 2740 K (2 °C)76. The latent heat of fu~ion for niobium

, 76
is 26.4 kJ/mol (6302 cal/g-atom) and its boiling point is

5013 K (4740oC)1 ..,

3.2 DATA FOR ZIRCOmUM

periodic

Zirconium metal has the atomic nurnber 40 f~the

classification of the ~lernents, and is in the same
.... \

group with titanium and hafnium. It has an atomië weight

91.22 75 and its density at 200 C is 6490 kg/m' (6.49 g/cm,)75.

~-Zr has an hexagonal closed packed structure76 ; at high

temperatures it· tran~orms to B-Zr, which has a body centered

cubic structure76 . Th~ transformation temperature .is recorded

to be at 1136 K (B630 C) and the latent heat of transformation

,.,... from the
/j

as it.is

~ to the B phase, is 3.94 kJ/mol, .
recollUnended by Hu 1tgren et' al. 7 6 .

(941 cal/g-atom),

., -'
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3.3 THERMOPHYSICAL AND TRANSPORT PROPERTIES OF LIQUID IRON

~.

3.3.1 Phase Diagram

The Fe-C phase diagram shown in Fig. 3~1 is the one

recorded in the Thermochernistry for steelrnaking,Vol. II, by

Elliott et al. 78 . The rnelting point of pure iron is repor~~

to be 1809 K (1536 oC). Iron liquidus values at different

ternperatures ranging between 1809 K (1536o C) and 1773 K

(1500oC) tabulated by Elliott et al. 78 were used to obtain

the following expression for the rnelting point of the liquid

steel:

Trnp(K) = 1809.1 - 29.55 Wc - 85.7 W~

where Wc = the carbonweight percent.

(3.1 )

3.3.1 Density

The densi}y of pure iron at various ternperatures is

reported in rnany sources including: Thermochernistry for steel­

rnaking, Vol. II, by Elliott et al. 78 , Lucas 79 , Lange80 ant in

the Metals Reference Handbook by Srnithells 75 ~

Srnithells gives the density of the liquid iron at

TO = 1809 K (1536oC) as DO = 7015 kg rn- 3 (7.015 gr cm- 3
).
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~ At higher temperatures, the density of the liquid iron is

given by the following equation75 :

37

o = DO + (T - TO) (dO/dT) (3.2)

where·D
O

is the density of the liquid irbn at the melting

point T
O

and dO/dt = -0.883 kg/m 3K. These values·have been

adopted in the present work.

3.3.3 Viscosity

81
Turkdogan has presented data for the viscosity of the

liquid iron at its melting point. The value quotedis

4.95 mPa·sec (4.95 cP) with E equal

~ The variation in Visc~ty with

,~iron is given by-sm~thells75.

, (E ').
n = no exp RT &

to 41. 58 kJ~. 1
:, ~

tempe rature for liquid

(3.3)

•

here no : 0.3699 mPa·sec

E 41.4 kJ/m91

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 Turkdogan81 . At the meltin9

point of pure iron, it is quoted as 30 W m- I K- 1

(0.071 cal cm-~ sec- I °C-I), at 1873 K (1600oC) 35 W m- I K- I

(0.083 cal cm- 1 sec- 1 °C-I).
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3.3.5 Specifie Heatand Latent Heat of Fusion

Data for the specifie heat of iron have been summarized

by Elliot et,al. 7B . Lange
BO

also reviewed experimental data

for the specifie heat of pure iron. The tabulated values of

specifie heat were d to obtain an average over a range of

tempe rature,. Smithell 75, suggests the value 795 J/kg K

for f 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.

3.3.6 Diffusivity. ';".

~
72 ' .

Ershov et al. , studied the diffusion of various' •

all'oying elements in liquid'ïron over ',the temperature range

lB23 K to 1973K (1550 to l700oC).'

They used electron microprol;le analYsis for the

determination of the concentration profiles. An exponential

, form D = D exp (-Q/RT)m 0 was deployed'to de termine the

temperature dependence of t~e diffusivity.

For the diffusion co~fficient of Nb in liq\lid iron the

;- following values were derived: r~~

•
,

DO = 25.5 10- 8 m2 /sec

kJ/mol
;. ,

Q = 63.6 (3.4 )-
Hence, the diffusion coefficient of Nb in liquid steel at

lB73 K (1600oC) was'calculat~d to be 4.3 10- 9 m2 jsec.

For the diffusion coefficient of Zr in liquid iron the,
1­

following values were derived:



( DO =22.5 10- 8 m2 /sec

Q = 51. 9 kJ/mol (3.5)

Therefore, the diffusion coefficient of Zr in liquid steel at

1873 K (~6000C) was calculated to be 8.Q 10- 9 m2 /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 meltin~oint of Nb, 2,4770C (2750 K),

\~p a s.econdary: reference point (~TS-68).

The Fe-Nb system dispJ.i'lYS four 'ntermetallic phases',
'.,' ..,

and Fe Nb (ca. 11 a t . %" "Fe)x y .. '

mutual sol' solubilityof

the.. two metals is relatively smal1. The Fe 2Nb phase is a

'Laves phase (MgZn 2 type), is Pauli-paramagn tic and melts

congruently. Values for the melting point ary from 16300C

(1903 K) to l6550C (1928 K).

the tetragonal '\The Fe21Nb
19

phase was claimed

D8 b structure isotyplc with CrFe. is stable above 6000 C

(873 K) although this superstructure couId not be verified

by sorne investigrtors86. It is be that it is not a

a-phase but of t~W6Fe7 type denoted as ~-phase. It may be

pointed out that the structures of a and ~ ~re closely related.

The notation should thu~ be Fe 7Nb 6 rather than Fe21Nb
19

.
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Figure 3.2 The iron-niobium phase diagram
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c

The Fe
2

Nb3 phase was found to possess the Ti 2Ni-type

structure86 and it melts congru~ntlY between 17900 C (2063 K)

and 18000 C (2073 K). Sorne investigators86 could not establish

evidence for its existence.

~-richThe proposed phase diagram includes phase 'at

about 89 at. % Nb existing possibly between ll800 C (1453 K)

and 16250 C (189,8 K). The structure has not been 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 intermetallic Fe 2Nb compound has been
".

carried out by Barbi87 and Rezukhina et al. 88'. Both

researchers used galvanic cells to succeed in their investi-

gations. Their resul ts, 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 may

or may not exist), given by Miedema89

3.4,.3 Liguid (Fe-Nb) Alloys

Iguchi et al. 90 have mea~ heats of mixing of

the Fe-Cr, Fe-Mo, Fe-W, Fe-V, Fe-Nb and Fe-Ta liquid alloys,,
with the use of a calorimeter. 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 ,
,Integral Héats of Formation of Solid Fe-Nb Alloys

(1 - x) Fe + x Nb = Fel Nb-x x

42

T (K) LiH, kJ/mol atoms Reference

J

0.166 298 -11 89

0.250 298 -17 89

0.333 298 -21 . 89
..,r.

0.333 1200 -23.7 87

, 0.333 298 -20.5 88

0.500 298 -23 89
~

0.667 298 ..,18 89 .p

0.750 298 -14 • 89

'--cr\833 298 - 9 89

~
..

•
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..... . '91
use of the F*A*C*T system For this purpose it was assumed

that the iron-niobium system forms sub-regular solutions

the liquid state.

in

/

<.

The following equations were derived in kJ/mol atoms:
\ ~.

Integr~heat of mixing: .
'M

lIH = e XNb (- 37. 756 - 48. 869 XNb +! Z6. 351"~) (3 .6)

. Partial heat of mixing:

The\partial molar

97.738~b-± 79.d53 X~~ .
. /

heat/0f mixing of Nb at infinite

dilution in liquid iron is: ~

(3 • 7)

= -37.756 (kJ/mol atoms) r',
/

(3.8)

At 1873 K (1600oC), the activity éoefficient of Nb at infinite

dilution in liquid iron was estimated to be:

= O·or~(
In Figure 3.:>, the lIHr\.._lIH

Nb
and AH

Fe
curves are

(3 • 9 )

l

presented as a function of the atomic fraction of Nb, at 1873 K. ,

-)
3.5 A THERMODYNAMIC ASSESSMENT OF THE IRON-ZIRCONIUM SYSTE~

3.5.1 ~ases and structures•

Numerous investigators have published data on the Fe-Zr

system. Stil}, the phase relationships in the zr-r~Ch(~giOn

require more\~xperi~ntalwork. The Fe-Zr phase dia;rap shown

in Figure 3.4 has been taken from' Reference 8'6 '" 1
The Fe-Zr system displays four, probably five! interme~ate

1

pAaEeS, namely86: Fe 3 Zr, fcc, isotypic With.MnZ3T~6; FeZZr,
/

/

•
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fcc MgCu2-type Laves phase; FeZr 2 , bc tetragonal A1 2Cu-type;

FeZr3 ; ~thorhombic crystal system92 isomorphous93 with

Re 3B; FeZr 4 , whose structpre has not been determined yet86

In a rec~nt study93 only the phases Fe
2
zr, Fezr2 and Fezr

3

~~ld only be identified. They assumed that contamination by

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

the same diffraction peaks with the Fezr4 phase. The most

st~mpounds were found to be Fe2 Zr and Fezr3 .. They

~nsidered that the Fezr2 is a high' temperature phase. The

melting point of Zr, 18550C (2128 K), is a secondary' reference

point (IPTS-68 revised 1975)~ The phase Fe 3zr is f~rmed

peritectically86 at 14800C (1753 K), shows a range of homo­

geneity.of about 3 at.% Zr and is ferromagnetic below 275 0C

(548 K). The phase Fe 2 Zr exhibit~ an appreciable range of

homogeneity extending from 29-36 at.% Zr at 14500C (1723 K).

f . l' th It' 86In ormat10nre at1ng to e me 1ng' temperature varies

• \
somewhat from 16450 C (1918 K) to 16750 C (1948 K). This phase

'f . . 8~ . th C ' d' f1S erromagnet1c' W1 a ur1e temperature ecreas1ng rom

475 - 3100C (148 - 583 K) with increasing Zr content

(29 - 36 at.% Zr). Presence of small amounts of oxygen

apparently converts the bc tetragonal structure of FeZr2 to

the complex fcc structure
86

, isotypic with NiTi 2 . In the

zr-rich'region the liquidus has not been determined yet 86

9~In a recent study the crystallization of melt-spun Fe-Zr

metal1ic glasses was investigated. They found that unlike

Cu-Zr and Ni-Zr, the irnrnediate crystailization products'
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could not be undérstood in terms of the equilibriurn

crystalline p~ase diagram. They described that all crystal-

lization produ~ts were metastable or unstable phases. ~ey

found that in the compositïon range Fe25 Zr
75

to Fe
33

Zr
67

,

something like 'explosive crystallization' occurred. They

pointed out that the)pr~sent phase diagram should be modifieà

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

the phase diagram at FeZr2 , fact which would establish this,

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

3.5.2 Solid (Fe-Zr) Alloys

Schneider et al.
95

determined activities of the
}

components of the Fe 2 Zr phase from solubilities in liquid

at 1023 K. The solubility of the component of the alloy,

divided by the ~olubility of the purecomponent equals the

activity, since the solubilitied are so small thatthe
\

assumption of Henry's law is valid. From these activities

and their tempe rature coefficients, the integral quantities

can be calculated. However, no details and none of the
1

\

original data are given in the

Recently, Gachon et al. 96

77 95paper '

measured the enthalpy of the

c

formation of the Fe2zr phase by direct reaction calorimetry

at high temperatures. They performed sorne 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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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 Liquid (Fe-Zr) Alloys

After ,extensive literature survey the author found out... ,
only one published work on the heat of mixing of liquid Fe-Zr

11 Stomakh;n et al. 97 ,99 d . ta oys. ~ use a vacuum res~s ance

furnaceto investigate the enthalpies of formation of dilute

solutions based on iron, cobalt and nickel. In their paper

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

mixing of Zr at infinite dilution in liquid steel:

~~y experimental conditions or methodole~y they followed to,
deduce this value. In a private communication, IgUcni98

,_~-80.3 kJ/mol atoms. They worked in ~he region of very
i

\ ditute solutions (max 0.1 at.% Zr)
,

but they didn't describe

informed the author that he had tried t~meâsure the heats

of mixing of liquid Fe-Zr alloys, but he failed as he could

~ot prevent oxidation of the phases b~ore mix~ng.

Adopting Hardy's mEéllOO on sub-regular solutions and

using the Facility for e Analysis of Chemical Thermodynamics

(F*A*C*T system)91 the fo owing equation was derived for the

integral heat of mixing of liquid Fe-Zr all~ys (in kJ/mol atoms):

..

ll~ ~ X X (-82.634 - 14.644 X
Zr

)
Fe. Zr

(3.10)

1
This formula was found to be good enough to reproduce the

....



Table 3.2

Integral Heats of Formation of Solid Fe-Zr Alloys

49

(1 -.Xl Fe + X Zr = Fe
l

_ X zr
x

T(K)

---

6H, kJjmol atoms Reference

..



50

Fe-Zr phase dia~ram with the aid of the F*A*C*T~stern.
~~:.:..

the partial rnolar heats of rnixi~:the following equations

were deduced (il),kJ/rnol at0J!ls):

"
lIRFe = X2 (-97.278. - ~.288 X

Fe
)

Zr

lIRzr = x2 .(-82.634 - 29.288 XZr )Fe

(3.11)

(3. U)

50, the partial rnolar heat of rnixing of Zr at infinite

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

a value very close to the one given by Stornakhin et al. 97 ,99

It would be interesting to estirnate the activity coeffi­

cient of Zr at infinite dilution in liquid iron, Y~r' at

1873 K. Lupis and Elliott proposed a rnodel lOl to describe

the quasi-regular solutions with the following relationship:

. and

-E - T
G. = lIH. (1 - - )
~ ~ T

'. (3.13)

(3.14)

/

where G~' sI are the excess partial rnolar free enphal PY

and tQ~,excess partial rnolar entropy respectively, ~ the

solute elernent i; lIRi is the 'partial rnolar heat of rnixing

of the(elernent i; ~bsolute temperature in Kelvin;

T is a pararneter forrnally representing the ternperature at
• -E

which the solution can be considered ideal ( G. = 0) •
~

Lupis and ElliottlOl showed that the correlation between

s~ aner lIR .. for 90 liquid and solid solutions based on a' ,
~ 1 ~

seri,s of solvents (Au, Cd, Zn, Ag, Bi, Cu, Hg, etc.) at

ternperatures frorn 293 K to 1426 K is satisfied when
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D'

"[ = 3000 (±1000) K (3.15)
\

99 lOstrovskiy et al. , performed calculations using tDis (

'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 (6~)

was concerned. They pointed out that the value 7150 K for
•

the parameter "[ resulted in an excellent fit of data based

on the iron and nickel systems:

-E liB. ( 1 T
)G. = - 7150~ ~

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

-E X2 (-82.634 29.288 X
zr

) TGzr = - (1 - 7150)Fe

(3.16)

(3.17)

and at infinite dilution (lim Xzr = 0 and lim X
Fe

-OE T
Gzr = -82.634 ( 1: 7150 )

/>

But, as the equatiori (3.19) is generally true l02

-OE 0G = R T ln y
Zr Zr

= 1):

(3.l8)l

(3.19)

The followingfunctional relationship between

is derived:

1 0 = 0.604 _ 4317og Yzr -T-

oYZr and T

'-
\
\:(3.20)

"
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figure 3.5 Partial and Integral Heats of mixing
of the liquid iron-zirconium alloys
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ft is ~orth noticing that the Y~r increases as the

tempe rature increases, whièh is 'weIl expected for exothermic

mixing. For the calculations above, pure molten zirconium

has been selected as its standard state. Figure 3.5 shows

the heats of ~:g of liquid Fe-Zr alloys in graphical form.

In order to test.the validity of these results (i.e., the

presented relationships for the heat of mixing of liquid

Fe-Zr alloys), the Fe-Zr phase diagram was predicted based

upon them and the F*A*C*T System. Figure 3.6 presents the

predicted Fe-Zr phase diagram. The computations were

performed for the liquid (i.e., the determination of the

liquidus curve), and the intermetallics Fe
2

Zr and Fezr2 ,

which were considered as stoichiometric compounds., As there

is no available data concerning the free' enthalpies of the

various solid phases, no calculations were performed for

these phases and, because of this, there are no solid

solutions present in the predicted phase diagrarn. Nevertheless,

there is generally a very good agreement between the

experimental (Figure 3.4) and predicted (Figure 3.6) liquidus

curves.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

,~
1
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4.1 INTRODUCTION

In this chapter materials and experimental procedures ~

used, are presented in detail. For most of the experimental

work, .the data collection has been ,Car-ed out using the·

Data- Acquisition and Process Control Facility (DAPC), while

•

part of it (i.e., Section 7.4) has been succeeded with

help of the Intelligent Measurement Faci~ity (INMEFA) .

the

Sorne

description of the DÂPC is given below but for more details

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

.. 4.2
•

f
CYLINDER IMMERSION EXPERIMENTS

The cylinder immersion tests were carried out using a

meltmaster furnace, which is capable of containing

the steel. It was a 400 Volts, lpO kW, 130 kVA,

1 kHz unit. The inductotherm coils had 9 turns in a length
t'

• of 35.6 cm, ith an internal coil diameter of 33.0 cm. The

alu~ crucible, (90% A1 20 3 , 10% Si0
2

supplied by Engineered

Ceramics), had an Jl'nternal diameter of 19.7 cm and a height

of 35.6 cm. The molten charge normally filled the crucible
r---"

to within 2.5 cm from the top. All of the heats were made by
IP

induction remelt!ng>an initial charge of ARMCQpiron in an

alumina crucible. Figure 4.1 shows the induction furnace

with its controls. ~
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THE QUALITY· OF THIS MICROFICHE
IS HÉAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIE.LD DIFFERENT TONES
OF GREY.

,

LA QUALITE DE CETT~ MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

~ALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE, PEUVENT DONNER QUE DES
TEINTES DE. GRIS.

.~
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,1

4.2.1 Materials

CHANG ALBANY, Albany, Oregon, U.S.A ..

In Table 4.1, the chemiCal cbmpo~ition of the niobium

and zirconium cylinders use~, is'presented. The ~aximum~, ,

concentration of the impurities is given in ppm, and aIl

- '

The niobium cylinders used" were purchased from RBI, ,

a diviSiOn~CABOT Corporation, Reading, Penrisylvani~, U.S.A~·:

The zirconi~ cylinders used, were purchased from TE~EDYNE, ,/)
.(

"WAH

other metallfc residuals,that may exist, are expectcd to bc

40 ppm maximum each.

The properties o~ the niobium and zirconium cylinders,

estimated from similar properties of the pure metals, along,
with their sources, are presented in Table 4.2. High puritYi

iron melts were made by melting ARMCO iron having a nominal

composition of 0.02% -0.03% carbon, 0.05% mangancse, 0.007%.'
~hosphorus, 0.01% - 0.018% su,1phur, 0.001% silicon and iron

;-

the .balance.

For both the niobium and zirconium cylinders, the

~e~essary thermocouple inserts were made bY drilling out

0.31 cm dïameter holes. The tips of these holes in the

cylindrical body we~e located at'a distance about 10 cm frorn
a

the top. In order to reduce the' bottorn effects to the- \
cylinder, a steel cap waJ ,placed very firmly on the bottorn of

l'the' cylinders. This cap was t~i~er_at the corners where \;

the rnelting is generally faster. . ,r) ,

. ,
, . ..
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Element

Table 4.1 ~ ..

Chemical Analysis in ppm

Cylinder

Niobium

\

Z'irconium

58

r

\

Oxyg:en 250 820

Nitrogen 100 40

..-:. C'*rbon lDO 110

Hydrogen 10 20
-...;:,i"

,silico'b 50 50
"7.;!

Tantalum 2000....,
Hafnium 100 100

\

Tungsten 500 50

Chromium 40 100

/~~ Titanium 100 31

Aluminum 40 53

"-
) Iron 100 690,

,
Copper 40' 52

...,." i ~ickel 50 35,
"

" Molybdenum 50 25

Niobium balance )\
Zirconium 100 . balance

C'
"

{'
,
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Thermal and Physical Properties of

Niobium, Zirconium and Armco Iron ..
.

Property Niobium Zirconium· Armco Iron.

1'pensi ty
-,

8600 75
6490 75 7506 84.

. -

(kg/m 3) (298 K) (298 K) (1500 K)

~I
•

Heat 268 75 289 75 698 84

~I
Capacity (298 K) (298 K) (1500 K)
(J/kg JO

<Il Thermal
54.175 22.6 75 32.1 84Conductivity

(W/m K) (298 K) ~98 K) (1500 K)

Melting Point (K) .2740 76 2125 76 1793(est)

Phase
1136 76Transformation (I< ) -- ---

Latent Heat of
2465.5 76Transformation -- -- -

(J/kg)

Densit~ 7830 75 580075 6960
84

(kgl.m ) (2740 K) (2125 K) (1870 K)

Heat
822

84
Capacity -- --
(J/kg K) (1870 K)

Thermal
41. 2

84
Cl Conductivity -- --
H

(w/m K)
V

(1870 K)

::> yiscosity -- ( 8.0 10- 3 5.1 10- 3

CI (Pa· sec) (2125 K) 75 (1870 K)84
H

"
H volumep:ic -\ -J..4 10-"coeff~nt --

of Ex~a ion (1870 K)84
(K- )

1

Prandtl 0.12
Nuffiber -- '-L i

Latent Heat of
:?83.876' 185.276 268.5

82
Fusion (kJ/kg)

/
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4.2.2 Adjusting the Steel Bath Chemistry

Sixty-five kg heats of Armco iron were melted down,.

The bath tempe rature was brought up to l6000 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).

ments we're taken with a Fluke 8600A digital

The EMF m~ure­

voltmeter, At

•

(

•

this stage the qxygen content of the bath was gen~~~l:

7'found
83

to be around 1200 ± 50 ppm. ~(~'

A 150 9 FeSi (75 wt% in Si) addition, fOllOW~ for

deoxidatio~ purposes. Tpe lumps were stirred in th'e melt

for about 30 second? Following this, 30~ 9 of al~inum
rads 1.905 cm in diameter were immersed. 1 Immediately \~ter,

less than 40 ~ of lime were dispersed in the surface of the

melt. At this point the accumulated slag was quite fluid and

skimmed off easily.

As the author's experience'with the experimental

procedure 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

t~~ower ta the induction furnace off, for about '40 seconds.

This is a relatively good time interval in which the

deoxidation products can rise easily ta the surface without

ing entrained back into the rnelt, as it would ha~e happened

in an agitated rnelt.

With a pr:b~~uPPlied by Electro-Nite Co. ana with the
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-J•.... , help of the INMEFA 83 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 t~e niobium and zircQnium

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

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

of

In

•niobium and zirconium CYli~ders were immersed

any case, the total conten~of the impurities

umber

heat.

of
1

every experimental work, it was found that the steel was

Iki~d'. Acrually, the final active oxygen content"

steel bath, was found to be close l ppm for

4.2.3

highly,
of the

ot the cases.

Immersing the Bath Thermocoup(e

Once the bath chemistry'had been correctly adjusted, the

next step involved the immersion of a,bath thermocouple.

A continuo. monitoring of the bath temperature is •

critical to the success of these dipping tests, since melting

times,are normally inversely proportional to superheat

temperatures (Tbath - TM. P .Fe)",' ,'For typical steel plant

conditions, this only amounts to at most 100 K, 50 for a ±5%

error. instantaneousbath temperature" must be known to be

within ±5 K maximum.

The thermocouple system chosen was a t~pe R (Platinum/
J

l

Platinum-13% rhodium). The thermocouple wirès ~ad been f

appropriately placed in a 99.8% alumina double-bore ins~l~tor
tube (McDanel) with O.D. 2.38 mm. The whole system was

.., .
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contained in a 99.8% alumina sheath 5 mm I.D., 7 mm 0.0.,

46 cm long with one end closed.

In order to prev~nt slag erosion (of alumina tube) at

the melt surface, a cement 'collar' 9 cm long and about 3.2 cm

in diameter was bQund around i~ over the appropriate distance.

Another ~ement collar of the same diameter and a length

of 2.5 cm was placed 6.5 cm from the open end of the alumina
"-

sheath. This latter collar allowed better attachment of the

alumina tube to the support stand. Figure 4.2 shows a bath

thermocouple.
\ ~ .. ,

The whole thermocouple assembly was lowered to within

5 cm of the bath. 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 lOOOoc (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 hours aJ<.~,

tempe ratures ranging between 15500 C and 16500 C (1823 K to
tI

1923 K).

The platinum wires of bath and ~ylinder thermocouples

were long and were connected with cold junction compensators, (

type CJ-R, supplied by Omega Engineering Inc., Stamford~ CT.,. ' .

c

U.S.A..

4.2.4 Weight Sensor

In this .work, advantage

which has been constructed58
eqJi:ment

0'
Using

was taken of a piece of

at McGill University.,

(

, .
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u
this equipment, the apparent weight of the addition in the

64

steel bath was monitored. Î
In essence, the equipmen~ provides a feeding mechanism

driven by an 1/3 HP variable speed DC motor, plus a wei_ht

sensor (load cell) capable of measuring both tensile and

compressive loads. i t
The load cell was calibrated by suspendin known weights

from it and by sUhsequently measuring the outp signal for

the input excitation voltage of 12.43 DC. The excitation
1

t
o tage was supplied by a special DC solid state electronic

uipment (MODEL 2B35J) purchased from the ANALOG DEVICES,
•...1 .----- -~

;S.A .• 1nd assembled in t~ laboratory for this reason.

ThreL LEBOW-type load cells of maximum· capacities

-' 22.3 N (5 lbs), 44.6 N(-lO'l~) a~d 111.4 N (25 lbs) ·were used.
'/ ",

The following linear calibration curve was found to
, -

relate very well the net downward force with the analog

(output) signal from the load cell (correlation coefficient

1.000):

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

•

c

Table 4.3 shows typical values of the two coefficients (A,B)

which were obtained from the calibration tests together with

the resolution for each load-cell ty.pe. Figures 4.3 A and
1

4.3 B give a schemati\ representation of the induction
1

furnace with the bath thermocouple, the weight sensor, and

the immersed specime~.

•
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Table 4.3
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.- . "

Typical'values of the coefficients

A and B (Eqn. 4.1) , obtained ,by

calibratio~ te~.

\
r 1-

( J
Load Cell of r
Max. Capacity A 'B Resolution

(N) (rnN)

(
22.3 ''-''O;r 458 -7.5516 ± 5

44.6 1. 8043 -2.0601 ±11

111.4 3.6813 16.9945 :'.22

\

\

'l,', ,

•

l
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Sensor

Crucible

couple

0--- Coil

Weight
~

. Cylinder
upie Thermo

,...1-, .... -
1 1
1 1

~'"~ ~
1 1

~1 1

~
1 1 0
1 1

~~ (II 0lti 0- 0
0

• 0
-~- j 0

~- .

~.'--~/ 0,-
0.)

Liquid Steel 0
0
0
0

o
o
o
o
o
o
o
o
o
o
0.
o
o
o
o

Bath
Therrnoco

c:,
Figure 4.3A 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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Weight Sensor

\. Bath
Thermocouple

Cylinder­
Thermoco.uples

1 Il 1
1 Il 1
1 Il 1
IIIII-----t
1 Il 1
1 1J 1
1 Il 1

. 1 Il 1

o
0' Crucible
o
o
o
o
o
-0-- Coil
o
o
o
o
o
o

Steel '
~

Liquid

o
o
o
o
o
o
o
o
o
o
o
o
o
o

·0

Figure 4. 3E Schematic representation of the induction
furnace, the weight sensor, the bath ~
thermocouple, and the immersed cylindrical
specimen-with twothermocouples •..,
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4.2.5 Microprocessor Based Data ACquisition System

The monitoring of ana log signaIs from the transducers
o

(i.e., thermocouples and load 'cell) was carried out with
,

the Data Acquisition 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 weIl as

hardware and software aspects are given in the reference 85.-

4.2.6 Procedure for Cylinder Immersion Tests

Once the steel bath chemistry had been correctly adjusted

and the bath thermocouple had been i~ersed into the steel

bath, the temperature of the melt was brought up to 5-10 K
~

'above the specified temperature. The power to the induction

furnace was then reduced and the bath thermocouple output

was registered with the help of a FLUKE 8600A Digital Vel~

meter. A~ ;he same time, the apparatus which carried the
D t

load cell was then' brought te the ·top of' the steel bath, and

scanning of the ~pecified channels started a few seconds

prior to imm~rsion. When the message 'Data Acquisitio~
,

Finished' appeared on the terminal the remaining portion of

the cyli~er was w~thdrawn from th~ steel bath ayd removed

from the load cell. Depending on the selected ~umber of
~

chan~els, the data collection rate was for most of the cases,

4 measurements per second per channel.
,
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Satell îte Weight
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Bath-

Thermocouple'

Il MAC - 4000 , Cvlinder
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~
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, .

l
~

.

Figure 4.4 The DAP~acility

6
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f"j... 4.2.7 Induction Heating of Composite samp\es

.' .
In order to find out when.and how ~he exothermic reaction

(

between steel and zirconium (or niobium) started, small

composite cylindrical samples were machined and pressed

tightly together, and they were heated in an induction coil.

Figure 4.5 shows a schematic cross-section of a composite
.

sample parallel to the cylinder axis. similar composite

specimens were also made of pure niobium and mild steel.

The mild steel h~d ~ nominal composition of 0.025% C, 0,05 % Mn,

(in the range of 273 to 373 K) for iron is

0,n07% P, n.OlR% S, 0,001% Si, halance iron.

f
. 75

o expanslon

As th! coefficient

LhR and 7.05 times larqer th~n trè ones for niohium and

~iTcnnium, re~pecfively, it W~~ inrlispens~ble tn encase the

st~pl part, esperially for ,the zirconi\~m situation, in order

rn a!=;!=;urp. ., gOOc1 cont?lct fl.nd therefore, tn prnd\lce 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 specimen was then heated
•

inductively, and the terperature-time

was recorded with the D~PC facility.

history of the iote

passed until the hot

the induction coil and

,
junction met the interface.

The composite s~mPle was placed in

)thrOugh it, thermocouple wires were

4.2.8 Elictron Probe X-Ray Microanalysis

!
For the quantitati~e analysis of the reaction z~~~s

during the steel shell ~eriods of niobium and zirconium
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A

,
/

~ 1
25

33

1.. 19ifl .. 1

Mi~el

1 Thermocouple

T3.2 rfi

Zirconium

1

Figure 4. Schematic cross-section of a composi~e

sample. (AlI dimensions are in milli-
m s) •

,
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cylinders in liquid steel, a é.amebax· electrop microprobe
, r,

(Model MEl) màde by Cameca ~nstruments, France, was used.

It was a wavelength dispersive system consistingof.four

s~ectrometers. A microprocessor-based system provided ,the

means of communication~etween 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.

For t~e quantitative analysis of iron and niobium, the

standards used were m~de from pure iron and niohium metals.

For the qtl'antitative.analysis of zirconium, the standard

used was a zirconium compound called zircon (ZrSi0 4 ), with

a chemical compnsiticm of 49.8% Zr, 15.3% Si, and 34.9 % O.

A typical valup f0Y ~hp ~pnc;;t-i\fit-v nf thic: if'!=;t-rllmpnt il=:

j

•
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l''''CHAPTER' '5

5. RESULTS AND DISCUSSION ON THE Nb DISSOLUTION IN LIQUID

STEEL

5.1 INTRODUCTION

In this chapter, theexperi~ental results obtairied.from
. .,

the dissolution of niobium cylinders immersed in liquid steel,

are discussed. Two s~t of immersion tests were carried out.

The first set involved simple drpping experiments in which

niobium cylinders were immersed in liquid 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 r8action between the niobium

and the steel, during 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 cm to 2.54 cm.

1

The second set of immersion tests involved the dipping

df niobium cylinders together with simultaneous mmnitoring

of cy linder and steel bath temperatures, and app~rent weigh;t:····."
. 'J

during the dissolution. Twenty-one cylinders were used for

this set. The cylinder diameters were ranged from 1.905 cm

to 3.81 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 measnred: one at the centerline,

the other at a position close to the edge of the cylind~

In this chapter, a typical experimenta) result is analysed

•
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together with model predictions. ~o periods are identified

which are analysed in detail. In Appendix l, typical results

for the second set of immersion 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 th~ solidified steel shell. This sample

cornes from a niobium cylinder with 1.905 cm in diameter

immersed in liquid steel at 1600P C (1873 K) for 8 seconds.

Simple inspection reveals that no reaction has taken pl~ce

between the niobium cylinder and the shell. Also, if any

reaction has actually'happened in a microscopie scale, this

has not proceeded in any appreciable 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~.action to

Occur between the outer surface of the niobj~~cYlinder and

the inner surface of the steel shell, as there are some

intermetallic compounds which are formed in the, Fe-Nb system.

It was considered that heat transfer might be the cause that

the reaction didn't occur. If the starting point (i.e.,

temperature) for the reaction were high enough, then immersing

the niobium cylinder at 1600 0 C (1873 K) would make its

solidified shell to melt back before the' reaction temperature

would have been reached. For this reason, a search for the.
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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 liquid steel
at 16000 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

the shéll to melt back .
•

In Figure 5.2, . a cross-section of

a niobium cylinder (2.235 cm in diameter) together with the

solidified Sh~ is shown. Simple inspection reveals that a

reaction has occurred, inde~d. This cylinder had been

immérsed in liquid steel at 15700 C (1843 K), for 15 seconds;

with the use of a mathematical model (see Section 5.5) it was

predicted that the reaction migh?'start at the Ilth second

after immersion while the steel shell period would end 23

•

seconds after immersion. From the Fe-Nb phaa~ diagram

(Figure 3.2), one can notice that there is a liquid eutectic

that forros at 13700 C (1643 K). at about 10.6 al. % Nb. This

value (1370o C) was considered as the reaction temperature in

the model used, and this

reached withi~ the ~teel

is a relatively large value to be,

shell period. The assumption about

the reaction temperatur1 was validated from sorne extra

experimental work, as well. As described in Section 4.2.7,

composite samples of niobium and low carbon steel were

heated in an, air induction furnace. In Figure 5.3, a typical

experimental result from this set of tests, is depicted. •

One can notice that 'after the 84th second the temperature at

the niobiumj.iron interface of the composite sample has a

tendency to increase more in an abrupt rnanner, and after

the range of 13500 C - 14000 C (1623 K - 1673 K) the temperature

measurements become erratic, while the power input is kept

..
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Figure 5.2

\

Cross-section of a niobium cyl indri cal
specimen (2.235 cm in diameter) encased
by the solidified steel shell. This
sample had been immersed in liquid .
steel at 15700 C (1843 K) for 15 seconds.
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Figure 5.3 Temperature versus time curve for an
inductively heated iron-niobium composite
sarnple.



Figure 5.4 Temperature versus time curve for an
inductively heated iron piece.
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:10 ,
constant at 35 kW. This means that there i s a "chemic-al

attack" on the tip of the thermocouple because of the reâction.
. ,

The Fi~ure 5.4 is presented here for comparison. It is a'

typical ~xperimentar result from the heating of a low carbon

steel sample, having the same dimensions with the composite

samples and being heateà with the same power'input' (35 kW)

in the sarne indJction coil. It is obvious ~hat after the

•80th second the tempe rature of the sample does not increase

appreciably and it approaches an almost constant value
<

(around 14300 C or 1703 K).

As described in Secti"n 4.2.8,
~

Microanalysis of sorne ;fampleR,taken

immersed at low bath ~perheats,was performed. A typie'rt]

~"'sample used fo~ this kind of analYRlR lS preRented in

Figuré" 5. 5. Baslcally, only two Fe-Nb intermetal1 le'

compounds were identified: The Fe 2Nb (or FeO.667NbO.333)

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 Fe 2Nb or

the' 'èxperimental errors for the ùetermination,
of the iron and niobium mole fractions were found to be

0.002 and 0.001, respectively; for the Fe 2Nb3 or Fe O. 4Hb O. 6

the experimental errors for, thé.determination of the iron

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

0.012. In the reaction zone, the average composition was

1
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Figure 5.5

."
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..

A typical sample including a part of the
iron-niobi~m interface during the steel
shell period, used for Electron Probe
X-Ray Microanalysis.
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found\to be 37% niobiùm-mole~fraction (i.e., corresponding

(

è2

to' 49 ..4 w-t% Nb)., and 63% iron-mole-fraction (i. e., corres-
"

(5. 1)

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

can be considered that takes place:

2.52 Fe + 1.48 Nb ~ 1.15 Fe 2Nb + 0.11 Fe 2Nb 3
\

In the reaction products, the presence of the Fe 2Nb

intermetall~c compound dominates. In reality, the composition

of the re~ction products is 84.6 wt% Fe 2Nb anù 15.4 wt%

In section 5.5.2, more aboqt the reaction and

prediction' ior th~ steel s~ell period will be given.

5.3 INTERPRETATION OF DATA FROM THE DISSOLUTION EXPERlMENTS

with

presented

the help of the data acqûisition facility (DAPC)

tin Chapter 4, the weight sensor (load cell)

registers a decrease in the net downward force. The rate at

wh ich the force changes then a llows the ra te of ù isso-lu tion

to be monitored. Figure 5.6 shows schematically the forces

which act on the load cell when a cylinder is immersed in

liquid steel. Mathematically this can be expressed as

follows:

(5. 2)

Net downward force. This is the force which

the load cell registers;

F
G

Gravitational force;

FB 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 FG can be expressed by the

following equation:

where

( 5 . 3 )

Vout

V,
lmm

o1 Nh, s

The volume of the poftion of the cylinder which

is outside of the liquid steel during the

dissolution (in m');

The volume of the rest portion of the cylinder

which is inside the 1 iq\li rl steel till,; nq t,he

n.issol\ltion (in ml)~

The densit.y of the niohium cyl inrler (in kg/m');

ttlP prirlriplA of ArrhimR~~s, Rny nhipr~ whnl1y~r pRytiRlly

immerspn i.f' " fllIln i.s hll()yed IIp by Ft fnrce egunl tn thp

w",ight of th", displi'icprl fluirl,

F B ."... V imm (IFe, D q ( ') • 4 )

where P Fe, v, The density of the liguid steel.

Combining the equations (5.2), (5.3) and (5.4):
---'-

FNDF = \lout - V -: '-, g
imm Fei, 9,

/
(5 • 5)

time and

constant

l t'ng the equatio~ (5.5) with respect to

that the difference ( PNb,s - PFe,~ )

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

is

/
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dFNDF =
dt

dV,
~rrun

dt
(5.6)

Figure 5.7 d~picts sorne typical results from the niobium

dissolution experiments. The diameter of the cylinder 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 ste~l as registered by the DAPC facility. The da

presents the force (i.e .• the net downw~rd force) registered

the period AB the load cell registers only the gravitationaJ

Duringby the lo~d cell durinq the dissolution experiment.

~ acqUisition system started monito:r'inq the di ssolution f

u ~arameters a few seconds prior to immersion of the niob\

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

)
/ 'î

forces; vibrations are usually recorded as the cylinder is

lowered towards the surface of Che melt. When the leading

edge of the niobium cylinder touches the surface of the steel

bath, the force which the load 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 subsequent

segment CD in line 2 depict~ the steel shell period during

which a ~he)l _.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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Figure 5.7 Results from a typical niobium dissolution
experiment in liquid steel. The cylinder
diarneter 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. l
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the steel shell tend to compensate each other 50 that only

mi~r effects appear on the overall forcf- ba~ance, provided

they qccur simultaneously. \ '

The segment DE of curve 2 shows the free dissolution

87

period where there is no frozen steel shell'around the niobium

cylinder. During this period the volume of the niobium,

cylinder decreases due to the dissolution and consequently,
\

the buoyanc~forces also decrease (Eqn. 5.4). The net result

i is that the

during this

DE of curve

force which the load cell registers decreases

perio~H~re it should be noted that the segment

2 does~o~ show the to~al free dissolution period

) of the\niobium cylinder in liquid.steel. Niobium dissolves

slowly in liquid steel, and hence, it would take more time
~

than the ;ne sorresponding to the time period of the segment

DE ta assimilate completely in th~ liquid steel.

Curve 3 snows experimental and predicted temperatures

along the centerlinè of the niobium cylinder. The solid lines
•

represent predicti~ns 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 immersion 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 transformation, and it

also has a relatively high thermal conductivity with a value

more than two times larger the thermal conductivity of
~

zirconium (Table 4.2).

J
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The dissolution of niobium in liquid steel involves two

distinct periods. The first is 'the steel shell period!-'and

the second is 'the free dissoluti~eriod'. Referring to

Figure 5.7, the time coordinate of the curve arrow tips (a, b)

show where each one df the above periods start. The steel

shell period lies between a and b while the free dissolution

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

these periods are analysed in more detail.

5.4 CONSISTENCY AND ACCURACY OF THE METHOD

The validity o"f the results registered !;>J' the weight

sensor were checked for each cylinder immersion test. Thus,

the immersion length for each cylinder could be found by

measuring thé length bef9r{ ..\and after its immersion.

the immersion length, the volume of the immersed part

From

of the

cylinder was determined. With the aid of the equation (5.5),

the expected net downward force was calculated. Referring

to Figure 5.7, the difference of the values of the net down-

ward force at points Band C of curve 2 was within 5% of that

calculated. The initial and final mass

also measured with a precision balance.

of the cylinder was
l

The difference o~

the net downward force at points P and E is the difference

o~ the apparent weight of the cylinder during this part

(segment DE) of the free dissolution. This apparent weight

is directly related with the real ~ass of the cylinder whiGP
<

has been dissolvedand in this way, this value of the dissolved

\



mass was check

cylinder. These
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ainst the measur~d weight loss of the

o values should not differ more than 5%.

An experimental run was rejected if it failed one of tnese

tests. ~Accordingly, about 16% of the experimental runs were

rejected. The most important reason for this was slag

free~ing onto the cylinder near the surface of the melt.

The accuracy bf the method depends upon the difference

betweep the steel bath density and the density of the'

iridividual 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 du ring the dissolution can be found

using equation (5.6), and the accuracy (resolution) of the

weight sensor. In the case of the niDbium cylinders for

example, the vflumetric change could be estimated within an

accuracy~~f ±1.7 cm', while for tne zirconi~ ct~inders, the

accuracy of th~ volumetric chan~e was within ±3.2 cm'.

5.5 APPLICATION OF A MATHEMATICAL MODEL
•

5.5.1 Introduction /'

In order to facilitate the anal~sis of the pheno~è~a

1
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,
"l

. ' 59 60
wh1ch has been developed' to predi15heat and mass

r-

\~
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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·

additive is chosen to be of a cylindrical shape since heat
•

transfer phenomena can be described relatively easy in
\

cylindrical geometry and there are experimental values of

heat transfer coefficients for similar cas~s in &teel bath~.

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 in the 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 equations 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. Discrètization equations for the

numerical solution of the model will not be presented here;

the interested reader is referred to 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
~

written in FORTRAN computing language, was compiled with a

FORTRAN-H compiler and executed on an AMDAHL comput~r. Then·

the same program was compiled with an Absof~ FORTRÂN-77

ComE~ler (Version 2.1) and executed on an EXORmacs (MPU-68000)

MOTOROLA designed pseudo-32-bit microprocessor. Once the

performance of the program had been checked to the last
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detail in both systems, executions of the progra~ were ~

performed by the Exo~acs entirely thereafter. Computational
i

results were obtained for both metals (i.e., niobium and

zirconium) and will be presented in the present and the

following chapters.

5.5.2 G~neral Equations of the Model

The heat conduction equation expressed in cylindrical

coordinates has the form l03 :

l a
r ;) r ( kr ()T)+ l ..l.. (k oT)+ ..l.. (k OT) + q =

()r ~ a~ a~ oz az (5.7)

where T the temperature at a specific location inside

the cylinder;

k thermal conductivity;

p density;

c
p

q

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

aT/oz = O. If in addition, the heat flow is symmetrical with

respect.to the angular component, (i.e., conditions at r

and z, uniform and independent of ~ ), then the above

equation reduces to:
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(5.8)

•

Finally, without any heat generation (q = 0), this general,

equation simplifies to that for transient radial conduction

of heat in a cylinder:

pc dT = ! 2. (kr dT )
P dt r dr dr r\,

\

( 5 • 9)

.,)
Equation (5.9) is solved to determine the temperature

distribution inside the solid additive and the solidified

steel shell. Figure 5.8 presents a typical set of events

taking place during the steel shell period for a cylindrical

additive immersed in liquid steel. The diagram represents a

schematic cross-section perpendicular ta the cylinder's axis.
"

One can use the eqllation (5.9) to\:,rite appropria te expressions

for transient heat conduction in the snlid additive and the

steel shell:

Solid additive: o , t ~ t total

dT
dt

l d
r dr ( k dT)s r ar. (5.10)

Solid steel shell: r1,r 0( r, o .. t ( ttotal

(5.11)

)

/

Genera~ly for zirconium and for low bath superheats in

the case of niobium, when the steel shell/additive interface

exceeds a cêrtain threshold temperature , an exothermic

reaction is initiated. This phenomenon has been approximated
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Figure 5.8 Schematic representation of an addition
with the solidified steel shell and the
liquid steel; the various interfaces and
the coordinate system used in the mathe­
matical model are also illustrated.
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')
(in its simplest forro) with ~ .conrant heat generation terro

at the inner steel shell interface, togetnër 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 ~ore. Figure 5.9 presents these

phenomena in schematic forro.

A) Initial Conditions

Prior ,ta immersion, the temperatu!e of the cylinder can

be taken to be uniform at TO' Expressing the above condition

mathematically, (T. C. 1)

(5.12)

Similarly, bulk temperatures within the Rteel hath ean hl'

taken ta he constant prior to immerRion: (T .r. /) t ~ 0 ann

(S. Il)

B) Boundary Conditions

In writing boundary conditions, these have bee~ listed

in a systematic way starting at the cylinder's center and

timezero, and proceeding radially outward towards the liquid

steel bath. Although the problem has been expressed in terms

of five boundary conditions, those applying at the inside

steel-shell boundary change once exothermic reaction begins.

The boundary conditions are:

(B.C.I)

dTar = 0

r = 0
1

L"
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q" kFe
dT

k dl'
= dr

= ar-s

T* T*
and q" Fe s (5.15)=

~ ~

where T* and T* represent the ilterfacial temperatureFe s

of the iron and Rolid additive interfaceR in imperfect

thermal contact.
"

(R.C./B) t
R

.; t .; t
total

dT "
, dT-k

~
+ N i\H

R
..", -k :ïrFe R s

" "whprp R
T

~ 0, and N K (Cs - C )
R R "'/FP

\.. -' (5.16)

Furthermore, when the 'reaction starts the contact

The boundary condition (B.C.2B) suggests that when the

exothermic reaction starts, the difference between heat
,

fluxes into~nd out of the interface or rea~tion zone muit.

be balanced by the heat flux generated 'by the exothermic

reac~on.

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

the reaction zone remains at the original iron/additive

•

interface.

(B.e.3) o .; t <; ttotal

T = TM.P.Fe

_J

(5.17)

Equation (5.17) means that the temperature at the interface

between'the steel shell and the liquid steel, is in fact,'
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the melting point of the steel bath.

."

(B.C.4) o < t < ttotal

(k dT) =
Fe "Yr Fe,shell

(5.18)

where ÀFe is the latent heat of fusion of the melt.

~quation (5.18) represents a heat balance for the moving steel

solidification front at the steel shell/liquid steel interface.

The heat transfer coefficient (h) from the bath to the

enclo!=;i.ng steel shel] surface, ha!=: bpen nprll1r'pn fynm t-hp

ft'"'l11nwinq nimpf)!=:;nnlpc::;!=: r.oYrel~t'inTl:

Nil T. thp Nllssplt numher;

(S.19)

•

PêlJ, the Rêlyleigh numhpr;

J, the cy linder lengtll

and C is a constant depending on the experimental conditions.

Actua~ly, C r 0.23 when there.is sOrne induction stirring ta

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 validity of the

equation (5.19) has been verified from another independent

t d 104,105 . h' hl' d"' l' . ds u y , ~n w ~c cy ~n r~ca spec~mens'were ~rnmerse

in steel baths similar (in quantity) to those used for the,
present study.

•

(B.C.5) o < t < ttotal

T = TBATH (5.20)
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The last boundary condition demonstrates that the tempe rature

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

as being constant.

To model the free dissolution period of niobium and

zirconium in liquid steel, an effective heat transfer

J'

coefficient (heff ) was introduced. This was done so, in

order ta 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 mAlt durinq the frAe dissol"tion perio~, is rRlle~ the
",

"nllt-w;::ay~l flll1(', rl;nrl ;R qivpn hy t.ho f(")YTTlll1r"l:

(5.21 )

whoyp T
T

the temperatuTP of thp rylinrlyir~l Rrlrlitivp R~

its dissolvinq front;

T ~ the temperRtnre of the hRth.
B ..

Tt is ohvious, that q t can be positive or negativeou

~epending on the sign of the difference
..

The inward flux q. ,ln

T - TB )­
T

that is the flux that enters the

cylindrical additive at its dissolving front, is given by

the foJlowing equation:

..
(5.22)

where k; the thermal conductivity of the additive;

the derivative of the temperature with respect to the radial

distance (aT/ar). is taken at the interface (1).

A simple energy balance at the dissolving front demon­

strates that the sum of the inwara and outward fluxes is
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equal to the generated heat per unit surface per unit time

due to the exothermic dissolution:

99

" _0
N. 6H.

J J
{5.23}

"where N. = the molar flux of the dissolving element j;
J

-0
AH. = the partial molar heat of mixing at infinite

J

dilution of j.

" .The molRr flux N. of the dissolvinq element j can also be
l

writ.t.pn as:

"N. -
J

E. dr
M dt

(5.24)

wherp r = ~he density of j;

M = thé'molecular weight of J;

dr
nt the reduction of the cylindrical additive's

radius per time, or simply the dissolutinn speed.

One can gro~p sorne constant parameters together:

Q ,= E. !IH~
v M J

where Q is the generated heat per unit volume.v

50, the equation (5.23) now becomes:

(5.25)

(5. 26).

7he above formula (5.26) has been used to model heat

transfer events during the free dissolution of niobifm and

zirconium in liquid steel. In the following sections, the

~mation of the effective heat transfer coefficient (h
eff

)
)
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will be described, and results based on this equation will be

presented as well.

5.5.3 Steel Shell Period

In the section 5.2, the subject about the reaction at

the niobium/steel shellr~terface had been discussed. Tt

was pointed out, that a reaction does happen once there is

enough time for the starting temperature of the reaction ta

be reached, before the shell melts back. AR the reaction

temperilture for this case is relat-ively high 11700 C (1643 K),

th" reilction does not prilct-icillly hilppen or, it- nOPR illSt- il

few seconns before thp pnn of t-hp st-eel shpll pprion. In

Figure 5.10 one Ciln not-icp t-hilt the reaction has not ilct-"illly

taken plac" ypt. Ttlis is ~ cross-spctinn from ~ niohium

cylinileT 2.?4 cm i,n rUrtmetPT, which hncl b0en immPTsec1 fny

8 seconds in a
o

steel melt at 1600 C (1873 K). The model

predicted that the reaclion should start 10 seconds after

immersion and that the steel shell period should last Il.5

seconds. Similar predictions were made for niobium cylinders

with diameters in the range of l cm to 5 cm. Stagnant ~teel

baths were assurned (i.e., the power to the induction ~nacc

was turned off during the hypothetical test) at 16000 C (1873 K),

and with a melt cooling-rate 0.25 K/sec. These results

shell periods are presented. Curve 2 gives the steel shell

reaction to start for a specifie diameter cylinder.

are
/~

l "'the

",./
~..

shown in Figure 5.11. Line l represents the time for

Two
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•
Figure 5.10 Cross-section of a niobium cylindrical

specimen (2.24 cm in diam~er) encased
by the solidified steel ~ell. This
sample had been immersed in liquid steel
at 16800 C (1873 K) for 8 seconds.

...
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period for ~~pecific diameter niobium-cylinder in which the
~

~nerated heat flux due to the exothermic reàction

(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 .is of the same order of magnitude with the heat fluxes

estimated for the steel shell period of zirconium cylinders

in liquid steel (see Chapter 6). Curve 3 gives the steel

shell period for the extreme case in which the generated heat

flux is zero. One may question why thQ,Se two values for the

steel shell period of a specifie diame~er rylinder happen to

be 50 close. This can be explained on the basis that t~

I.#'
reaction takes place in the last staqes of the steel shell,
period and hence, the heat trarisfer by convertion from the

fluid to the cylinder becomes more important ~han any other

'"qenerated heat due to the exothermic reaction. FlIr~her~e,

this makes the precise determination of the generated heay

flux due to the reaction in the steel shell period imposCihle.

On the other hand, most of the experimental work has been

carried out with niobium cylinders of maximum diameter

2.54 cm, and as it is depicted in the Figure 5.11, at smaller

diameters the two shell periods become almost identical.

Befdre closing the discussion about the steel shell

, period of niobium cylinders.in steel melts, one last thing
--"\

,'. should be pointed out.
'.

In Figure 5.12, predictions are given

"

on the possibility of the reaction's occurrence. Curve r

shows predictions for liquid steel without induction stirring
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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 jor a large value
of generated heat flux;

3) Steel shell period without any heat
generatio.n.
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Figure 5.12 Predictetl resplts on the possibility of the
reaction's occurrence during the steel shell
period with respect to steel bath superh~t,

cylind~r diameter, and stirring conditions
of the Joel t.
1) Nofinduction stirring (power off);
2) Induction stirring (power on) .
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(Le. , pQ,wer off) and cooling rate 0.25 Risee, while cl1:rve 2
\ .

shows p&!dictions for liquid steel with induction stirring

(Le. , power on) and cooling rate 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 events

are so predominant, that the steel shell melts back before

the reaction temperature is reached at the niobium/steel

shell interface. In region B no reaction can in reality take

melts but, the reaction will

Finally, in region Cthe steel

place for inductively stirred

happen for quiescent baths.
\

bath superheats are low enough, so that relatively long steel

shell periods are expected to happen and hence, the reaction

will occur irrespect ive 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:

where r

V. = 11 r 2 L
~mm

the cylinder radius;

(5.27Y.

L the immersed cylinder length.

From equation (5.6) using (5.27) one has:

dFNDF =
dt ( PNb s - PFe ~ ) g, . , (5.28)
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Assurning that the dissolution takes place in the radial

dizection only, the cylinder length (L) can be considered as
'-

constant, independent of time. This assumption is valid in

view of the special precautions which were taken to that

effect (see Section 4.2.1). Consequently, equation (5.28)

can be written as:

nr

dFNDF =dt
d(r')

11 L dt

dFNDF
dt

dr211 Lr - (r - r ) qdt Nh,s Fe,~
(".29)

• Equation (5.29) shows how the radial velocity nf 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 (rom the intermixing of liquid iron with niobium.

Mathematically, this has been described byequation (5.26).

An effective heat transfer coefficient (heff ) has been

introduced in order to estimate the heat transfer between

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

q ) Actually, there is no information availabl-e on heatout .

transfer characteristics for problems of this nature or in

other words, there is not any correlation in the literature,

" from which a value for the heat transfer coefficient (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 chaI;lge of.
the cylinder radius (dr/dt) which is small, can be,considered

as a constant at least-for the initial sta1fes of th~ free

dissolution. Second, the dissolution rate of niobium in

liquid steel 1s influenced by the fluid flow characteristics

of the melt. Higher dissolution rates hqve been measured

with induction stirring than without it (see section 5.7).

Third, at the time the steel shell period terminqtes and the

,free dissolution period starts, there cannot be any
<, ,

instantaneous change of the heat transfer 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 sorne degree

of turbulence durinq the dissolution and as of that, the

Nussel t number (NUo ) based on the diameter of the cylinder

will be proportional to the Rayleigh number (Rao) 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 (0) of the dissolving cylindrical specimen.

But as it was mentioned previously, the heat transfer

coefficient at the beginning of the free dissolution must be

equal to the heat transfer coefficient (ho) estimated at the

end of the steel shell period using the correlation (5.19)

and C = 0.17 (i.e., power off). 50, for the free dissolution

of a niobium cylinder under conditions of natural convection
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in a quiescent (i.e., no inductively stirred) steel bath,

the following formula can be used:

(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 conditioms of forced than free convection prevail. For

the cylinder in cross-flow, wherp the flow of a fluid is

normal ta the axis of thp cylindpr, the followinq empiric"l

correlation l03 is important from the standpoint of engineering

calcu],Rtinns for hPRt tr~nsf~r ir, fnT~p~ rnT,vpr~i~n pnvirnrl-

r

Nu ­
n

r
1

m 1/':1np Pl"
D

(~.11)

= hD/k) , the Nusselt number;

(5.32)

where NU
D

ReD Dc D/" }: thp Reynolds number;

Pr The Prandtl n\lmber of the fl\lid.

C" m are constants.

For a specific fluid and for a certain temperature range

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

can be written as:
m

NUD = C, ReD

Recently, Churchill and Bernsteinl06 have proposed a single

comprehensive equation which covers the entire range of ReD

for which data are available, as well as a wide range of Pro

,
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(5.33)
ReD 1/' Pr II' [

+ (0.4/pi:)2/']I/' 1

0.62
NU

D
= 0.3 +

[1

The equation is reco'mmended for aIl ReD Pr >.0.2 and has

the forro:

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 constraint to be satisfied.

Minimal natural convection driven forces can'develop velocities

of this order in liquid steel, although the velocity of the

liquid steel in the vicinity of the dissolving cylinder

~hould be of the order of a few centimeters per second. In

any case, equation (5.33) can be applied to liquid steel,

and the present author used this correlation to deduce a

relationship of the forro (5.32), for engineering calculations

in liquid steel (Pr ~ 0.12) only:

o. "= 0.22 ReD ""--..--" (5.34)

The above correlation gives the same NU
D

numbers as the

equation (5.33) for.liquid steel for Reynolds nurnbers in the

range 300 to 15000; least~squares fitting was employed for

'\

the deterroination of its-coefficients and the correlation

coefficient was found to be 0.999. What is of great

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

Reynolds number is raised/or in other words, the functional

relationship of the NUD number with the ReD nurnber. One has

•
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or

(5.35)

(5.36)

It is clear from equation (5.35) that the heat transfer

coefficient (heff ) is related to the cross-flow velocity (U
c
)'

During the free dissolution however, the density difference,
between the dissolving metal and th~ liquid steel generates,

. /
motion of the fluid along the c~~nder axis and not across it,

leaving the cross-flow velocity (U ) almost constant. There-c

fore, from pquAtion (5.35) one Can derivp thAt:

- 0 . ~e
heff cr D

Equation (5.36) clearly states\that the effective heat
.' '

transfer coefficient increa~es as the free dissolution

proceeds. This is a reasonable result since during the frpp

dissolution period mass transfer phenomena appear, and

5ëcome equally important with the heat transfer ones, gO that,

the overall convective heat transfer increases due to ~he

cumulative effect of two events. Recalling the fact that

the heat transfer coefficient (ho) at the end of the steel

shell period should be the same with the heat transfer
t

coefficient at' the beginning of the free dissolution period,

one finally has:
. o. ~e

heff = ho(~O) (5.37)

1",
~)

Equation (5.37) can also be used to describe the'heat

transfer events at the initial stages o~ the free dissolution
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of niobium cylinders, even when natural convection prevails,

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

is smal1, sokhat D ~ Do' and hence heff ~'ho' which is in

agreement with the equation (5.30).

In Figure 5.13, theoretical.predictions based on the

model are presented. Curve l shows the radius of the cylinder

by time, for theexperiment presented in Figure 5.7. Two

regions ar~ identified:
, The steel shell period (region A)

Rnd the frae dissolution period (region Bl. In region A,

the raàius of the cylinder is larger than the initial one

due to the presence of the shell. In region B, the radius of

the cylinàer hRs been estimated from a deduced value of the

rate of radius ch~nge by tirne (Equatiort 5.29), from the

segment DE of Curve 2 (Figure 5.7). Tt is orserved that the

rate of niobium dissolution in liquid steel is actually small.
)

Curve 2 ~hows the temperature at the centerline of the

cylinder. This tempe rature increases fast and it finally

exceeds that of the steel bath (Curve 4). The sarne can be

observed for Curve 3, wh~ch is the te~perature of th~ moving

front. During the steel shell period, it represents the

tempe rature at the niobium/solidified shell interface, while

in the free dissolution period, it is the temperaturè of

the dissQlving front .. This temperatur~ finally exceeds the

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

dissolution. It is worth noticing that the two temperatures

(Curve 2 and 3), finally become almost the same. This can
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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.
1) ·Predicted cylinder radius;
2) Meas~red and predicted centerline

temperature;
3) Predicted temperature at the niobium/
~ steel interf~ce;

4) Measured steel bath temperature.
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be explained on the fact that the dissolution speed of

niobium in liquid steel is smalli and as of that, the

113
\

generated heat due to the éxothermic dissolution is small as

weIl. On the other han9, the thermal conductivity of niobium

is large (almost two times the thermal conductivity of

zirconium at

distribution

high t,mperatures) thereforer the tempe rature

inside the cylinder becomes almost fIat or in

mathematical terms:
aT _

k - -- 0
rlr

(5.38)

From pgllnt-inTl

0Y

(5.20) 0ne then has (hecause of pqn. 5.18):

T .- T -T . R (').19)

Foy the dissolution of niobium, the right-hand-side

p.art of the equation- (5.39) is almost constant. So this
•

formula suggests that the temperature of the dissolving front

of a niobium cylinder în liquid steel exceeds the temperature

of the melt by a constant value, at least for the initial

stages of the free dissolution.

In ~Igure-5.14, the estimated heat fluxes during the

free dissolution of niobium in liquid steel, are presented.

") .Curve l represents the inward flux (q :.'. wh~le Curve 2
~n

"demonstrates the outward flux (qout)' These are computational

results as weIl. It is observed that the inward flux (q~ )
~n

decreases appreciably by ti~e to an almost zero value. On
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the other hand, the outward flux ~q" t) increases appreciably
ou. .

by time, until it attains an almost constant value. Their

"algebraic sum is the' total (generated) heat flux (qtot)'

presented by Curve 3. This is constant during the free

dissolution period of niobium in liquid steel, at least 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 aétive oxygen level in the melt wasJess

than 10 ppm. The dissolved nitrogen in the melt was determined

to be 1ess than 50 ppm (0.005 wt% N).
-t

107Evans and Peh1ke

have foun~hat Il.41 wt% Nb can be at equi1ibrium with

0.209 wt% N at 16000C (1873 K) in 1iquid steel without any

nitride formation. So, no reaction betwee~ the dissolved

nitrogen and the dissolving niobium, at this 10w level of

nitrogen, shou1d be expected. In their book, Bodsworth and
~

Be11
108

, suggest that two niobium oxides can form, depending

on the niobium concentration in the. melt. Niobium forms the

spine1 FeO.Nb 20 5 , at low residual concentrations, while the
\.

oxide Nb02 lS the product at higher concentration~. Thermo-

dynamic ca1culations reveal (Appendix IV) that 250 ppm of

disso1ved oxygen can be at equi1ibrium with 1.25 wt% Nb in
~ .

liquid steel, without any further oxide formation. Therefore,

• at these low levels of oxygen in the ~teel baths under whi~h

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

mixin~niobiumwith liquid steél.

5.7 DISCUSSION

As indicated in previous sections, free dissolution

commences once the steel shell period ends.

is expected the free dissolution of niobium

In general,

'd tf)cylln ers to

it

be

controlled by mass transport of dissolved niobium, through a

niobium-rich boundary layer adjacent to the cylinder, nut

into the liquid steel bath. Thus, cnntinuity at the

dissnlving interface dictates that:

Net moles of niobium lost from cylinder par unit time

Net moles of nioh;llm rliffllsinq intn sb=lf:=-l h""t-h Ppy

11 Tl i t t ; ml? , i•. ,

(S.40)

where r cylinder radius;

L immersed cylinder l'rngth;
,.

PNb niobium density;

~b niobium molecular weight;

*LC
Nb

liquidus concentration of niobium at the

temperature of steel bath;

BC
Nb

bulk concentration of niobium in the steel;

~b experimental mass transfer coefficient.

Since L,
B

PNb' and ~b are independent of time and CNb is

equal to zero, equation (5.40) reduces tQ:

.'
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- dt =
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(5.41)

Based on this expression, an experimental mass transfer

coefficient can ~stimated.

A general form of the pondimensional correlation for

mass transfer with natural convectionlll is exprepsed in the

following relationship from an analogy to heat transfer:-
Sh = a (Grm Sc)m (5.42~

where Sh. Grm, ané! Sc are Sherwood number.-J Grashof number,

and Schmidt number, r Ispectivel , and' a,.. are constants.
f

These are sorne of me aracte ist c numbers for mass transfer,

and more deta~~-=-fbout t~c be f,\und in references 112

and 113. For the study issolution of the iron-carbon

system under static conditions, Pehlke et al. 37 have

demonstrated a quite reasonable approximation with·the best

fit of the data yielding the equation: ..- .

Sh =
0.294

O. 14 9 (Grm Sc) (5.43)

27Minowa,et al. have reported that the relationship could

be expressed by the following representation:,
1/3

Sh = 0.11 (Grm Sc) (5.44)

114Furthermore, for other metals (Cu-Pb, Zn-Hg, Sn-Hg,

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

1/3
sh = 0.124 (Grm Sc) (5.45)

Ravoo et al. 115 suggested the following 'correlation for

•
turbulent free-convection mass transfer around vertical
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cylinders and fIat plates:

Sh = 0.13
QI ) 1/3

(Grm Sc (5.46)

On the basis of the results of the present study, in which

theproduct (Grm Sc) is above lOl0, and a turbulent boundary

layer is formed in the neighbourhood of the solid additive,
,

it is possible to use equation (5.46) to estimate mass

transfer coefficients (Km) as follows:

ShI,

Km = Dm ----r;---. /"" (5.47) "1,.

whpyp T. the immersion lenqth;

length L;

nm the <'!"i.ffllsi.on copffirient of thp oissolvinq

mpti'll (i .e., niobium) in liquyH step'.

Tt is worth noting thi'lt the egui'ltions (5.46) ano (5.47)

~ b h'd 116. fwere llse'l vAry recently y 15 l R ta predict mass trans er

coefficients and compare them with experimental ones, for a

dissolution study of solid nickel in liguid tin under static

conditions. In Table 5.1, a comparison is demonstrated

between experimental and theoretically predicted (egns. 5.46
•

and 5.47) mass transfer coefficients d~ring the free

dissolùtion periDd of niobium in liquid steel, and at

different bath temperatures. It can easily be observed that

these values are within an order of magnitude close, but the

experimental mass transfer coefficients are 1.2 to ~.6 times

the predicted ones for the specifiç temperature range... This

can be justified by two reasons: First, niobium dissolves

•



Table 5.1

Mass Transfer Coefficients during

119

niobi~, free_ diSSol~tion

Static Conditions.

under
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,
with an exothermic fashion in liquid steel and therefore,

larger mass transfer coefficients t?àn the ones predicted by

eqn. (5.46) are exp~cted, since ~he 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 exathermic phenomena.
,.,

Second, as niobium

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 qreater

dependence GD temperature than the predicted ones. This may

be due to the development of a larger degree of turbulence in

the vicinity of the niobium interface, than ln thp onp whlch

ls associated with the correlation (S.46).

Values of the dissolution speed (i.e., -dr/dt) of

niobium cylinders at vari~us steel bath temperatures, during

the initial stages of t1e free dissolution, were estimated

for the 18 Jifferent 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

coefficients were also computed. In arder to der ive an

Arrhenius typé of relationship between the deduced mass

transfer coefficient ÙQder static conditions (~~F) and the

absolute tempetature (T), a regression analysis was performed:
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~
~/

~~F
B •log = A (5.48)T

where A = 2.5416 ± 0.419 1

, B = 8982.4 ± 795.8
1

1,.
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 l along with the experimental

values. In the same graph, line 2 correlates mass transfer

coeffirents as a function of th., stef'l bath t.,mperatures,

from a'few tests which were carried out under dynamic conditions,

that is, thf' power to thf' induction furnace w;,\" kept on clurinq

each test. The straiqht line 2 (Fiq"re S.IS) was clrawn

accordinq to the followinq l\rrhenius-typf' f'q.p,tion, whirh

was the reslllt of a regressinn analysis basp~ nn thp

experimental results derived under dynamic rOllcli.tions:

log KON = l\
B'

Nb T

where • 6.24 0.76A = ±

• 15674 1438B = ±

(S. 4 g)

"

with a correlation coefficient 0.988 at 3 degrees of freedom

and a standard error of estimate 0.021. Th~ apparent

activation energy 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 coefficients

are 30 to 70 percent larger than the ones pr~~ented for static

conditions. TherefBre, the induction stirring, or in other
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words, the fluid flow characteristics in the vicinity

cylindér, have a great eifec~~n the dissolution rate

of the

of

niobium in liquid steel, and hence, for the experimental

conditions under which the tests were carried out, it seems

that diffusion through a liquid phase mass'-transfer boundary

layer was the rate-controlling step.

It should be pointed out onc€ more, that the presented

values for the mass transfer coefficients are valie,' for the

early stages of niobium dissolution in liquid steel. At the

later stages of niobium dissolution where the mass transfer

phenornena take place at smaller radii, or equivalently, at

higher curvatures, the dissolution speed and the mass

transfer coefficients might be larger. Figures 5.16 and 5.17

show sorne niobium cylindrical specimens irnrnersed 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 liquid's free surface. If a

niobium cylinder is kept irnrnersed in a steel bath for prolonged

times, then the dissolution proceeds faster in the region

around the 'frustum', and finally, the cylinder is cut there

'and settles on the bottom of the crucible. For this reason

it is impossible to collect data relevant to the free

dissolution period of niobium in liquid steel until its

completion.

Nevertheless, assuming that the values for the dissolution

speed (~dr/dt) presented in Table 5.2, remain approximately
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Fiqure 5.16 Niobjum cylindrical specimens after
immersion in liquid steel.

,



Figure 5.17 Niobium cylindrical specimens after
immersion in liquid steel.
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constant during the free dissolution period, one can correlate

the average value of the dissolution speed at a specifie bath

tempe rature , as follows:

-[d
dtr] OFF = (0.03042 T - 52.486) 10- 3 (5.50)

avg

_[ddtr]OFF = average dissolution speed (cm/sec)
avg

under static conditions;

T = average steel bath temper~ture in

Kelvin.

The correlation roefficient was found to be 0.947 at Il degrees

of freedom and.a stan9ard error of estimated equal to

0.23'10- 3 • In this way, for a given set of experimental

conditions, the mathematical model can be used to predict

the steel sheU. period, while the equation (5.50) can be used

to predict the fYee dissolution period. The sum of those

two periods represents the total dissolution time. Sorne

results are presented in Figure ,5.18.

Similarly, the rate of radius change by ~ime under

dynamic conditions was correlated a~ function of the bath
-...

tempe~ature, and the following statistically significant
~

equat~on was obtained:

(0~7118 T ...r-'127.316)· 10- 3 (5.51)

\

where

ON -

-[~~] = average dissolution speed (cm/sec)
avg

under dynamic conditions;

T = average steel bath temperature in

Kelvin.
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Figure 5.18 Predicted total dissolution tirnenversus (
diarneter for different steel ba~h ternperatures
and stirring conditions:

Static conditions (power off):
1) Liquid steel at 15900 C (1863 ~;
2) Liquid steel at 16150 C (1888 ~~
3) Liquid steel at 16400 c (1913 K).'

Dynarnic conditions (gower on):
4) Liquid steel at 1610 C (1883 K).
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The correlation coefficient was found to be 0.99, at :

3 degrees of 'freedom, and a standard error of estimate equal

to 0.134'10- 3
• In fact, line 4 (Figure 5.18) has been drawn

according to eqn. (5.51) and the values of the steel shell

periods predicted by the model.

j

/

.'
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CHAPTER 6

\
6. RESULTS AND DIS SSION ON THE Zr DISSOLUTION IN

•
LIQUII) STEEL

6.1 INTRODUCTION

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 diffen>nt timp

periods. Except for measuring the steel shell thicknesses,

the most important target of this set of tests was ta measure

the extent of the reaction zone, and identify th~ possiblo

intermetallic compounds which were formed during the steel

shell period. The total number of ziroonium cylinders used

for this set of experiments was five. The cylinder diameters

ranged from 1.905 cm ta 2.54 cm. In the second and third set

of tests zirconium cylinders were immersed in steel baths

and th~ir dissolution was studied in a 'dynamic: yay, that

is, the cylinder and steel bath temperatures as weIl as the

apparent weight of the 'dis'solving sarnple were moni tored
•

during the dissolution process. The second set of tests is

char~cterized by t~ dissolution of zirconium cylinders in

liquid steel under static conditions (i.e., the power.to the

induction furnace was shut off during the test; power off) ,

while in the·thi~d set, zirconium cylinders were immersed in

j
., . ."':",
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inductively stirred steel baths (i.e., power on). Twenty­
1

seven cylinders were used for these two sets. Their diameters

were in the range of 1.905 cm to 3.81 cm. For the cylinders

witha 2.54 cm diameter only the centerlihe temperature was

rneasured, while for the cylinders with a 3.81 cm diameter

(there wer'e three cylinders of them), bemperatures .at two

locations were measured: one at the centerline, the other
J

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. In Appendix II, typical

resul ts· 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

cqmpounds which can be formed as react~on products between

iron and zirconium. For this reason, from the beginning of

this study, there was a suspicion that an exothermic reaction

between iron and zirconium should take place during the steel

shell period. Prelirninary work showed that a reaction

started between zirconium and the encasing steel shely!during

the initial stages of immersion. Figure 6.1 ShOw~icture
of the reaction occurring 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.
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Composite samples of iron and zirconium were inductively

heated. The preparation of these samples is described in

Chapter 4. A typical experimental result from this set of

tests is given in Figure 6. 2A.The Curve shows the temperature
~

r at the iron/zirconium interface. This temperature increases

fast and at around 10000C (1273 K) the thermocouple is

destroyed as its tip is chemically "attacked" by a liquid

formed as a reaction product. The reaction releases 50 much

heat that not only the iron but the zirconium (with a melting

point of 18520 C or 2125 K) around the interface melts, as weIl:

From this experimental curve (Figure 6.2A), it seems that

the exothermic reaction had started aroun~ 1023 Kt, a value

corresponding to the inflexion point A. Another experimental
/ - ,

result of this kind }s presented in Figure 6.2B. In this

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

cornes in touch with the liquid 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 so~e time later, when the temperature
•

was about 1300 K. From these 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 react1ve 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 depended upon

the physicochemical condition of the interface. For example,

•
the existence of an oxide at t~ interface can .considerably

disturb or prevent the reaction process. Regardless, the

fo.rrnation of the liquid product is what really matters,

especially id the modelling of the steel shell pe~iod of

zirconium in liquid steel. From the Fe-Zr phase diagram

(Figure 3.4), one can observe that a liquid eutectic can be

. 0
forrned at 1220 K (917 Cl; this value was selected as ther,

sjarting reaction temperature. This temperature is in f~t

between the experimentallyjdetermined values, and it is aIs)

associated with the forma[ion 1f a liquio (eutectic) ~r~J~t.
The eutectic liquid provides the necessary trigger for the

exotherrnic reaction to proceed even faster. Sorne materia1.

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 FeZr2

was the only identified compound, but the material was found

tojQe somewhat arnorphous; probably the liquid product was
<J;>'l'

not perfectly crystallized.

Figures 6.3A and 6.3B show the cross-section of two

zirconjum.cylinders (2.54 cm· in diameter), which had been

irnrnersetl in quiescent steel baths at 15930 C (1866 K). The

cylinder in Figure 6.3A was kept in the melt for 4 seconds,

while the.cylinder in Figure 6.3B was kept in the melt for

6 seconds. One can notice that the react~n has proceeded
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Figure 6.3A Cr ss-section of a zirconium cylinder
( .54 cm in diameter) after immersion
in quid steel at 15930 C (1866 K) for
4 se onds. The arrows mark the original
inte face.
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Figure 6.3B Cross-section of a zirconium cylinder
(2~54 cm in diameter) after immersion
in liguid steel at l59]oC (1866 X) 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

starti.S seconds after immersion, with a total steel shell

period of 14 seconds.

In Figures 6. 4A and 6. 4B two typical samples, 'used for
~~

Electron Probe X-Ray Microanalysis, are presènted. Detailed

inv~stigations in the reaction zone revealed that the formation

of only

melting

•
two intermetallic compounds took place: the high

point intermetallic compound Fe 2Zr (or F~0.667zrO.333)'
and the low melting point one Fezr2 (or FeO.333zrO.667). An

error analysis was performed on the data obtained from the

microprobe analysis. and the following)error marg~ere
deduced for the identification of the intermetallics: For

·C

both of them the experimental errors for the determination of)'

the iron ~d zirconium mole fractions were found to be 0.001

and.0.002, respectively. For example, the FeO.333zrO.667,

was identified as a compound Fe Zr with x = 0.333 ± 0.001x y

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

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

',Ci. e., corresponding to 61 wt% Zr)', and 51% iron-mole-fraction

(i.e., corresponding to 39 wt% Fe). In general, the following

(overall) reaction is prqposed to occur during the steel

shell period of zirconium in liquid steel:

1.53 Fe + 1.47.Zr = 0.53 Fe 2 Zr + 0.47 Fezr2 (6.1)

The reaction between iron and zirconium happened ~lmost at

equimolar concentrations. The intermetallic compound FeZr2

v



•
.,'".

.. /

140

..

A

-:-:...,

Figure 6.4 A & B Typical samples inqluding parts of
the iron-zirconium interface during
the steel shell period, used for
Electron,Probe X-Ray Microanalysis.

B
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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 (arqund 11000C or

1373 K) and therefore, it melts congruently a short timé

after the exothermic reaction has been initiated. It seems

that the following steps take place at the steel shell/

zirconium interface in relation with the reaction:

The reaction starts at the eutectic temperature. (94 70C

or l220'K), and sorne liquid eutectic forms to accelerate the

reaction kinetics.

Intermetallic compound formation follows and two inter-

metallic compounds have beeh identified: the high melting

point Fe 2Zr, and the low melting point Fezr2~

The reaction is exothermic.and liquid FeZr2 forms, which

provides an additional effect for the erosion of the inner

surface of the steel shell. When liqutd forros, any gap

between the inner surface of the solidified steel shell

and the ou~surface of the zirconium cylinder is filled

with liquid, and hence, any contact resistance vanishes. In

this way more convective heat is supplied te the cylinder by
,--~

the melt,"some more heat is generated from the exothermic

reaction (6.1), and therefore, ~.qUid products forro 50 that

the steel shell period dramatica ly 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 exothermic reaction. More details about

r', .' '~J
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the zirconiurn's steel shell period in liquid steel will be

described in later sections o~ this chapter: In Appendix III,

estimations for the heat of mixing due to reaction (6.1),
•

and mass transfer coefficients during the steel shell period

are given.

6.3 INTERPRETATION OF DATA FROM THE DISSOLUTION EXPERlMENTS

Figure 6.5 depicts sorne typical results from the zirconium

dissolution experiments. The diameter of the cylinder was
"'.

3.81 cm and its length was 20.5 cm.

been placed along the cylinder axis,

One thermocouple had
1

while a second thermo-

couple was 1.4 cm apart from the center. Curve l of

Figure 6.5 shows the bath temperature as register~d by the

DAPC facility. The data acquisition system started monitoring

the dissolution paramet~rs a few seconds prior to immersion

of the zirconium cylinder into liquid steel. Curve 2 of the

-1.... same figure presents the force (i. e., the net downward force)

registered by the load cell during the dissolution experiment.

During the period AB the load cell registers only the

gravitat\onal forces; vibrations are usually recorded as the

cylinder is lowered towards the surface of the me·l t. When

the l~ading edge of the zirconium c~er touches the

surface of the s~eel bath, the force 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 segment CD in line 2 depicts the

steel shell period during which a shell of solid ste~

.-
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Figure 6.5 Results from a typical zirconium dissolution
experiment in liqui? steel. The cylinder
diameter was 3.81 cm and its length was
20.5 cm. .
1) 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 prediçted 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 only minor effects appear on

the ove'rali force bal "nce, provided they occur simul taneously.
~, ~

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:

c

/,

dFNDF
dt

dV,
~mm

dt (r - ppe,') 9Zr,s if
(6 • 2 )

where now, the density of niobium (rNb,sl has been substituted

by the zirconium density (Pzr,s)' The density of zirconium

at elevated temperatures is smaller than the density of

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

liquid steel so, the density difference is

..

n.
~'-'

dissQlving zirconium cylinder is also a negative number.

Therefore, the rate of the change of the net downward force

increases during the free dissolution (segment DE). At the

point Ethe immersed portion of the zirconium 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 period from E to ~.
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Curves 3 and 4 of the Figure 6.5, show predicted and

experimental tempe ratures in the interior of the zirconium

cylinder. The solid lines represent predictions, while the

points show the measured temperatures. Curve 4 depicts the

tempe rature at the cylinder's axis while Curve 3 shows the

tempe rature 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.

Referring to Figure 6.5, the centerline temperature

(Curve 4) increases rapidly up to the 17th second 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 S-Zr. This occurs at a temperature of 863 0 C

(1136 K). As demonstrated, there is a good agreement between

experimental and predicted temperatures. Unfortunately, the

two thermocouples were destroyed before the completion of

the test. Specifically, the thermocouple 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 note 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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free dissolution l'" However, the most important

~experimental value~ of the temperature distri-

.0

bution inside ,~he' zirconium cylinder is that they seem to

"
increase so much, that fiQally they become greater than the

tempe rature 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 th~

free dissolution. In a later section, this topic will be

discussed in a more detailed manner. Another event should be

pointed out: in Figure 6.5 the bath temperature (èurve 1)
\

initially drops with a certain rate due to the immerSion 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 temperature of

the melt remains almost constant. This fact means that the

heat los ses from the melt are balanced by the heat liberated

during the mixing of the dissolving zirconium and the liquid

steel. Curve l of Figure 6.6 illustrates that the temperature

of the melt increases towards the final stages of the free

( dissolution. This can be attribut~d to the fact, that this

test was performed with induction heating (i.e., power 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

~Ylinder had the same dimensions with the one mentioned

previously, and depicted by the Figure 6.5.
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Figure 6.6 Results from a typical zirconium dissolution
experiment in liquid steel. The cylinder
diameter was 3.81 cm and its length was"20.5 cm.
1) 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 predicted centerline

temperature.
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As in the case of niobium, the dissolution of zirconium

in liquid steel involves two distinct periods. The steel

shell period and the free dissolution period. Referring to

Figure 6.5, the time coordinate of the curved arrow tips

(a, b), show wher~ each one of the above periods start. The

...------ .."
)

steel shell period lies between a and b while the free

dissolution period starts at band ends at c. In the next

sèctions of this chapter, these periods ar~ analyzed in more

detai1.

6.4 APPLICATION OF THE MATHEMATICAL MODEL

In this section, sorne predictions will be presented

based on the semi-empirical heat and mass transfer model which.--.
has been described mathematically in the S~ction 5.5. The

predictions concern the estimation of the internaI 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 st~el shell period, , it was decided that the(

phenomenon of the exothermic heat release-Should ,best be

"reported as an interfacial heat flux, q (Eqn. 5.16, B.C.2B):s

"

Il Il

q = N llH
Rs s

(6.3 )

where., Ns is the corresponding molar flux of zirconium to the

inner steel shell interface;

/ '
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6HR is the heat released/mole of zirconium.

The same formalism had been followed by Argyropoulos and

Guthrie 60 for the modellin~ of the steel shell period of

titanium in liquid steel. The exothermic reaction between

dissolved zirconium and the steel shell was expected to take

place in a th~s transfer boundary layer adjacent to the

internaI part of' the shell. In the computational procedure,
/'\

an empirically determined heat generation term (gs)~S

applied to the volume element adjacent to the initial shell

at rI (F,igure 5.9). The fol],owing formula relates the

"interfacial heat flux qs with the heat generation term qs:

. "
6Q = q 6V = q 6As s

(6. 4 )

where cA and 6V represent elemental areas and volumes în the

numerical scheme, and 6Q is the rate of heat release within

the elemental volume adjacent to the steel shell.'

Figure 6.7 shows experimental temperature-time data

(points) for a 2.54 cm diameter cylinder placed in a bath of

16D3 0 C (1876 K) without induction heating (power off). These

may Qe compared with the continuous curve l, predicted for

conditions of zero heat generation. The a~row a denotes the

time at which the encasing steel shell is predicted to have

entirely melted back to expose solid zirconium. Curve 2

denotes experimental results and model predictions, considering

the rate of internaI heat generation equal to 9 cal/cm2 /sec

iO.376 MW/m 2
). Arrow b shows the time at' which the steel

shell pe:ciod is predicted to end, and marks the start of 'the



\.

150

1873 : 1600
1773 2

1500
1673 1400
1573 1 a 1300

c b
1473 1200
1373 1100 ,.....,..... cO

u::s::: 1273 1000 0
"'-/

900
"'-/1173

w w
~ 1073 800 ~::J ::Jr- 973 700 r-< \ <
~ ~w 873 \ 600 w
0- n..
:E

( 500
:Ew 773 wr- r-

673 400.,

573 'J' 300
473 200
373 100

0 2 4 6 8 10 12 14 16 18

TIME ( SEC)

Figure 6.7 Measured and predicted .temperatures in a
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free dissolution period. Curve J presents model predictions

considering the rate of the internaI heat generation equal to

10 cal/cm'/sec (0.418 MW/m'). Again, the arrow"c points out

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

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

151

generation thus deduced,varied from 8.6 cal/cm'/sec (0.36

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

e~fective mass transfer coefficitt' for

obtained. The procedures used f r this

zirconium could be

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/sec. Similarly,

the estimated mass transfer coefficient for iron in the steel

shell period ranged from 0.013 cm/sec to 0.019 cm/sec. It

should be noted that the heat generation term is introduced

\ 'in the computational ~cheme, only when the interface of

1 J 'f.':: conium/steel .shell has reached the starting tempe

~f the reaction, which was selected to be ~470C (1220

For the computations involved in the steel shell

the interfacial thermal resistance was chosen to be

8 cm'secoc~al (.1912 m'K/kW). This value is not an arbitrarily

selected constant, but a value which was estimated on the

b 'f ' k th' b' t l05 ,1l7 i' ,~aS1s 0 prev10us wor on 1S su Jec . Once t e

reaction temperature is reached however, the irterfaCi l

thermâ'i resistance becomes zero (Eqn. 5.16, 'B.6,2B). This

is so, be~se liquid eutectic is expected to form which

•
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\

fills the gap 'at t interface. The convective heat flux

from the ~teel bath~ the zirconium cylinder was determined

on the basis of ·tWe experimental dimensionless correlation

given by equation (5.19).
,

Figures 6.BA and 6.BB show two zirconium cylinders

2.54 cm in diameteF, which were immersed in liquid steel at
1

15930 C (lB66 K) for 4 seconds (Figure 6.BA), and, for 6

seconds (Figuré 6.BB). Cross-sections of these two cylinders
•

have already been presented (see the Figures 6.3A and 6.38).,

One can notice how much the react~on has proceeded for the

second cylinder (i.e., the one immersed for 6 seconds).

Immersion of another zirconium cylinder at the same bath

ï
For those two cylinders the sh~t thick-durïng withdrawal.

temperature for longer periods was not atte~pted, as it was
p

expected that the ste~ shell might break and slip off
J

1 nesses and the reaction zones were measured. Experimental

and predicted results are shown in Figure 6.9. Line l 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~actio~. and give the

location of the s~eel shell and the zirconium ihterfaces,

respectively. Predictions from the model reveal that the
•

reaction was expected to start 2.B seconds after fmmersion.

Based on the stoichiometry of the reaction (Eqn. 6.1) ,and the

measured thicknesses of the reaction zones, the extent of,

•
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Figure 6.8 A & B Two zirconium cylinders (2.5~ cm in

diameter) after immersion in liquid
steel at.15930C (1866 K) for 4
seconds (A), and 6 seconds (B).
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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 than the one of the steel
'"

shell, fact which is in agreement .with the deduced larger

values for the mass transfer coefficient of zirconium with

respect to iron (Appendix III). The good agreement between

the experimental and the predicted results ~eveals that

the determination of the heat generation during the steel

• shell p~riod, althou9h semi-empirical, gives consistent.

results.

6.4.2 Free Dissolution Period

-:'.\:"
'~

'" In tlTe previous sect.ion, a way to 'compute the radius of
~~

~ a zirconium cylinder im~ersed in liquid steel during the steel

shell period was described. In 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 with the application 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 ta Figure 6.5 and 6.6 (and the Figures in Appendix II),,
it can be noticed ~hat in the free dissolution period of

zirconium in liquid steel (segment DE), the rate of change
., ..

of the net downward force is <l:lmost cons'tant, or in other

words, the net downward force is approximately a linear

(

•
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function of time. One might wonder why that cou1d be 50, but

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

segment DE (illustrated in Figures 6:5 and 6.6), resulted in

a first degree polynomial with a ~orrelation coefficient
"

arou~d 0.988. This 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 \

or

or

dFNDF
dt

dV.
~mm

dt

dV.
~mm

(07. - 0 Ql q = Constantàt ,r,s Fp,

/

- Constant

or assumin~ only ~adial c1issollltiaT) ::>TTr , dr
T.. ......t - Constant

lmm or

and finally:

dr
- dt = ( 6 • 3 )

,..
6:'

/

Equation (6.3) is a very important one as it intrpduces

the aspect of "acceleration" in the dissolution process. In

fact it explicitly declares tr.at the dissolution speed
- " h

increases during

1
the free dissolution ~riod of zirconium in

liquid steel. In his manner, it becomes very large during

the final stages 0 • the free dissolution where r ~ O. This

equation 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 ~iven by equ~tibn

(5.37)was used to estimate the convective heat transfer

between the dissolving cylindet and the bath. Using also
ff

the general equations of the model (described in Section 5.5.2),

the temperature distribution inside the zirconium cy1inder

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 diagram in two regions: A,

the steel shell period and B, the free dissolution period.

Line b shows the initial radius of the cylinder. Curve l
~

depicts the radius of the zirconium cylinder. In 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 pf

the free dissolution. Curve 2 is the centerline temperature

of the cylinder, while Curve ) is the tempe rature of the

;ylinder half nodal-point distance from the steel shell/
1

zirconium i?terfac~ (region A), or the liquid steel/zirconium

interface (region B). It is quite interesting, that both

temperatures approach the melting point of zirconium duriVg

the final stages of the free dis~olution. This is due to

the exothermic manner by which the dissolution ~roceeds. As

it has beendescribed in Section 3.5.3 the parti~1 molar heat

~f mixing ~f Zr at ipfinite dilution in liquid iron is

-82.634 kJjmol atorns or -19.75 kcal/gr-atom. This is a

relatively high vàlue (i.e., in absolute value}, and the
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Figure 6.10 Experimental and predicted results from a
zirconium expe~iment in liquid 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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zirconium experiment in liquid stee ee
Fig. 6.6). The cylinder diameter was
3.Bl cmQand its 1ength was 20.5 cm.
1) Predicted cylinder radius;

" 2) Measured and predicte,d centerline.. ......
temperature;

3) Predicted ~emperature at the zirconium/
steel interfac~;

4) Measured 'steel bath temperature.
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important aspect is that this is the heat liberated per

gr-atom of dissolved Zr in a relative~.·.,llarge mass (-65 kg)
. "' ~@>'

of liqùid steel. As discussed in Section 5.52, the total

heat flux generated during the free dissolution period is:

(6 • 4 )

where ~H~r = -82.634 kJ/mol and

"NZr = 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 qtot' As described by equation (5.23),

"the sum 'of the inwards directed heat flux q. (i.e., ~.owards
ln

the dissolving zirconium interface), and the oBtwards directed

"heat flux q t is equal to the generated (total) heat flux:ou

" " " (6 • 5)

Its

/ ..-
The total/heat flux qtot can be estimated from equation (6.4)

" ,while the. heat flux q out can be deduced from equation (5.21).

Their differ~~ is the inwards directed heat flux q~ln

estimation il critical to the computation of the temperature

distribution ~nside the .dissolving cylinder. One should

"expect that the value of the q. should be larger in the
ln

beginning of the free àissolution, just aft~r the shell has
\

melted back, and when the cylindrical specimen is relatively

cooler in comparison with the melt. The direct exposure of

the zirconium cylinder to the melt,.and its exothermic

'.
(
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dissolution heat .it uprapid1y, and it starts getting hotter

than the liquid steel. At the same time, the steel bath

acts as a liquid metal heat-exchanger to the dissolving

sample. The melt absorbs most of the exothermically ~nerated
..

heat, and therefore, the q. decreases. A1though the inwards
l.n

directed heat flux drops to a relative1y 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 l depicts the inwards directed

heat flux
..

Curve 2 shows the outwards direêted heatqin .
flux

..
and 3 illustrates the generated (total)qo&t , Curve

..
is interesting that theheat flux qtot . It to observe,

inwards direcned heat flux (q~ ) decreases in an almostl.n
/'- ,

exponential manner, while most of the generated htat à~es to

the melt at the final seconds of the free di~tio~; This
..

verifies the id~a that the qin should decrease, obtaining

the value zero at least in the last second of the free

dissolution, where the last portion 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. can be determined, du ring the

l.n

free dissolution period. For example, with numerical

integration the average value of the inwards.directed heat

flux (Curve l of Figure 6.12) was found to be 6.2 cal/cm'/sec

(O.26~/m'). Similar analysis was performed for twelve
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experimental cases and, the average value of the inwards..
"directed flux gin' during the free dissolution period, was

found to.be:

" "(gin)avg = 8.65 ± 2.45 cal/cm (sec

or

"(gin)avg = 0.36 ± 0.10 MW/m"

It is guite interesting to note, that this value is very

close to the one reported by Argyropoulos and Guthrie60 , 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". In their model, they had assumed that

the inwards directed heat flux was constant during the free

dissolution period. Although in the present study, the

inwards direct~d heat flux was not kept constant during the. .
free dissolution period, it is guite intriguing to note that

in average values, the two models give predictions which

agree very weIl with each other.

6.5 EFFECT OF THE DISSOLVED OXYGEN AND NITROGEN IN THE MELT

Evans and Pehlkel07 have measured experimentally the

solubility of nitrogen in liguid·binary alloys of iron with

zirconium at 16000 C (1873 K). Sorne of their results ar~

summarized below:

[% Zrl
,

[% Nl K = [% Zr] [% Nl

0.253 0.0425 0.01076
0.322 0.0432 0.01391
0.409 0.0225 0.00921
0.558 0.0185 0.01032

"1

•
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It's worth noting, that from these results it seems

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

statistically treated by the present author, and the following
,

value was determined for K :

K' = 0.011 ± 0.002 (6. 6 )

Assuming this value te he constant at 16000 C (1873 K),

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 correspond to the immersion of three

zirconium cylinders (2.54 cm in diameter), although after

each test, most of the dissolved zirconium was skimmed off

the melt together with the formed slag; it is repeated here,

that zirconium has

Expe~imentallY, it

a smaller density than liquid steel.

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 experimental conditions,under which the tests were

carried out.

Zirconium is known as a powerful deoxidant in liquid

steel. Theoretical calculations reveal that it can react

with dissolved oxygen at concentrations as low as l 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). 50, at least for

thermodynamic reasons, the dissolved oxygen can reaçt with

theCtlissolving zirconium cylinder. A simplified analysis

will follow in order to confirm that this has à negligible

effect on the dissolution: With a dissolved oxygen concen-

tration of 10 ppm (max), the total oxygen content in the

liquid steel is 10·10-'65000 g = 0.65 g Q = 0.04 mol °
Assuming that this oxygen reacts completely with the

dissolving zirconium to form zro2 , it will require

(0.04/2) = 0.02 mol of Zr. Now even for the immersion of

th~ smallest in diameter zirconium cylinder used in these

experiments (1.905 cm in diameter), a mass of 220 g of

zirconium will generally be dissolved.
Q

~

1055 of zirconium due to

Then the ~ntage
,

the reaction with oxygen will be

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

dissolving zirconium cylinder will react exclusively with

liquid iron. This effect will appear only during the

immersion of the first cylinder in liquid steel, duripg an
• D. ' .

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 isimmersed then the zirconium percentage

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

A rough estimation can give•
reaction with oxygen on the

a V&lUe~out the effect of the

generated exothermic heat. The

heat of formation of Zr02 is given by Elliottl18 equal to

- 1080 kJ/mol. The (maximum) heat lib?rated from this

r
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reaction will then be equal ~ 0.02 (-1080) = -21.6 ~J."""'" '

The heat generated due to the exotnerrnic ~issolution of a

2.54 cm in diameter zirconium cyli~der is 99.6% 5.48 (-82.634)

= -451. 0 kJ, because approximately 500 g or 5.48 mol of

zirconium will ultimately dissolve in a test like that.

One now has (21.6/451.0) 100% = 4.8% or in other words, at

least the 95% of the recorded exotherrnic events during the
,

free dissolution period are attributed to the mixing of the

dissolving zirconium cylinder with the liquid!~ron.

r
6.6 ~HE DISSOLUTION OF THE Fe-Zr (-80. wt% Zr) FERROALLOY

IN LIQUID STEEL " .-.;

A few lumps of the 80% grade ferrozirconium were immersed

in steel baths, in order to stuBy the dissolution characteristics

of this ferroalloy. The ferroalloy samples used in these

tests were identiCal to those used by the steel industry.

Their length varied from 9 cm to 13 cm and their wi~th from

4 cm to 7 cm. These specimens were supplied by Shieldalloy· ,

Corporation, Newfield, New Jersey, U.S.A .. The chemical

composition of these' samples was 79.70% Zr (almost 80%),

0.1% C, 0.009% S, and the balance was iron.
-'

Experiments w~re carried out in quiescènt baths (i.e.,

power off), as ·well as in induétively stirred steel mel\s

(i.e., power on). Figure 6.13 illustrates a typical.

experimental result for the dissolution of an 80% grade
..0 .Ai

ferrozirconium lump in an inductively stirred steel bath at
\
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'( Figure 6.13 Results from a typical dissolution experiment

of ~ (80% grade) ferrozirconiurn lump in
liq id steel at 16350 C (1908 K).
1) easured steel bath temperature; .
2) R gistered net downward force.
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16350 C (1908 K). Curve l shows the temperature of the liquid

steel, and Curve 2 depict~ 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

motionless above the bath. After that, the sample was

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

vibrations'were recorded. The immersion period correspQn~

to the seqment BC; point C corresponds to the moment (6th

s~cond) when the lump was immersed into the liquid steel. '
)
~he ~odel predieted the end of the steel shell period at the

62
Ilth second. As it has been pointed out by Argyropoulos ,

the mathematieal formulation that is applied to the analysis

of dissolution results for pure metals in liquid steel, can

also be used for the analysis of di-ssolution results for

ferroalloys. In other words, equation (6.2) can be used in

this case as well~ but now, the parameters 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\ densi ty of these specimens was found to be

6738 kg/m' Wi~sample standard-error of estimat~equal to

95 kg/m'. As the oensity of this material is less than the

density of the liquid steel (i.e., almost equal to 6944 kg/m'

at 16000 C or 1873 K), one should expect that the rate of

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

the case of pure zircon~um. The same trend, although not so,

\
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much pronovncéd, is followed by Cur~e 2 of Figure 6.13, at

the free' dissolution period. As the density of t~ liquid

steel and that of the lumps are very close, as far as their

values are concerned, the accuracy of the ~~thod decreases .
.,

Therefore, apart·from the experimental results obtained by

the method, the initial and final weights of the lumps were

strongly taken upder consideration during the analysis of

the dab,.

The rnR8S flux m", or in other WOr<l.R, thp mRSS nf ~},n

dissn].virlg ferroal,loy per UT1;t RTeR pey \lTlit time, rRn hp

llSP<1. ta aneqlla,tely nescrihp the rate phpnnmpnn. l\sRuminq

thp rlisc::nlvinq lump tn be ;:'t SphPTP nf thp Rr:tmp vnlnmp, thn

rat", of change of the radius by time "an then be rl",dIICe<'1 FlR

th'" ratio of the maR~ flux rlivided hy the rl"'nRity of the

ferroalloy. F.xpprimentnl TPS\l]t.S for thp mRAc:: fl11X, <=lTln

estimated values for the rate of change of the ferroa1loy

radius, rnnsidered as a sphere, are prpsentprl in Tahlp 6.1.

From this Table, one can easily notice that the inrluction

stirring increases the solution rate of this ferroalloy in

1iquid steel. It must be pointed out that the 1iquidus

temperature of this ferroalloy (i.e., Fe-SO% Zr), according

to the Fe-Zr phase diagram (Figure 3.4), is· around 10SOoC
.'

or 1323 K. Therefore, it seems that this ferroalloy exhibits

melting instead of dissolution in liquid steel. In Figure 6.14,

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

zirconium spheres of various diameter$, are presented.
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Table 6.1

E~perimentally measured rates

of the 80% grade ferro zirconium

Quiescent Steel Bath

170

Mass Flux

(m") (kg/m' /sec)

0.% (+0.08)

Dissolution Speed

(-dr/dt) (cm/sec)

Inductively Stirred Steel Baths

Mass Fl"lx

(m") (kg/m' /s)

16200 C (1893 K)

1.37 (± 0.20)

16350 C (1908 K)

1.53 (± 0.23)

Dissolution Speed

(-dr/dt) (cm/sec)

\
210 10- 2

\

2.27 10- 2
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. Figure 6.14 Predicted total melting times versus lump
diameter (considered as a sphere) for
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Static conditions (power off):
1) Liquid steel at 16100 C (1883 K).

Dynamic conditions (power pn) :
2) Liquid steel at 16200 C (1893 K):
3) Liquid steel at 163SoC (1908 K).
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melting time (stee~ shell period plus..
melting period), for ferrozirc9nium spheres of various

diameters immersed in quiescent steel baths at 16100 C (1883 K).

Curve 1

Curve 2 and 3 present Elimilar predictions for inductively

stirred melts at.{,1~20oC (1893 K) and16350 C (1908 K),

\ù

r

resp~ctively. Again, one can notice. that shorter melting

times are expected, if spheres from this ferroalloy are

immersed in inductively stirred steel melts.

6.·7 DISCUSSION

Estimated heat and molar fluxes in the steel shell/
. .

zirconium reaction zorie are presented in Table 6:2. As seen

in Section 6.4.1, the predicted locations of the ~7~1 shell/

liquid steel interface and that of the inner st~l shell

boundary agree rather weIl with the experimental data. This

indicates that the heat fluxes estimated at the outer and

inner steel shell surfaces are both independently correct~

The starting time for the reactïon at the steel shell -

zirconium interface depends ~ainly upon two factors: the

cylinder diameter and the steel bath superheat.

The semi-empirical method of e~timating heat fluxes

generated during the steel ·shell period involves a 15%

uncertainty. This is due to two factor'3.~e first

from the convective heat transfer correlations used

derives

at the

outer surface of the steel, while the second arises from the
\

fact that steel-shell melt back and exposure of zirconium
.'
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Table 6.2

e;~
.~';>

Estimated Heat And Mass Fluxes During the 5t~el 5hell and Free Dissolut~eriods

,

CG;; UnLts 5r units
\ '~.

Heat flux at 10.75 ~·2.15 cal/cm 2/sec 0.45 ± 0.09 MW/m 2

the interface ,
Cl
0
H
cr: Molar flux of 1:.47 10- 3 t 10-- mol/cm 2/sec 14.7 ~ 2.9 mol/m 2/sec[il _ 2.9
rlj iron

-

H Molar flux of 14.1 ± 2.8 mol/m 2/secH 1. 41 10- 3 2. 8 10-- mol/cm 2/sec
[il =
:Il zirconium .
CIl

,
H' Mass tians fer • 0.016 0.003 cm/sec 16 10- 5 ± 3 10- 5 rn/sec[il ~

[il coefficient of ironE-<
CIl

1

Mass transfer
coefficient of à.058 c': 0.012 cm/sec 58 10- 5 ± 12 10- 5 rn/sec
zirconium ,

gô'8 Heat flux during
2.45 cal/~~/sec 0.10 MW/~2:Il .......... free dissolution 8. 65 ~ 0.36 ±

Itn+JH
(average value)~ ..... ~ al -tJ...Or-lo..

A

.;.,

.........,
.U>

'"'"\.



174 -

...
in liquid steel may be some~hat stochastic in nature. Thus,

any slight imperfection~ in ~ hot, rapidly thinning shell

will lead to prematur_e exposure of zirconium in liquid stHel.

As it has alrea?y been mentioned, the free dissolution

period starts, ~e the st,eel shell period e;ds. At the

dissolving inte~ the continuity of mass dictates that

the net moles of zirconium~ost from the dissolving cylinder
~

per unit time, must be equal to the net moles of zirconium

diffusing int0;the liqu~d steel per unIt time. Mathematically,

this can be eiPresse~ with equation (5.40) if niobium is
,

substituted by zirconium. With é similar reasoning as the

one described in Section 5.7, the
'{

derived:

(6.7)

where dr/dt = the rate of change of the dissolv-ing zirconium

'cylinder radius by time;

PZr = the density of zirconium;

MZr = the molecular weis;ht of zirconium;

. *L
the liquidus concentration of zirconium atCZr =

the temperature of steel b.ath;

KZr = experiment,al yass transfer coefficient.

Based on this expression, an experimental mass transfer

coefficient can pe estimated. Mass transfer coeffi~ients

experimentally measured and, predicted from equation (5.46)
.'

during the initial stages of the free dissolution of zirconium ,-

. 1
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Table 6.3

Mass Transfer Coefficients of Zirconiu~

in the Beginning of the Pree Dissolution

,

175

Q.

•

Temperaturé'

(1873 1<)

(1893 K)

(1913 K)

Experimental

Mass Transfer

Coefficient

(cm/sec)

\

(10.6 ± 1.8) 10- 3 \

)
.,j

..._-_._-
Predicted

. Mass Tran·sfeJ;.

Coefficient

from eqn.· 5.46

(cm/sec)

{J

\
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,
are presented in, ,T~b) 6.3. It is .obvious that the experi­

mentally measured masS tran?fe7 coefficients are larger than 6

the.p.redicted ones from equation (5.46) and, it seem~ that ..

there 'is a strong influence of bathtemperature on measured, ,

...This trend was observed in. ','
mass transfer coefficients.

.' .
every experïment..

An average dr/dt and an ave~age steel hath temperatùre

during the, frée dissolution period was estimated for the 21

\.

different runs. The Tables 6.4 and 6.5 summatize these data

for test~arried out ,unde~ static conditions (power off) and

dynamic conditions (pdwer on), respect'ively. Using equation
, '

(6.~), an average mass transfer coefficient was also computed.
. . iJ (. '. ,
~n oroer to deduce,an Arrhen1us-type relationship between the

effect of the fluid flow characteristics on

mass transfer coeff~ient and the absolute temperatuFe of

the melt, these data/were plot~d as shown in Figure 6.15.

The data represented by circies correspond to te9ts, carried

out under static conditions ~hile, ~e ones represented by

~riangles correspond to experiments performed u~der dynamic
\

conditions. It seems that there is ~ot any appreciable

'\"
'0 --of zirconium in liquid steel, at least

the free rlissolution
d..

for the experimental

\

conditions under which the ~o sets of tests were carried out.

Linear regression analysi~ was separately performed for the

two sets of data (i.e., the mass transfer coefficients from

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

of log K vs. (l/T) gave mass transfer coefficients which
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'l'able 6.4

..

Experimehtally Measur.ed "(-dr/dt) and Mean Mass Transfer

Coefficients during Zirconium Free Dissolution

Under Static Conditions.

Temperature (-dr/dt) 10' KOFF"- 10'
Zr

Run No. ('C) (K) (cm/sec) (cm/sec)

----,. -----,-- ----'-_.

l 1614 1887 8.79 9.41

2 1629 1902 9.00 9.64

3 163' 1905 9.75 9.91

4 1640 19'13 Il . 58 17.4.1 •

5 H42 1915 1 7.05 1 2 .91

6 1645 191 8 1 1 . fi 0 17.41

7 1643 ]9]6 1 1 .10 17.10

8 1622 ]895 8.72 8.80

9 l 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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~ Table 6.5 ./

\
Experimentally Measured .. (-dr/dt~and Mean Mass Transf!"r

Coefficients during Zirconium Fre;-'Dfss:lutio~ ,

Under Dynamic Conditions _ ~
.\

Temperature (-dr/dt) ID' K
ON 0'
Zr

Run No. (oC) (K) (cm/sec) (cm
,
~

13 1618 1.891 8.3,7 8.97

14 1621 1894 8.65 9.27 ,
\

''(. '~ 15 1638 1911 12 _.08 12.94
c·

16 164 g' -?-918 10.79 ( 11. 56
- \

17 J657 1930 12.19 \13.07

18 1605 1878 7.40 7.94

19 1600 1873 6.99 7.49 ,
/,

20 1613 1886 7.41 7.9il.

21 .1635 1908 11. 40 12.22

'..

\

.'
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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 ~ff);

(6) Dynamic conditions ,(power on).

r
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. 0
differed by 1.5% (maximum) for the temperature range 1580 C

(l853 K) to i6600C (1933 K). 50, it was decided to correlate

aIl the data together and the straight line l (Figure 6.15)

~llustrates this result in graphical form. In mathematical
. .
form the following equation was derived:

where

log KZr = A - ~

A = 8.351 ± 0.729

(6.8)
,

; 17757.8 ± 1382.5

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 (t 26.4) kJ/mol. Lar~e values of the apparent activation

energy have been reported in previous studies i.e.,

41
65.1 kcal/mol (273 kJ/mol) for the dissolution of molybdenum

in liquid'iron, 70.5 kcal/mol (296.3 kJ/mol) and 71.5 kcal/mol

(300.6 kJ/mol) for the dissolution59 of titanium and vanadium

in liquid steel, respectively. Although these values are
,

relatively large~ liquid phase mass-transfer has been

considered t~rate controlling step. However, for the

dissolution of zirconium in liquid steel this may not be

the case as no effect from the induction stirring was

identified. Even though this may be true and ge~~ 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. Itis necessary

to extend this study in bigger vessels (i.e., ladIes),
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capable of containing larger quantities of liquid steel and

in which, the stirring intensity will be more pronounced than

~ne one generated by induction stirring in the steel baths,,

used for the present work. Consequently, without any further

experimental results available, no conclusion can be drawn

on the rate-controlling mechanism.
\,

There are sorne more phenomena relqtèd to the tests

themselves 0hich should be discussed. Visual examination of

the bath surface close to the dissolving zirconium cylinder

showed it becoming much hotter and turbulent, with the

upwelling plume of liquid becoming faster during the later (""

stages of free dissolution. It has been shown in previous

figures (i.e., Figures 6.10, 6.11} that the predicted

tempe rature near the dissolving front exceeds the bath

temperat~re and approaches the melting point of zirconium

(1852 oC or 2125 K}, during the final stages of the free

dissolution periÙd. In this way the mass transfer coefficients

become more sensitive to temperature changes, and therefore,

the mechanism of accelerated dissolution (eqn. 6.3} cornes

into effect. It must be a combination of effects that gives

rise to this dissolution behaviour: The exothermic dissolution

increases the temperature of the dissolving 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 results

presentedinTables 6.4 and 6.5. The following relation was

deduced:

':



b = -1. 89

::nT = tempe rature in Kelvin.
1 \

The cor ation coefficient was found to be 0.941, with

-[~~tVg - a T + b

where a = 10.45 10- 4

(6.9)
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19 degrees of freedom, and a standard error of estimate

0.007. With the application of the model in order to

esfimate the steel shell period ~or a particular diameter

cylinder, pnd 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

1863 K (Curve 1), 16150 C or 1888

, 0
steel baths at 1590 C or

K (Curve 2), and 16400 C or

191~-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:

(6.10)

where t fd
= free dissolution period;

ra = the initial radius of a zirconium cylinder;
't

C, = a constant.

However, experimentally deduced values of the constant Cl

revealed that C, is approximately equal to r o (a T + b)/2,

and therefore, almost the same results would be obtained.
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Figure 6 .16 {~pr~dicted total dissolution times versus
diameter under various temperatures:
1) Liquid steel at 15900 c (1863 K);
2) Liquid steel at 16150 C (1888 K);

.3) Liquid steel at 16400 C (1913 K).

(
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In ~ny case, it should be kept in mind that the predictions

presented in Figure 6.16 are semi-empiricql in nature.

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

hypothelical steel bath in which a zirconium cylinderOmelts,

but with a melting speed s~ar to the dissolution speed

determined experimentally ~t~~ actual tests. Of course,

the tempe rature of this hypothetical steel bath shouid be

above the melting point of ziréonium (1852 0 C or 2125 K). At

'J
those high temperatures, the steel shel~ period is so small

- "that can be neglected. The average (overall) heat flux (q )

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

" m i'lHq =
A i'lt0

where m =. the melting mass of the ..zirconium cylinder;

A = the average area of the cylinder;

6t = the total time required to melt the mass m;

(6.11)

i'lH = the total amount of heat required to rai se the .

temperature of a unit mass of zirconium from the room

temperature to the melting point, plus the latent heat of

fusion; using the F*A*C*T system91 , 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 o ) of a zirconium cylinder:



A = f A·o :

where f is a correction factor hav:)g a
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(6.12)

value 0.7 within 2%

uncertainty. Assurning that the melting occurs at the radial

di~ection only, equation (6.11) can be written as:

q " = (6.13)

where p = the zirconium density;

= the average dissolution speed
avg

(eqn. 6.9).

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

"q = 4.11 u
d (6.14)

" ,where the units of q and u d are MW/m and cm/sec, respectively.

This equatlon reveals that there is a direct (i.e.,

proportional) rèlation betwen the required heat flux and

the solution speed. "The heat flux (q ) is related with the

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

(6.15)

where TB = the temperature of the hypothetical steel bath;
)

Tmp,zr = the zirconium melting point.

-
For the determination df the heat transfer coefficient (h)"

the correlation (5.19) was extrapolated from the common

steèl-practice temperatures (i.e., ar~und 16000 C ot 1873 K)

up to the hypothetical steel bath temperature~1 After som'i;
<

mathematical manipulations of equations 16.15) and (5.19),

the resulting formulas were:
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-\
when c = 0.17

(Le., power off) (6.16 )

when c = 0.23

(Le. , power on) (6.17)

Figure 6.17 has been drawn according to estimations

based on equations (6.14), (6.16), and (6.17). Curves 1 and 2

depict the effect of exotherrnicity on the steel bath -

superheat under static and dynamic conditions; respectively.

Of course, at those high s~el bath temperatures, the

induction stirring may not have the same significance as at

lower temperatures, but one can obtain at least a qualitative

picture. It is interesting ~o note, that the exotherrnicity

substantially decreases the bath superheats required to

dissolve zirconium~in liquid steel. _ In tJ1l'e absence of ëlJ1y

exotherrnic event, melting could be considered the only

mechanism that could give rise to solution rates similar to

the ones deduced experimentally.

"'.

"
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CHAPTER 7

7. THE DISSOLUTION OF NIOBIUM ALLOYS IN LIQUID STEEL

7.1 INTRODUCTION

In this chapter, the dissolution of the high purity

ferroniobium alloy in liquid steel will be examined. The
~

effect of the dissolved oxygen on the dissolution speed of.

stand~rd ferroniobium in liquid steel will be discussed.
1

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

will e studied as weIl.

/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 concerned, was

similar to the one,described in the Sections4.2.2through

4.2.5. Instead 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 cm to 7 cm. Table 7.1

gives the chemical compositions of the ferroalloys used; they

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

U.S.A ••
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Table 7.1

Chemical compositions, of Ferroalloys Tested

"

Ferroniobium . Ferroniobium
Standard . High Purity

Grade Grade

Nb = 66.00% (~b = 64.00%

\
0.06% ~" C = 0.17% C =

Si = 2.43% S = 0.007%

Al = 3.33% Al = 0.75%

Fe = Balance Si = 0.02%

N = 0.008%

Fe = Balance

Nb-Ni A110y

Nb = 64.5%

C = 0.02%

S = 0.002%

Si = 0.12%

Al = 0.76%

0 = 0.02%

N = 0.01%

-Sn = 0.01% (max)

Pb = 0.001%

P = 0.011%

Fe = 0.126%

)
Ni = Balance

/
C
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7.3 RESULTS AND DISCUSSION

\ Figure 7.1 shows a typical experimental result for the

dissolution of a high-purity ferroniobium lump in liquid

steel, under static conditions (i.e., power off). Curve 1

depicts the bath tempe rature while Curve 2 illustrates the
•

net downward force, as a function of time. The DAPC facility

started collecting the data a few seconds prior to immersion.

At point A the lump was above the melt; the,~egment BC

denotes th~ immersion period.

(segment CD) was completed at

The steel shell~period

the 19th second, after which

the free dissolution period followed. The mass flux (m"), or

in other words, the dissolving mass of this lump per unit

surface per unit timewas estimated (based on these

experimental results) to be equal to 0.069 g/cm 2 /sec

(0.69 kg/m'/sec). Another experimental result is shown in
,,

Figure 7.2. This test was carried out under dynamic conditions

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

during the experiment. The mass flux m" was found to be

0.112 (± 0.009) g/cm 2 /sec (1.12 ± 0.09 kg/m 2 /sec). Although

the average bath temperature of the second test was higher

than the first, a~ effect was actually found from the fluid

flow conditions in the vicinity of the dissolving ferroalloy

on its dissolution speed. So, 'larger dissolution rates were

determined for the experiments which were performed under

dynamic conditions. Previous work on this subject62 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 liquid
steel under static conditions.
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 ferron~obium lump in liquid
steel under dynamic co~ditions.

1) Measured steel bath temperature;
2) Registered net downward force.
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Figure 7.3 Predictions for the total dissolution times
of high-purity ferroniobium lumps, considered
as spheres, as a function of lump diarneter
and experirnental conditions:

Static conditions '(power off) :
1) Liquia steel ~~ l6l0o C (1883 K);
2) Liquid steel at l6300 C (1903 K);

Dynarnic conditions (goweron): .
3) Liquid steel at 1620 C (1893 K);
4) Liquid steèl at l6300 C (1903 K). . "

r
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up to 60% under the influence of induction stirring. Similar

results·have been observed in this study, as weIl. Figure 7.3

depicts predictions for the total. dissolution times of high

J purity ferroniobium lumps considering ~hem as spheres of

various diarneters. Curves land 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 conditi~ns. The bath temperatures are

supposed to be: 16100 C or 1883 K (Curve 1), 16300 C or 1903 K

(Curves 2 and 4), and 16200 C Or 1893 K (Curve 3). The high­

purity grade ferronidbium has been found 62 ta dfssolve faster

than the standard grade ferroniabium, which is extensively

used in the steel industry, under the same experimental
~

conditions. Nevertheless, induction or argon stirring of

the liquid steel in the ladle is important for shorter

~issolution times and homogenizatian of the melt.

7.4 THE EFFECT OF OXYGEN ON THE RECOVERY AND DISSOLUTION OF

THE Fe-Nb ALLOYS IN LIQUID STEEL

Modern steelmaking practice requires ferroalloys with

repeatable and consistently high recoveries. The use of

ladle furnaces or ladle metallurgy stations for refining and

alloying, currently increases in modern steelmaking practice.

Ernphasis on recovery of. allaying and speed of solution will

be required for these ladle furnaces in order to optimize

their use. An important factor which influences the

u

•
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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

ferroalloyadditives (with emphasis on standard ferroniobium),

and quantify these fact0rs in simple mathematical (statistical)

formulas.

r~
the

Recovery depends upon the physicochemical properties of

ferroalloy, such as solution speed and density, as well

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

70
prnpnserl that ~ m~themRtical exprpssinn mnst PXiR~:

R = f ( \.1, (l, rOI

where R = recovery;

u = solution speed;

p = density;

( 7 . 1 )

[al = dissolved oxygen in liquid

/

steel. )

Dissolved oxygen content is all of the non-comb~~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 results presented in

this "section, the dissolved oxygen will be considered" as

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

1'.'
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concentrations of dissolved niobium 'in liquid steel (as in

this case), the dissolved and the active oxyg~n contents are

_. eq~al within a 5% uncertainty.

Conditions of ladle metallurgy stations were simulated

in the indu2tion furnace described in Section 4.2. The steel

bath was prepared by melting down 65 'kg of ARMCO IRON. The

obath temperature was brought up to 1600 C (1873 K), and

thereafter maintained to within ±10 K by adjusting the input

power to the induction furnace. Only 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 ferroniobium 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 speed characteristics of the ~

ferroalloys 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 th~ oxygen probe system were fed into the ~MAC-5000.

An intelligent measurement facility (INMEFA) capable of

collecting and storing the analog data, was built and

programmed for this research work. The interested reader

should refer to reference 83 for more details about this data

acquisItion and process-control facility. A BAIRD-ATOMIÇ
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Figure 7.4 Schematic cross-section of the induction

furnace with ferroa1loy lump, weight sensor,
CELOX oxygen-probe system, and the intelli­
gent satellite microperipheraI wMAC-SOOO.

J
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Spectrometer (SPECTROVAC 1000 Model DV-2) was used for

the chemical a~alysis 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

temperature had first reached 16000 C (1873 K), the measuied

active oxygen was found to be 1200 ± 50 ppm. Prior to every

solution rate measurement, the active oxygen and the

temperature of steel bath were 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 ca1cu1ation of recoveries:

100%

\

(7.2)

where ~b niobium recovery;

~b mass of the fer~oalloy that was Tound in the

liquid steel after chemical ana1ysis;

mFeNb = mass of the ferroalloy which was found to be

transferred into the liquid steel by the weight

sensor.
\

Figure 7.5 presents typical ~issolution of standard

ferroniobium into liquid steel. These results were obtained

immediately after the measurements illustrated in Figure 7.6.

Curve l (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 dissolution speed of standard
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Figure 7.S Typical experimental result obtained from
measuring dissolution of standard ferro­
niobium in liguid steel. The active
oxygen of liguid steel for this case is
shown in Figure 7.6.
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Figure 7.6 Typical experiment results obtained by the
CELOX oxygen-probe system. Just prior to
rneasuring the dissolution rate of the
standard ferroniobium lump (Fig. 7.5),
curve l 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 bqth with 11QO__ppm active oxygen

content.
,

Figure 7.7 shows experimental results for standard

fe~roniobium, where the measured recovery is plotted against

the measured active oxygen of the steel bath. Linear

regression analysis of these results was per~ormed, in order

recovery of niobium

The equatJon for

to d~duce a relationsh,ip betweJn the
It!~'
",;v'~

the active oxygen ~~'the stee bath.

Curve l in Figure 7.7 is:

~b = 70.5 - 0.045 [Ol

and

'(7.3)

with a correlation coefficient of 0.973 at 7 degrees ~f

freedom and a standard error 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 ferroalloys act as deoxidizers. In the case

of fully killed steel (i.e., very small active oxygen), the

present correlation agrees weIl with the niobium efficiency

, b S'l 149
g~ven y ~ ver 75% (t 11%).

Figure 7.8 shows the effect of active oxygen on the

dissolution speed of standard ferroniobium lumps. It seems

thatîthere 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 l in Figure 7.8 is:
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lumps as a function" of active oxygen in
liquid steel. Curve l shows the regression
line.
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where

u = 23.4 - 0.014 [QI

u = dissolution speed (in mg/cm 2 /s"ec) with a

204

(7.4)

correlation coefficient of 0.984 at 4 de']rees of freedom and

a standard error of estimate 1.34. Although the active

oxygen content does not seem to influence the dissolution
.' ....

speed of ferroalloys with melting range below the steel bath

temperature, i~ exhibits a negative èffect on the solution

rate of ferroalloys with melting points above the temperature

of the liquid steel; the 80% grade ferrovanadium is another

example (see reference 83). This can be explained by the

fact that these (high melting point) ferroalloys follow a

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 solid refractory oxides

whenever it is used in a steel bath with a high active

oxygen content. This in turn, might reduce their effective

dissolution speed. Similar results have been observ.~d for
<

the dissolution characteris~ics of the 80% grade ferro­

vanadium in liquid stee1 83 •

,
7.S THE DISSOLUTION OF Nb-Ni ALLOYS IN LIQUID STEEL

The Nb-Ni alloys are not 50 extensively usedt.in the

steel industry. Depending on specifie customer demands
.'

however, these alloys can sometimes be employed. Furthermore,

~imultaneous i~troduction of two important alloying
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elements (niobium and nic~el) into liquid steel, with the

use of just one alloy addftion, may also have positive

econom~c 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 respect

to customary ferroniobium and/or ferronickel alloys.

The solution rates of lumps from this alloy 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 i~ the range 8740 ± 174 kg/m'.

Figure 7.9 illustrates a typical experimental result

from the dissol~tion 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 16250 C (1898 K). Curve l

depicts the bath temperature as recorded by the DAPC facility

during the test. Curve 2 shows the monitored net downward

force. Similarly, the segment BC sigrlifies 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 segment EF. Table 7.2

gives the measured solution rates (or equivalently, the

mass fluxes) of this alloy in 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.
l} Measured steel bath temperature;
2} Registered net downward force.
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Table 7.2

Solution Rates of Nb-Ni Lumps

in Liquid Steel Under Static Conditions

Temperature
Mass

(g!cm' /sec)

Flux
, ,
(kg/m /sec)

(-dr/dt) la'

(cm/sec)

---.-. ' o· , _

- \

(1878 K)

(1883 K)

(1898 K)

(1907 K)

0.103 (±O.OOB)\

0.110 (+ O.OOCl)

0.147 (+ 0.012)

0.220 (+ 0.018)

1.03 (+ O.OB)

1.10 (+O.OCl)

1.47 (+0.17)

2.20 (±0.18)

Il. 7B

1 ? • 5Cl

J6.82

25.17

,
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change of radius of hypothetical spheres of this alloy, which
,

éxIUb-.tt thë ijiVéh solutïoririftes -at -the--C-O':trëspoi1dln-g-avei"age

bath-temperatures. One can generally notice, that this ­

alloy dissolves relatively fast in liquid steel, even under

- . 120
s~atic conditions. An inspection of the Nb-Ni phase d1agrarn

shows that the liquidus temperature of the 65 wt% Nb ­

35 wt% Ni alloy is about 13100 C or 1583 K. Dee1ey1 gives

1583 K and 1613 K for the solidus and liquidus temperatures

of this ferroalloy, respectively, Tt 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 liquid

steel under static conditions,
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Predictions for total melting times of
spherical niobium-nickel lumps in liquid
steel under static conditions:
101 Liquid steel at 16000 C (1873 K);
2) Liquid steel at 161SoC (1888 K);
3) Liquid steel at 16300 C (1903 K).
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Figure 7.11 A typical sequence of events occurring during
a typical melting test of a niobium-nickel
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 dissolution of niobium and

zirconium in liquid steel.

below:

Sorne conclJsions are summarized

')

•1) For the dissolution of niobium and zirconium cylinders

in liquid steel two distinct periods were identified. The

'stpel shell period' and the 'free dissnllltion period'.

2) Depending on the seepl bath supprheat and the fluid

flow patterns in the vicinity nf a ninbium cylindpr, which

is kept motionless ih liquid ~teel, A r~~~tioTl mAY or may nnt

take place at the steel shell/niobium interface. The

conditions under which this reaction dops occur have been

inv~stigatpd. and the reaction prodllcts havp heen identified.

As this·reaction generally takes place at the final stages of

the steel shell period, the produced exothermic heat has a

negligible effect on the duration of th2 steel 3hell period.

3) Niobium dissolves relatively slowly in liquid steel

and its dissolution rate is greatly enhanced when the melt

is inductively (or otherwise) stirred.

4) In the early stages of the steel shell period, and

when the temperature at the steel shell/zirconium interface.

is'around 9470 C (1220 K), the dissolution reaction starts.

A liquid film of eutectic composition then forms 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 durîng the free dissolution period. Due to
'\ -'

the vigorous exothermic dissolution of zirconium in liquid

steel, the temperature at its dissolving front exceeds the

bath temperature causing the dissolution to accelerate. In

the final stages of the free dissolution period, the tempe rature

of the zirconium cylinder increases so much, that it reaches

the zirconium melting point.

6) ~r the experimental conditions under which these

tests were carried out, the dissolutivn rate of ,zirconium was

not influenced by the induction stirring of the melt. Without

any more experimental evidence(i.e., experiments carried out

in bigger vessels), this conclusion should be restricted for

those conditions under which this study was undertaken.

7) An existing mathematical,~el has been extended,

order to ~escribe the coupled he;1/and mass transfer events

which take place during the disSolution of both mataIs in

liquid steel. The model provided a good quantitative ~

representation of the processes studied.
,

8) The dissolution of sorne ferroniobium and ferro-

zirconium alloys in liquidsteel was jnvestigated. The

in

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 seemsto 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.

."
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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 liquid steel

seems to be independent of the fluid flow ch~racteristics of

the steel bath. This conclusion i~ restricted only to.the

experimental conditions under which these tests have been

carried out. Similar tests should be performed in ladle

metallurgy stations for example, whe~e larger quantities of

steel can be treated and more powerful stirring systems can

be applied. In this way the dissol~tion rates of zirconium

could be measured under the maximum pQssible degree of

turbulence.

Another area where further work is called for is in the

determination of the various factors which reduce·the

dissolution rates of Class II ferroalloys (i.e.; ferroalloys

with melting range above the steel-bath temperature) in

liquid steel with high level of active oxygen content.

Finally, the heats of mixing of liguid iron-zirconium

alloys should be measured experimentally.

•

'.
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CHAPTER 10

10.
/

CLAIM TO ORIGINALITY

:...v/
According to-the author"s opinion, the following aspects

are contributions to original knowledge:

1) The steel shell period of niobium cylinders in liquid

steel has_been investigated for the first time. Conditions

under which a reaction takes place at the steel shell-niobium

interface have been examined. The reaction products have

been identified.

2) The free dissolution perion of niobium cylinders în

liquid steel has been studied. The dissolution rates, at

various bath temperatures and f+uid flow conditions (static

or dynamic), have been measured in a detailen manner for the

first time.

3) ~ thermodynamic study for the heats of mixinq of

Fe-Zr liquid alloys has been performed, and mathematical

equations have been proposed.

4) The steel shell period of zirconium cylinders in

liquid steel has been examined for the'first time. The

reaction which occurs at the steel shell-zirconium interface

has been investigated, and the reaction products have been

identif ied.

5) The exothermic, self-accelerating dissolution of

zirconium cylinders in liquid stee~ has been experimentally

measured for the first time. For the experimental conditions

under which the tests were carried out, the induction stirring

did not seem to influence the dissolution rates .
•



6) A mathematipal model has been proposed, which gives

predictions for the coupled heat and-mass transfer phenomena

which participate during the free dissolution period of

niobium and zirconium in liquid steel.
1

7) The effect of oxy~en on the dissolution and recovery

of the standard ferroniobium has been invest~gated for the

first tirne.

•

216
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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 ~
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.2-) Registered net downward force;
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Figure 11-6 Results from a typical zirconium dissolution
experiment (Run no. 8, Table 6.4) in liquid
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2) Registered net downward force.
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Figure 11-12 Results from a typical zirconium dissolution
experiment (Run no. 18, Table 6.5) in liquid
steel. The cylinder diarneter was 2.54 cm
and its length was 18 cm.
1) Measured steel bath temperature;
2) Registered net downward force;
3) Measured atid predicted centerline

temperature.
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APPENDIX III

/

ESTIMATION OF EXOTHERMIC·HEATS OF MIXING
/

AND Zr MASS TRANSFER COEFFICIENTS

DURING STEEL SHELL PERIOD

•

At the steel shell-zirconium interface, solid steel.at

a tempe rature below its melting point is dissolving and

mixing with solid zirconium. It was found experimentally

(Section 6.2) that the 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
2

Zr and FeZr 2 .

Consequently, the exothermic dissolution teaction can be .

represented.by:

1.53 Fe ls ) + 1.47 zr(s) =

,,-,

where

(III-l)

, (ÎII-2)

"..-..----.......,

" nand N
Fe

' N
zr

are the molar fluxes of Fe and Zr towards the

reaction zone f~ oppo"Co di<ooC'on,. This intermixing

results in an en halpy chang.e lIHR· . The study of this

enthalpy change was performed using the F*A*C*T system91

The data were taken from Reference 89 and were selected for

121pure ordered compounds ,as far as the two intermetallic

compounds were concerned. Predictions from the model revealed
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that the stee1-she11 temperature in the vicinity of the

reaction zone was around 14500 C (1723 K), for most of the

time during the steel she11 period. At this temperature

the fo11owing resu1t was found:

6HR = -7.61 kca1/mo1 of zirconium

or

6H = -31.84 kJ/mo1 of zirconium
R

(1II-3)

1t shourd be noted thyt 6HR becomes more negative as the

temperature increases, obtaining a value 35% 1arger (in

abso1ute value) than the one given by equation (111-3) at

l6000
C (1873 K).

The semi-empirical1y determined heat flux fitting th~

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'). 50, the molar

L
flux is given by: .,

.. q"
NZr = s (II1-4)< 6HR

which ranged from 1.130 10- 3 to 1. 695 10- 3 mol Zr/cm'/sec.

"The mass transfer coefficient can be defined as:

or

K =Zr

K . =
Zr

~ mo1ar flux of Zr
net concentration driving force

(II1-5)

CZr = mole of Zr in (Pure Zr)/cm 3 = 0.07115



•

and

Cre/Zr = mole of Zr in (mixture 61 wt% Zr)/cm 3 = 0.04662

Consequently, for the system studied, the mass transfer

coefficient of zirconium varied from 0.046 to 0.069 cm/sec.

In a similar way the mass transfer coefficient of iron was

calculated and found to rangefrom 0.013 to 0.019 cm/sec.

The thickness of the reaction zone could therefore be

deduced based on a knowledge of the heat released and the

stoichiometry of the reaction.

\
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APPENDIX IV

DEOXIDATION WITH NIOBIUM

)
Niobium forms the spinel, FeO;Nb20

5
, at low residual

t
. 108concentra 10ns :

(IV .1)

The equilibrium constant ~or the, above chemical reaction

. 108
1S

(IV. 2 )log K = 88300 _ 36.76
T

At 16000C (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., the spinel FeO.Nb
2

0
S

is a s~oichio-

1., metric compound and solid) then its activity can be taken

equal to 1. One then has:

log K = -2 (log [%Nbl + log f Nb ) - 6 (log [%Ol + log fol

.(IV.4)

The activity coefficien~.0f niobium (fNb ) is given by the~

formula:

Nb °·log f Nb "'. e Nb [%Nbl, + e Nb [%0]
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rly,' the activity coefficient of . g'en (fe) is:

257

log .fe = e~ [%Q] + e~~ [%NbJ (IV.6)

iThe parameters e j are the first-order interaction coefficients

between the elements i, j. In the, case where i and j are the

same (i.e., they refer to thesame element), then the

parameter e~ is the self-interaction coefficient for theJ.

element i. Values of the interaction coefficients are given

by Elliott l09 ak for this case;

o-0.067, e
O

o= -0.2, e
Nb

Nb= -0.83, e o =-0.14 (IV. 7)

Plots of [%OJ in solution (and in equilibr~um with the

oxide l as a function of the [%Ml where M is the metal used

for deoxidation, generally show a minimum, that is, an

, 'f d . d' 110 b 'optJ.mum quantJ.ty 0 eoxJ. J.zer ; a ove a certaJ.n concen-

tration of/M' the level of oxygen rises l 'overkill' l, The

same happens for the case of/niobium and the minimum value

of [%OJ is found at the following level of (%NbJ:

I%Nbl . =
mJ.n

0.434 x = O~89 (IV. 8)

where x = 2, Y = 6 (from the stoichiometry of the. reactionl.

Using the equations (IV.3), (IV.4l, (IV.5l, (IV.6) and (IV.7)

one can solve for the minimum wt% of oxygen, in the mel t when

[%Nbl = 0.89

t%Ol , = 0.028
mJ.n. ,

(IV. 9)

50, at low residual concentrations of niobium in the melt if

the oxygén level is below 28~ ppm, no deoxidation can taker
'. '



. " l ".

258

place by niobium. The oxide Nb02 is the product at higher

t
, 108 G.

concentra ~ons : u

Nb(%) + 2 Q(%) = Nb02 (s)

The equilibrium constant is:

log ~ = 32;80 - 13.917

At T = 1873 K

log K = 3.584

(IV.lO)

(IV. 11)

(IV.12)

Assuming the activity coefficient of the solid oxide (Nb02 )

to be uJity and following the same procedure as previously,

the wt% Nb at the minimum value of wt% Ois:

/

1% Nb) . =
m~n

(-0.434) 1
2 ( 0.14) + 1 (-0.067) = 1.25 (IV.13)

The minimum [% 01 is found to be:

[% Ol . = 0.025
m~n

'tuz.14 )

"

Therefore, at higher concentrations of niobium in liquid steel

if the dissolved oxygen is less than 250 ppm deoxidation by

niobium is' impossible. As the tests were carried out at

oxygen level~ of less than 10 ppm, no reaction could occur

between the dissolving niobium and the oxygen in the melt .

•
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