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16. METALLURGICAL PROCESSING
16.1 Introduction

16-3

coal

coke ovens
icoke)

plant

agglomeration

m

natural 2 electric
gas direct furnace
S _______reductionfurnace 7T
electrical power
0r8 a“a
natural Q}:}_—‘
gas plasma
furnace '
molten
steel
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16.2 Plasma Generators for Metallurgical Processing

Nath

The MINTEK, S.A., Transferred Arc Plasma Furnace
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16. METALLURGICAL PROCESSING
16.3 Thermodynamic Considerations

Reaction Threshold Temperature, AG =0

Ferroalloy production by carbothermic reduction in
oxide/carbide/metal systems

Reaction
(1) Oxide + Carbon = Carbide + CO
(2) Oxide + Carbon = Metal + CO
(3) Oxide + Carbon = Metal + CO,

| RendionFird @ @ (&) |
 Proda Cabide Meal Menl :
Sytan Tenperture €
O/l 644 640 571
{SDYSOSi 1464 1551 1733
GO/CG/Ge 1276 1255 1734
- MOMGMn 1273 1401 1762
VOOV 1048 1515 1947
| ALOYALG/A 1923 2036 2271
CCaCC 1848 2152 2274

16. METALLURGICAL PROCESSING f6-15

16.3 Thermodynamic Considerations

Minimum Plasma Reactor Operating Temperatures, °C

5}5&"/77 ,Tv_?; ¢ MomEa Mooxae It =y
e 64 156  Fe0 1597 147

A

ek
S 73 M3 S0, U3 0§ 0 173
W U DM M0, % U M & R
VA AR R N ./
T S T T A
(a

W W ¥ - - -

« carbothermic reduction advantageous for Cr,0;, SiO.

not possible for Ca0O, Al,O,
[D. MacRae, 1988]
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16.3 Thermodynamic Considerations
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Carbo-
thermuc

G::s p;ase
(CO or H.}

Al
f ug
B
Si e DRSO .
‘ I - i
S:iability -

i 1 f

Relative stability of metal oxides

Eiectro.ytic
aor plasma

Electr:cal

E:ectr:cal
or
~on-eiecirical

fie combpesticn

srccesses)

MINTERK

16. METALLURGICAL PROCESSING
16.6 Transferred Arc Processes

16-13
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16. METALLURGICAL PROCESSING
16.6 Transferred Arc Processes

Electrodes | -
'E’»i-—[;hase
AC supply
Feed Gas

Reaction
zone

Tap hole e

MINTEK
Barcza

Submerged-arc furnace

16-28

16. METALLURGICAL PROCESSING
16.6 Transferred Arc Processes

Feed 1
Plasma-arc pilot
furnace ‘ Hollow graphite
Feed ' cathode
Off-gas | , Roof

: l : Water-cooled
/furnace shell

_Slag layer
-Metal bath

Tap hole - .= ——-Hearth anode

MINTEK
Barcza
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16.6 Transferred Arc Processes
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400
40 KA
300 1 20 kA
Arc 10 kA
voltage, 2007
vaolts
100
HlN‘T‘:K (8] T T 1 !
PRy a 100 200 300 300

Arc length, mm

Variation of arc voltage with length for DC arcs from a
graphite cathode

16. METALLURGICAL PROCESSING
16.6 Transferred Arc Processes

16-30

30

Thermal
efticiency

3>

® AZiLo larmaces

IO S

th

1C 15 20 25 22

Size af ‘urrace MY

WHTIK
b o-

‘Ca (,(‘A\slﬁ
Effect of furnace size on thermal efficiency







16. METALLURGICAL PROCESSING
16.6 Transferred Arc Processes

16-31

100
75
2 50
25
0

Cr recovery Raw-

i sub-arc umace materials
cests

Plasma-arc furnace

«Low-cost raw materials - treatable directly
High recoveries of valuable chromium
«Lowest variable - cost producer in the world
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16.7 Arc and Plasma Furnaces for Steel Remelting

16-32

Electric Arc Furnace
Concept

o cathode
—  charge

—— water-cooled root

slag
liquid metal

------------- : I tapping hole

e hottom anode (for DC)
cathode: graphite

o possibly hollow tube for injection of fines, plasma gas
anode: multiple pins or fins, water-cooled billets
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16.7 Arc and Plasma Furnaces for Steel Remelting

16-33

technology

- originally developed for scrap remelting
Bulk heating of material with transferred arc, graphite electrode

Modern plasma furnaces are more flexible with regard to raw

material input

- direct reduced iron, iron carbide
EAF produced steel has increasing market share
— 1960 = 10%; 1980 = 22%; 1997 = 33%*

New developments in EAF and casting technology will lead to

further expansion

Energy cost reduced from >600 kWh/t to 320 - 500 kWh/t

[*D. Neuschiitz, 1999]

« Electric Arc Furnace (EAF) represents oldest plasma processing

16. METALLURGICAL PROCESSING
16.7 Arc and Plasma Furnaces for Steel Remelting

16-34

Electric Arc Furnaces
Typical Operating Parameters

Transformer rating
Active power
Maximum arc currents

Tapping weight

Tap-to-tap time

Annual capacity

Electric power consumption
(plus coal, gas, oxygen)
Electrode material
Electrode diameters

Electrode consumption

100 - 150 MVA

70 - 100 MW

130 kA (DC)
75 kA (AC)

80 - 150 t liquid steel

50 - 70 min

0.5 - 1.5 mio t steel

320 - 480 kWh/t

graphite

DC: max 750 mm
AC: max 611 mm

DC: 1.0- 1.5 kg/t
AC: 1.8-3.0kg/t







16. METALLURGICAL PROCESSING 16-3%
16.7 Arc and Plasma Furnaces for Steel Remelting

New Developments in EAF Technology
High Power DC Technology

Advantages over traditional AC furnaces
- less effect on power grid (flicker)
- less noise

- lower graphite electrode consumption (1 -1.5 kg/t comparedto 1.8 -3
kg/t for AC)

- lower refractory wear

- less energy per ton of steel

- improved power control
Disadvantages of DC arc furnaces

- need bottom electrode

— more expensive electrodes

- higher foaming slag layer

- need liquid feed
DC furnaces have become more popular

— 75% of new furnaces are DC

— 130 furnaces in operation or under construction worldwide

16. METALLURGICAL PROCESSING L0510
16.7 Arc and Plasma Furnaces for Steel Remelting

New Developments in EAF Technology

Improved efficiency through foaming slag operation

- formation of CO in slag through carbon dust injection into slag oxygen
injection into the melt

- foamy slag forms envelope around arc
* absorbs plasma radiation

cathode

arc
- foamy slag

<+«——— carbon dust injection

S melt

+«——— oxygen injection

bottom electrode
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16. METALLURGICAL PROCESSING
16.7 Arc and Plasma Furnaces for Steel Remelting _

New Developments in EAF Technology

Twin shell furnace*

B S
R Infad nl
-3 g 1 - re
s i - =
o 1 il

/
.
i I""_’ !'.
[ — |

Continuous preheating and charging®
(Consteel process)

[*D. Neuschiitz, 1999]
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16.10  Tundish Heating with Plasma Torches

CL3mEASED - ACTL TURT S wSI2nw

Z_.3MEATES «DIZILE —=

“ T, .melt'rg zcint 3f 21leal ~ell 17 tundlafk

Temperature history during ladle/tundish casting
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16.10 Tundish Heating with Plasma Torches

Plasma Torches for Tundish Heating
Sollac, Seremange Steelworks, France

« Tundish capacity: 35 tons molten metal (supplied by a 240 t ladle)
. Steel mass flow rate: 2 t/min
. Plasma heating: AT=12°C

e Tetronics transferred arc torch
- plasmagas: N, or Ar
- electric power: 1.7 MW (N,) or 0.7 MW (Ar)
7kA at 200V
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Fig. 3.15 Comparison of the tensile behavior of carbon steel and stainless steel spokes,
kA d, showing the load plotted against the displacement of the movable cross-head of the
ineering stress (load/original area) and the

machine. The load is proportional to the eng
displacement is proportional to the engineering strain (extension/the nominal gauge %, °
length of the specimen). Virtually all of the plastic extension occurs in this gauge section.
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Fig. 3.14 Resolution of a tensile force (F) into shear (S) and
force components on three arbitrary planes.
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Fig. 3.8 (a) The stored elastic energy is
1 1
poat o Stored Stieng T S;?rﬁifcg{g%e the area under an elastic load-displace-
i ' gq%ggs o= : —1/2ce¢e=1/2c6%YE ment curve. (b) The stored energy per
L 1 unit volume is the area under the o—¢
(a) Displacement 3 (b) Strain £ = &/ curve.
¢ 1 g Corvin mn
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Fig. 3.9 Schematic representation of
plastic shear in a crystal. (a) is the original
block of atoms. (b) is the block after plas- g
tic shear. (c) represents shear strain in a’
continuum block. (a) (b) Plastic Shear (C)
\Lt\\7

Fig. 3.11 A rug may be given a shear dis-
o placement with respect to the floor by )
propagating a ripple across it. 0w g ok

Fig. 3.12 An edge dislocation in a crystal. L
The dislocation comprises the bottom
edge of the extra plane of atoms con-
tained in the upper half of the crystal.
(From A. G. Guy, Elements of Physical
Metallurgy, Addison-Wesley, Reading,
MA,1959, p. 110.)

T T
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b
Fig. 3.13. The glide of an edge dislocation under the influence of a shear stress 1.
. Airren !
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e Fig. 5.6 (a) lllustrates the type of shear
Vay that produces a screw dislocation. (b)
Shows the displacement of atoms in the
Y core of the screw dislocation. (Adapted
from W.T Read, Jr.,
Crystals, McGraw-Hill, N.Y., 1953, p. 17.) (@)

Fig.5.7 élip by glide of a screw dislocation.
Note: T still lies along b, but the direction of
glide is now perpendicular to T and b.
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o Fig. 6.3 Variation of hardness during (a) cold work-
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ing and (b) annealing. (During annealing a fixed
(b) Temperature time at each temperature is assumed.)







Simple
o 1 Tension

Simple
Eﬂ/ Tension
o "7 Plus
+ Transverse
Tension
Fig. 3.17 The state of stress in the center of a neck cqntains
| a transverse component, caused by plastic constraint.
ok

] —

Simple Tension
Plus
Transverse Compression

Fig. 3.18 Schematic representation of a wire being
drawn through a die. The die exerts transverse com-
pression and allows large tensile elongation without
rupture.

(a) (b)
N 7/ N\ d
\Y/ \Y/ " G
O, <+ > max = Y
" AN PN 2
Hog= O } o
2
©
& 4—) . Trax x — Oy Fig. 3.19 lllustrations of the maximum
2 shear stresses which arise from various
combinations of tensile and compressive
l stresses. (a) Longitudinal tension only. (b)
Oy Transverse tension only; note that the
-G, —0y sign of the shear stress is reversed from
(d) l (e) i (a). (c) Combination of (a) and (b); note
that the maximum shear stress is reduced
by the transverse tension. (d) Transverse
// N\ - — Ox compression only; note that the sign of

the shear stress is the same as in (a). (e)

Combination of (a) and (d); note that the
shear stress is greatest in this case,
which is analogous to the case of wire
drawing.






(a) (b)

Fig.4.6 Hard-sphere model of an FCC crystal, showing (a) a unit cell, (b) one sphere
removed to show a close-packed plane, and (c) more spheres removed to enlarge the

close-packed plane.

Fig. 5.4 Slip has occurred in the darkly shaded region of this block
of crystal. The boundary between the slipped and unslipped region
is called a dislocation; it is a linear crystal defect. In this case an
edge dislocation has been created.

unit of slip = Burgers

__extra
half-plane

I dislocation

line

vector

Fig. 5.5 An atomistic representation of an edge dislocation at several stages of the glide
process, which produces slip. In the final panel the dislocation has emerged at the
surface, leaving a slip step, and the crystal is left dislocation-free. (From A. G. Guy, loc.

cit., p. 109.)
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FIGURE 7-1 Development of strain hardening from the stress-strain
diagram. (a) A specimen is stressed beyond the yield strength before the
stress is removed. (b) Now the specimen has a higher yield strength and
tensile strength, but lower ductility. (c) By repeating the procedure, the

strength continues to increase and the ductility continues to decrease until
the alloy becomes very brittle.

e paa & birsom* (®)

FIGURE 7-4 Schematic drawings of deformation processing techniques. (a) Rolling, (b)
forging, (c) drawing, (d) extrusion, (e) deep drawing, (f) stretch forming, and (g} bending.
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FIGURE 7-6 The effect of cold work on the mechanical
properties of copper
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FIGURE 7-11

FIGURE 7-10 (aj Compressive residual stresses at the surface are balanced by tensile
stresses in the center of a cold-worked bar. (b} If one surface is machined, part of the

4

(©)

compressive stresses in that surface are removed, upsetting the stress balance. (c) To

restore the balance, the bar distorts.
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Compression Tension *
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The compressive residual stresses can be harmful or

beneficial. In (a), a bending force applies a tensile stress on the top of the
beam. Since there are already tensile residual stresses at the top, the
load-carrying characteristics are poor. In (b), the top contains compressive
residual stresses. Now the load-carrying characteristics are very good.
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FIGQRE 7-12 A comparison of strengthening copper by (a cold working and (b} solid
solution strengthening with zinc. Note that cold working produces a greater
strengthening effect yet has little effect on electrical conductivity.
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FIGURE 7-13 The wire-drawing process. The force F, acts on
both the original and final diameters. Thus, the stress produced
in the final wire is greater than that in the original. If the wire
did not strain harden during drawing, the final wire would break
before the original wire is drawn through the die.
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FIGURE 7-14 The effect of cold work and annealing on the properties of a Cu-35% Zn
alloy.

(a) (b) {c) ids

FIGURE 7-15 The effect of annealing temperature on the microstructure of
cold-worked metals. (a] Cold worked, (b) after recovery, (c) after recrystallization, and [d)
after grain growth






T

Fig. 5.20 Stages of bowing out of a seg-
ment of dislocation into a loop which then
becomes unstable and produces a full
loop and the starting configuration over
again. This is known as the Frank-Read
process.

(a) (b)

Fig. 6.8 lllustration of climb of an edge dislocation due to the

absorption of vacancies, represented (a) in three dimensions
and (b) in two dimensions.

) )

it

Fig. 6.11 (a) In a pair of soap bubbles the larger one grows at
the expense of the smaller by diffusion of air through the con-
necting bubble wall, driven by the pressure difference. (b) In a
polycrystal a large grain grows at the expense of its smaller

neighbors by the jump of atoms from the smaller grains to the
larger one.
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FIGURE 7-17 The effect of annealing
time on the recrystallization temperature.

Heat- | Cold-worked \ L)
~—affected—= «— unaffected 91 o K&‘A(’("& MM pute
: zone ! base metal de L I:t‘: G FCW(,( o ] 2y
de Lu peucun, .

20 on u@wﬁch'k | 2V Wle Mo ’13 "
(AP VRTIN TP ORI ST R G

Slow cool

<

50

=

<

=

wy
\
AN Recrvstallization zone
Ry “= Grain growth zone

> Fusion zone

Distance

FIGURE 7-18 The structure and properties surrounding a fusion weld
N a cold-worked metal. Note the loss in strength due to recrystallization
and grain growth in the heat-affected area.
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FIGURE 7-19 During hot working, the elongated, anisotropic grains im - ediately

recrystallize. If the hot-working temperature is properly controlled, the final hot-worked
grain size can be very fine
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FIGURE 6-3 The stress-strain curve for an aluminum alloy from Table 6-2.
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FIGURE 6-19 A specimen is placed in a
furnace at an elevated temperature under a
constant applied stress in the creep test

Constant stress
Constant temperature

|
|

I

i

1

|

|

|

I

I

1

1

|

]

|

|

i

1

]
Ae _ Creep rate !
i

|
—el

=
Il
= 1
2 i
I
i
i
i
At
5 i i
ccond stage 1
Elasuc § 1= e A —eie— Third stage
€= stage steady state : 1
strain [ S !
Ruprure
e Fnve
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FIGURE 9-3 (a) Liquid copper and liquid nickel are completely soluble in
each other. (b) Solid copper-nickel alloys display complete solid solubility,
with copper and nickel atoms occupying random lattice sites. (c) In

copper-zinc alloys containing more than 40% Zn, a second phase forms due
to limited solubility of zinc in copper.
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FIGURE 9-5 The effects of several alloying elements on the
yield strength of copper. Nickel and zinc atoms are about the
same size as copper atoms, but beryllium and tin atoms are
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solution strengthening.
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FIGURE 9-9 Tie lines and phase
compositions for a Cu-40% Ni
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FIGURE 9-11 The
mechanical properties of
copper-nickel alloys.
Copper is strengthened
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nickel is strengthened
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FIGURE 10-6 The lead-tin equilibrium phase diagram
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FIGURE 10-8 Solidification, precipitation, and microstructure of a Pb-10% Sn alloy.

: ) FIGURE 10-9 Solidification and microstructure of the eutectic alloy Pb-61.9% Sn.
Some dispersion strengthening occurs as the B solid precipitates.
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FIGURE 10-10 The cooling curve for a
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FIGURE 10-11 (a) Atom redistribution during lamellar growth of a lead-tin eutectic Tin
\toms from the liquid preferentially diffuse to the f3 plates and lead atoms diffuse to the x
plates. (b) Photomicrograph of the lead-tin eutectic microconstituent ( x 400).
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(b) Photomicrograph of the pearlite lamellae ( x 2000). From Metals Handbook, Vol. 7.
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