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The unigue thermal, electricai,
and mechanical properties of poly-
crystalline graphite have resulted
in its widespread utilization as
steelplant furnace electrodes. In
addition similar graphite anodes
are used in production of magnesi-
um, caustic seda, potash, chlorine,
and sodium chlorate. Graphite
molds and crucibles for metallurgi-
cal applications, and applications
in the nuclear field also comprise a
substantial market (1). The afore-
mentioned properties give graphite
excellent thermal shock resistance
{2), which along with its relatively
low cost, characterizes polycrystal-
line graphite as an extremely ver-
satile material.

In the specific application as
steelplant furnace electredes, large
extruded polyerystalline graphite
logs, often as large as 110 in. in
length and 28 in. in diameter, are
subjected to rapid temperature
changes and oxidizing conditions
which can cause degradation of the
electrode and subsequent thermal
shock damage. A potential method
for the evaluation of elecirodes for
these applications is the calcula-
tion of theoretically derived ther-
mal shock damage resistance pa-
rameters which are based on ex-

perimentally measurable physical
and mechanical properties such as
the elastic modulus, the coefficient
of thermal expansion, the fracture
strength, and the fracture surface
energy. These thermal shock dam-
age resistance parameters have
proven useful in other refractory
material evaluations, for they have
heen demonstrated to dirvectiy re-
late to resuits of the A.S.T.M. panel
spalling test for thermal shock
damage of relractories (3, 4).

Tt is the purpose of this article to
present experimental data for the
physical properties of several dif-
ferent extruded polycrystalline
electrode graphites. Then, after
subjecting these graphites to se-
vere thermal shocks, an attempt
will be made to correlate their
damage resistance parameters
with their performance and with
their properties.

Electrodes for Steelmelting
Furnaces, Review of the Art

Electric furnace steelmakingisa
rapidly expanding metallurgical
process utilized for the production
of quality steels. Sharp (5) reviews
the fundamentals of the process. He
describes electric-arc steelmelling
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as an efficient melting method in
which the heat is generated by
three single-phase arcs between
extruded graphite electrodes and
the metal charge. Virtually no con-
tamination of the steel melt re-
sults, provided that the impurities
in the graphite electrodes are kept
low through the manufacturer's
judicious choice of the coal tar pitch
and petroleum colte raw materials,
and well-controlled graphitization
process. Since about twelve pounds
of graphite electrode are consumed
per ton of steel, the 27 million tons
of electric furnace steel produced in
the United States in 1973 (6) re-
quired about 160,000 tons of graph-
ite electrodes.

Blackman (7) has discussed elec-
tric furnace steelmelting electrodes
in detail. These graphite electrodes
are manufactured from combi-
nations of various petrolewm cokes
and coal tar pitches, whose choice is
based upon cost and availability;
but, moreover, for the considera-
tion of the final thermal, electrical,
and mechanical property require-
ments of the electrodes. Con-
ventional graphite forming proces-
ses have been discussed in detail by

- Liggett (1) and by Austin (8). Only
highlights of Liggett's article will
be reviewed here.

The aforementioned raw mate-
rials may be classified as “filler”
and "binder” constituents of the
electrode. The "filler” is commonly
a petroteum coke, made by the de-
layed coking process employing a
low sulphur crude oil. Pitch cokes,
and cokes derived from shale oil,
asphalts, and bitumens may also be
used; however, their utilization is
severely restricted by their
availability. As it is obtained from
the refinery, “green coke’ has been
exposed to a thermal treatment of
only about 45(°C to 500PC; conse-
quently it usually still contains up
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to 15% volatiles. During later crys-
tallite development, there is an ac-
companying volumetric shrinkage
that results in a real density in-
crease of about 30%. Therefore, a
caleination process is necessary to
pre-shrink this coke, This thermal
treatment is carried out between
1200°C and 130(PC, generally in a
rotary kiln. Next, the material is
subjected to a combination of grind-
ing, pulverizing, and sizing opera-
tions to reduce the coke particles. A
screen size range of —3 to +100
mesh is typical for the filler coke
partieles used in the fabrication of
large electrodes.

The second constituent of elec-
trade graphites is the “binder”. Tts
purpose is to plasticize the coke
particles for ease of forming into
the desired shapes and sizes. It
must also carbonize thoroughly
to minimize any further dimen-
sional changes and prevent any de-
gradation during the later stages of
processing. For these and economic
reasons, materials derived from
coal tar pitches have traditionally
proven to be the most suitable
binders for electrode grade
graphites.

Following the separate prepara-
tion of the filler and binder mate-
rials, the two are combined in a
kneader-type mixer at about 120°C
to insure adequate plasticity of the
mix. It is essential to the final me-
chanieal, thermal, and eleectrical
properties of the electrodes that
sufficient binder is employed, as
well as adequate heat during sub-
sequent extrusion to exclude maost
of the air from the interstices be-
tween the particles. For extruded
direct-arc steelmelting electrodes,
a"“recipe” of 30 parts of pitch binder
mixed with 100 parts of coke is typ-
ical. The extrusion is conducted at
about 10PC at pressures varying
from 400 psi to 8000 psi, depending
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on the electrode diameter and the
specific processing characteristics
of the individual mix.

The formed electrodes are then
“baked”. In this process, the coal
tar pitch is converted to coke, which
serves to connect the filler partieles
and increase the strength of the
electrede. Baking cycle tempera-
tures reach about 950°PC so that a
considerable amount of volatiles is
evolved. The extremely important
baking cycle involves nearly 10
days of heating at only 4°Cthour. It
is concluded with an equal number
of days for cooling in the batch-type
baking kiln. During this processing
step, aboul 35% of the binder and
about 15% of the green body weight
is lost and the thermoplastic bind-
er becomes sufficiently rigid Lo
stabilize the body shape. The elec-
trode now contains about 20%
porosity.

To reduce this pore content, the
electrode may be impregnated with
additional coal tar pitch prior to
graphitization. After sealing in an
evacuated autoclave the electrades
are covered with a hath of melten
piteh or asimilar material, which is
then forced under pressure into the
pores. Impregnation, interspersed
with baking, may be repeated a
number of times; however, signifi-
cant porosity decreases and sub-
stantial property enhancement are
generally not realized after the see-
ond impregnation.

At this point, the electrode is a
baked carbon. It s very brittle,
hard, and possesses only moderate
electrical and thermal condue-
tivities. In order to improve these
praperties to the level necessary for
utilization as a steehmaking elec-
trode, a erystalline transformation,
or conversion, is required to
develop artificial graphite or elec-
trographite. During the graphiti-
zation process, the temperature of
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the baked carbon is slowly raised
from room temperature to about
3000°C over a ten day period. Ache-
son graphitizing ovens are usually
employed, wherein the baked car-
bon is electrically resistance
heated. Blectric currents up to
100,000 amps at 35 to 200 volts are
utilized. Following graphitization,
the material is polycrystalline
and possesses high electrical and
thermal conductivities, good resis-
tance to thermal shock, and a iow
coefficient of thermal expansion.
Increase of strength with tempera-
ture, easy machinability and im-
proved oxidation resistance are ad-
ditional desirable properties that
help to render graphitized elec-
trodes a good choice for steelmak-
ing applications.

Properties of Electrode
Graphites

To understand the thermal shock
behavior of extruded electrade
graphites, it is necessary to inves-
tigate several physical properties
of electrodes, including: density,
thermal expansion, elastic mod-
ulus, strength, and the fracture
surface energy. In addition, it is of
interest to investigate both “Regu-
lar” and Premium™ grades of elec-
trodes. These two electrode classes
generally reflect their nomencla-
ture, each having its own charac-
teristic raw materials and proces-

Table | Densities of Electrode Graphites?t

_Grade Bensity (gice)

"Regular”

R1 1.68 = .01

R2 1.66 + .01

R3 1.62 = .02
“Premium’’

P1 1.72 = .01

P2 1.71 = .01

P3 1.72 = 01

4 1.69 = .1

Ps 1.66 = 02

tThe electrodes are products of Airco Speer
Carbon-Graphite. The 8 prefix designites a Reguliv
electrode, while the P prefix signifies a Premivm
grade throughoui this article.
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sing, the exact detaiis of which are
proprietary.

Density

Table 1 lists the densities of sev-
eral of the grades studied. For com-
parison, the true density of the
ideal graphite crystal is 2.268 g/ec.
It is apparent that the "Premium”
grade is generally denser.

Coefficient of Thermal Expansion
The coefficient of thermal expan-
sion {CTE) is an essential factor for
many graphite applications. It is
particularly useful as an indication
of the degree of macroscopic aniso-
tropy present in exiruded electrode
graphite. it is well known that the
thermal expansion anisotropy of
the graphite crystal is high. It is
about twenty times different in di-
rections parailel and perpendicular
to the graphite basal plane (9), that
is 1.5 x 107%~C and 28.3 x 107°7C,
respectively, over the range of 15°C
to 800"C. This high anisotropy in
the graphite erystallite will be re-
flected, more or less, in the thermal
expansion anisotropy in the poly-
crystalline graphite electrode. The
degree depends upon the exient of
erystallite alignment and the mag-
nitude of pore volume between
crystallites, which in turn affects
the extent to which crystallite ex-
pansion can he accommodaled
witheut resulting in significant
over-all expansion of the electrode,
If the erystallites in a given elec-
trode tend to be preferentially ori-
ented with their basal planes paral-
lel to the electrode axis, then smal-
ler expansion will be observed
along the electrode length than in
the radial direction. Typically
“Regular” grades have a transverse
(radial direction) thermal expan-
sion ecefficient of about 2.9 x 107%
°C; while “Premium” grades have
slightly lower values, about 2.7 x
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10767C. In the longitudinal direc-
tion both grades have a CTE of only
about 2.0 x 1075°C.

Sampling

All specimens examined were
rectangutar bars 1 in. x lin. x 3 in.
leng. They were cut from 24 in. di-
ameter electrodes and are desig-
nated either transverse or lon-
gitudinal specimens, depending
upon whether their long dimension
was perpendicular or parallel to the
extrusion axis of the electrode.
Generally thirty specimens were
cut from an elecirode in each direc-
tion and measurements were made
on each specimen. Full details on
the techniques used to make the
various measurements are given
elsewhere (10}

Tabtle il Flexural Strengths of Electrode Graphites

Strength {psi}

Grade Transverse Longitudinal
"Regular’”

R2 840 = 100 960 = &0

R3 950 = 70 1300 x 250
“Premium”

P2 1530 = 50 1800 » 100

P3 1850 = 90 2480 = 120

P4 1280 = 110 1440 x 45

P5 1470 = 120 1820 70

P& 1830 =+ 35 1850 x 60

Flexural Strength

Table II summarizes flexural
strenpgth values on selected sam-
ples. Ag expected, because of some
preferred orientation in each elec-
trode, bars cut in the longitudinal
direction show higher values than
those cut in the transverse direc-
tion. Table [ summarizes elastic

Tabie lil Elastic Moduli of Electrode Graphites

Moduli {psi) x 10¢

Grade Transverse Longitudinal Anis. Hatio

R1 0.66 0.70
Rz 0.55 0.86
R3 0.51 0.86
P1 0.80 1.37
Pz 1.08 1.02
P3 1.35 1.08
P 0.60 1.6
PS5 Q.64 i.10

1.06
1.56
7.69

1.7
0.94
0.81
1.93
1.72
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modulus values measured using a
resonance technique. For compari-
son, with values given in Table I,
elastic modulus values for the sin-
gle erystal graphite have been re-
ported as 0.33 x 10° psi and 150 x
106 psi in directions perpendicular
and parallel to the basal plane (11}
As with flexural strength, higher
values are expected for the lon-
gitudinal samples. That this corre-
spondence was net found for two of
the "Premium” electrode grades is
interesting, but not fully under-
stood at this time. No effect on me-
chanical properties was found in-
sofar as the radial Jocation in the
electrodes from where the speci-
mens were cut.

Fracture Surface Energy

Fracture surface energy (12), de-
fined as the energy required for the
creation of a unit area of new sur-
face by crack propagation, was es-
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ples R2, R3, P4, and P5. Graphite
grades which possess the smallest
anisotropyv ratios for the energy re-
quired for crack initiation are seen
to exhibit the highest anisotropy
ratios of elastic moduli (Table IH.

Fracture Toughness Vs. Flexural
Strength

Fig. I presents a comparison of
the fraciure toughness, Ko caleu-
lated from yus volues as described
elsewhere (12), with flexural
strengths for six electrode graph-
ites. Although there is some scat-
ter, flexural strength increases
with increasing yyg for both speci-
men orientalions. Thus, if the
manufacturer understands the raw
malerials and processing parame-
ters necessary to increase fracture
toughness or fracture surface en-
ergy, [lexural strength increases
may also be realized.

timated using both the work-of- = 2800} /P3 ]|

fracture (WOF) and the notched & .

beam {NB) techniques. Values are ¢ 2300 :

summarized in Table IV. The § ) b3 !

notched-beam test is generally ac- @ 1800+ "2 PSa

cepted as a measure of the fracture g i Pia pa P2 |

energy ylyp) required for crack ini- 3 13000 R3a P4 4

tiation. A large spread exists in the ™ R3 2 o ttugsnat

anisotropy of yws values. The sool w2 T o L

largest anisotropy ratios of 1.76 20 30 40 50 &0 70 80

and 2.02 are present in grades R4 K, (b-in=¥ 111072

and P3 respectively. Anisolropy¥  pig. 1. Flexural strength versus fracture

ratios near one are found for sam-  toughness of electrode graphites.

Table 1V Fracture Surface Energies of Electrode Graphites
Fracture Surface Energies {ergsfem?)
Transverse Samples Longitudinal Samples
Y{WOF} Y{WOF}
Grades WOF NS Y{NB) WOF - NB Y{NB}

R1 155,600 = 10,000 o 213,500 = 12,800 —_ e
R2 127,800 = 16,700 13,300 = 1,700 9.6 137,700 = 22,7080 13,100 x 2,300 105
R3 225,000 + 32,700 11,200 = 2,600 201 271,900 = 64,900 10,300 = 3,300 264
R4 e 26,600 * 2,300 -— — 46,800 = 3,400 -
P2 174,300 = 12,900 29,800 = 2,700 5.8 205,000 = 19,600 42,800 =< 4,300 48
P3 166,400 = 8,300 27,800 = 2,400 6.0 215,100 12,800 56,000 = 3,800 3.8
P4 135,600 = 13,900 24,800 = 4,400 5.5 186,600 + 48,600 18,400 = 2,300 101
P5 318,700 = 45,100 18,800 + 2,700 158 405,300 = 101,400 16,700 = 2,500 258
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Fracture Surface Energy (worandua)

Fracture surface energies as
measured by the work-of-fracture
technigue {yywor) for both the "Regu-
lar" and “Premium” electrode
grades are also shown in Table IV,
All work-of-fracture values are
substantially greater for the lon-
gitudinal than for the transverse
samples. Higher values for the lon-
gitudinal orientation can be ex-
plained by the additional energy
required for the crack front to prop-
agate predominately perpendicu-
tarly to the oriented graphite crys-
taltites. In addition to the energy
consumed traversing the binder
phase and large numbers of pores,
the majority of the total energy ab-
sorbed by the specimen is con-
sumed by interactions between the
erack front groups of crystallites.
Anisotropy ratios vary from 1.08
for grade R2 to 1.38 for grades R1
and P4, Fraciure swface energy
values, as measured by the work-
of-fracture technique, can also be
controlled by the electrede manu-
facturer by varying the baking cy-
cle, extrusion pressure, and raw
materials. An optimization of this
energy should result in an increase
in the thermal shock damage resis-
tance of electrode graphites.

Table I'V also presents values for
the ratios of ywor to yye, measured
at room lemperature, for both
transverse and longitudinal sam-
ples. For transverse samples, this
ratio varies from 5.8 to 20.1. For
longitudinal samples, a much
larger variation in yweelyss exists
hetween grades; that is, it ranges
hetween 3.8 for grade P3 to 26.4 for
grade R3. The largest anisotropy in
ywortyns 18 found for grades R3 and
P5 for both the transverse and lon-
gitudinal samples. Il is apparent
that a propagating crack front
transverses a mote tortuous pathin
these two grades than in the other
graphite grades examined.
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Mechanical property measure-
ments on polycrystatline electrode
graphite reflect primarily the ex-
tent of crystallite alignment and
the nature of the porosity in the
artifact. It is apparent that by a
judicious choice of raw malerials
and processing parameters, the
manufacturer can produce a wide
range of electrode properties.

Thermal Shock Characleristics

Thermal shock characteristics of
regular and premium grade graph-
ites, as determined from single and
multiple quenches of graphites into
liquid nitrogen (-186°CY, will be
presented in next concluding pari.
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Gas-fired radiant tubes, in covers which lower over rolier conveyors, provide
means for controiling temperature to enable sfow, uniform cooling of rod coils as
they are conveyed to final water wash cooling and inspection. The radiant tube
covers, shown framed by the yellow railing and walkway, are in three lines (two
shownj of this continuous rod mill. This capability of closely cantrolling micro-
structiire, regardiess of the steal type being processed, allows the development
of desérfd rad properties — particularly a high degree of ductility. (See article on
page 8.
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