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EFFECT OF NATURAL FLAKE GRAPHITE AND CARBON FIBER
ADDITIONS ON HIGH-TEMPERATURE PROPERTIES
OF DOLOMITE-CARBON REFRACTORIES

By James P. Bennett'

ABSTRACT

The U.S. Bureau of Mincs investigated the role of imported natural flake graphites in dolomite-carbon
refractories used in steelmaking processes and evaluated carbon fibers as a potential substitute. Varying
quantities (1.5-30 pet) of natural flake graphite and carbon fibers were added to test samples. The effect
of the additions on modulus of rupture (75°-2,750° F), deformation under load (2,750° F), and
air-slag-metal resistance (3,000° F) was studied.

Carbon purity of natural flake graphite additions did not influence hot strength, deformation under
load, or air-slag-metal resistance. When the quantity of 90-pct-carbon graphite addition varied between
0 and 30 wt pet, hat strength was highest, deformation under load lowest, and air-slag-metal wear the
least at 10 wt pct. As test temperature increased from 500° to 2,750° F, the hot strength difference
became less.

Carbon fiber additions were limited to 1.5 pet in dolomite-carbon brick, At this level, physical
properties were generally comparable to those obtained with natural flake graphite, but were bclow
values obtained with 10-pct-flake graphite additions. Carbon fibers are not considered a satisfactory
substitute for natural flake graphite.

1Ceramic engineer, Tuscaloosa Research Center, U.S. Bureau of Mines, Tuscaloosa, AL.



INTRODUCTION

Continuouns casting of steel combined with increased
operating temperatures and demands for longer refractory
life have focused attention on carbon-containing refrac-
tories (1-2).> Carbon, in the form of natural flake graph-
ite, imparts a high dcgree of oxidation resistance, reduces
the level of wettability by slag, and increases the thermal
conductivity of the refractory. The natural flake graphite
used m refractories is totally imported. Graphite-based
refractories have become integrated into the basic oxygen
furnace (BOF), the electric arc furnace (EAF), and trans-
fer ladles, as well as pouring tubes and nozzles. The
carbon-based refractories typically contain MgQ, Al,O,, or
dolomite bonded by pitch or resin with up to 30-wt-pct
natural flake graphite. In addition to the natural flake
graphite (3-4), refractory oxide, and pitch, metallic addi-
tions are often made to enhance brick high-tempcrature
properties.

The need to develop a substitute material for natural
flake graphite has been recognized (5), vet fundamental
high-temperature engineering data such as are available on
magnesia-carbon systems do not exist for dolomite-carbon
refractories, making it difficult or impossible to predict or
compare behavior. A previous Bureau report (6) detailed
the effects of up to 30-pet natural flake graphite additions

with graphite carbon purities varying from 85 to 1060 pct.
Ogxidation resistance, hot strength, and deformation under
load were evaluated on samples up to 2,750° F, indicating
that a 10-wt-pet addition of natural flake graphite was
optimum. High-temperature air-slag-metal resistance, a
critical refractory property, was not determined for these
samples. This air-slag-metal resistance measurement simu-
lates the amount of erosion occurring in the slagline area
of a steelmaking furnace during operation.

This report discusses the results of a study on the sub-
stitution of three different carbon fibers for natural flake
graphite at a 1.5-pct level. The effect of carbon fiber and
natural flake graphite additions on hot modulus of rupture
(MOR) (up to 2,750° F), deformation under load (up to
2,750° F), and air-slag-metal resistance (3,000° F)} was
studied. Because the high-temperature air-slag-metal
resistance is critical for refractory performance, this
report also discusses erosion research conducted on
dolomite-carbon samples with natural flake graphite
additions up to 30 wt pct and with different carbon purity
levels (85 to 100) of natural flake graphite. Previously
reported research (6) on the density, hot MOR, and creep
of 10-wt-pct additions of graphite containing samples is
repeated in this report for comparison purposes.
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RAW MATERIALS AND SAMPLE DESCRIPTION

All dolomite-carbon refractories evaluated in this re-
search were manufactured from dead-burned dolomite,
resin, natural flake graphite, and carbon fibers. Dolomite
grain chemistry and density are listed in table 1. The
particle size distribution of the dolomite grain was the
same as is utilized in a commercial product.

Table 1.-Fired dolomite graln and ball clay
chemical and physical properties

Fired dolomnite Ball clay
Chemical composition, wt pct:
Cal .........civiiit, 56.7 0.6
MgO ... 41.2 - 0.6
ALOD; o 0.5 30.6
SiO, .. ... 04 65.5
Fo Oy oo .l 1.2 2.7
Density ........ g/em® .. 325328 NA
Loss on igniticn .. wtpct .. 0 10.1

NA Not analyzed.

Four grades of natural flake graphite, ranging in carbon
content from 85 ta 95 pet, were chosen for this study [the
same materials were used in the earlier study (6)}. Three
of these graphites are rcferred to as 85, 90, or 95 grades.
All were products from Madagascar and were similar in
particle size distribution. The particle size distribution, ash
chemistry, and pyrometric cone equivalent (PCE) test
results of the graphites are listed in table 2. The fourth
graphite, refractory grade (RG), is a high-purity, high
boron ash content material manufactured by Superior
Graphite Co.’ treated with an oxidation inhibitor to
improve high-temperature propertics.

Three different types of carbon fibers were used in this
study and arc listed in table 3 along with their tensile
properties, density, fiber diameter, and length. These
carbon fibers are referred to as polyacrylonitrile (PAN),
PAN-sized, and pitch. The PAN-sized fibers have a water

ltalic numbers in parentheses refer to items in the list of references
at the end of this report.

IReference to specific products does not imply endorsement by the
U.S. Bureau of Mines.




soluble size (binder) added to the fibers, causing them to
clump together, versus the loose individual fibers of the
PAN and pitch types. Figure 1 shows the difference be-
tween the carbon fibers and a natural flake graphite
{90-grade).

Three sets of mixes were prepared: one with 10-wt-pct
additions of different graphite grades (85, 90, 95, and RG)
added to dead-burned dolomite grain; another with a
90-grade graphite added in increments of 0, 5, 10, 15, 20,
and 30 wt pct; and a third with 1.5 pct additions of carbon
fibers (PAN, PAN-sized, and pitch) and a 90-grade graph-
ite (table 4). The mix listed in table 4 as 95 plus 1 pct ball
clay (95+1) contains 1 pct ball clay (chemistry histed in
table 1) in addition to 10 wt pct of the 95-grade graphite.

Table 2.-Natural flake graphite properties

Four percent of a thermosetting resin was used as a
binder in all samples. Compositions were mixed in 150-1b
batches in a high speed countercurrent mixer. Brick of
6- by 9- by 3.5-in dimensions were pressed at 20,000 psi
and cured on a commercial schedule. During pressing of
samples containing carbon fibers, rebound or spring back
occurred with quantities greater than 1.5 pet, causing low
densities and internal laminations, Because of this re-
bound, carbon fiber additions higher than 1.5 wt pct were
not used. A dolomite-carbon sample containing 1.5 pct of
a 90-grade graphite was made for comparison.

Table 3.-Carbon fiber properties

Graphitegrade . . ... .... 85 90 95 RG Property PAN! PAN-sized? Pitch?
Screen analysis, wt pet:' Tensile strength . 10¢ psi ... 35 36 20
Minus 18 . ........... 0 e 0 01 Tensile modulus .. 10%psi... ~ 30 30 23
Minus 18, plus 30....... .. 17 144 98 126 Fiber density .. ... g/em® .. 173 177 191
Minus 30, plus40...... 23 26.4 259 31.2 Fiber diameter . ..... um . 8 8 11
ME”US gv p:us % ---- ?g; ‘1‘;-? ‘1‘3; 4;2 Size (binder) ............. None ) None
inus 60, plus 80...... . j . . ;
Minus 80, plus 100 . . ... 12 15 16 os Fiberlength ......... in 0.125 0.125 0.125
Minus 100 ........... 0.2 1.3 0.9 0.1 Polyacrylomtrlle fiber precursor, manufactured by Stackpole.
Ash ......... wt pet .. 137 10.6 8 0.8 Polyacry[omtrlle fiber precursor, manufactured by Hercules.
Ash chemistry, wt pet 4P[tch fiber precursor, manufactured by AMOCQ.
SIO, ... 55.9 452 438 23.4 Water soluble.
Fezél3 ............... 11.8 237 261 21.9
ALO, ... ... ... 26.2 228 25.7 09
MG ... .. 1.1 6.8 43 0.7
Ca0 ...l 1 1.3 1.2 22
BO;, ........o.t, ND ND ND 43.75
Ash, PCE ... ... 0 1215 &7 6 NA
NA Not analyzed.
RG  Refractory grade.
ND Not detected.
'Retained.
Table 4.-Physical properties of dolomite-carbon samples with additions
of different grades and amounts of graphite or carbon fibers
Cured bulk MOR, psi Retained
Additive densny Cured Coked carbon,
g/em pect
10-wt-pct ADDITIONS OF VARIOUS GRAPHITE GRADES
B e 291 3.030 350 9.2
£ 292 2,310 420 89
9 e 291 2,290 370 9.9
95 plus 1 pct balliclay ...... 2.90 2,240 370 9.8
RG.........ccviieinan 2.91 2,360 430 10.0
INCREASING ADDITIONS OF 90-GRADE GRAPHITE
O e 2.96 4,230 590 23
A 294 3,200 450 6.3
10 2.92 2,310 420 89
15 e 2.85 1,760 400 1341
20 .. e 2.80 1,360 300 14.3
30 .. 272 1,130 230 240
1.5-wi-pct ADDITIONS OF S0-GRADE GRAPHITE AND CARBON FIBERS
Graphlte ................. 3.02 3,340 930 25
PAN' carbon fibers . ........ 2.96 4,000 370 2.4
PAN-sized” carbon fibers . ... 2.94 4,090 470 2.8
Pitch® carbon fibers . ....... 3.00 4,030 750 2.3

MOR Modulus of rupture.

ARG  Refractory grade.

IPonacrydomtnle fiber precursor, manufactured by Stackpole.
polyacrylonitrile fiber precursor, manufactured by Hercules.

3pitch fiber precursor, manufactured by AMOCC.



1 2
| J

Scale, inches

Figure 1.-Natural flake graphite and carbon fibers used in dolomite-carbon samples. A, 90-grade
natural flake graphite; B, PAN carbon fiber; C, PAN-sized carben fiber; D, pitch carbon fiber.

TEST EQUIPMENT AND PROCEDURE

Coked bulk density was determined on dolomite-carbon
test samples after pressing, curing, and coking of the resin.
Samples were coked by heating in a N, atmosphere
according to ASTM schedule C-607 (7).

The room-temperature cured and coked MOR strengths
were measured following ASTM C-133 (8) on dolomite-
carbon samples containing 10-wt-pct additions of graphite
(85, 90, 95, 95+1, and RG grades); on samples with a
90-grade graphite added in quantities of 0 to 30 pct; and
on samples with 1.5-wt-pet additions of 90-grade natural
flake graphite and PAN, PAN-sized, and pitch fibers.

Hot MOR strengths from 500° to 2,750° F were mea-
sured using ASTM C-583 (9). The testing was conducted
in a sealed SiC element furnace (fig. 2) flushed with
2 L/min of dry N, gas. Samples 1.25 by 1.25 by 9 in were
cut from the 9- by 6- by 3.5-in brick and strength was
measured with the pressed surface of the sample in contact
with the MOR rod. Five samples were evaluated at each

temperature. Lampblack was spread on and around the
samples to prevent sample oxidation. Oxygen levels less
than 0.01 pct were routinely measured in the furnace.
Sample strength was measured after a 1-h hold at test
temperature.

Thermal expansion under load tests were conducted
according to ASTM C-832 (10) at loads of 50, 100, and
150 psi on dolomite-carbon test samples. Samples 1.5- by
1.5- by 4.5-in were cut from 9- by 6- by 4.5-in brick, with
the pressed 4.5-in height taken as the sample height.
Samples were placed in a high-alumina crucible (fig, 3)
surrounded by a loosely packed 50:50 mixture of lampblack
and electrolytic graphite to prevent sample oxidation. A
0.005-in-thick flexible graphite sheet was placed between
the alumina load transfer ram and the dolomite-carbon
sample to prevent high-temperature reactions. The
furnace can monitor six thermal expansion under load
samples simultaneously (fig. 4).




Figure 2.-Test equipment for hot MOR evaluation in N,

Samples were heated under load to 2,750° F, held at
temperature for 2 h, and cooled to room temperature.
The three variables investigated were (1) thermal expan-
sion versus temperature under load during heating to
2,750° F, (2) sample deformation versus time during the
2hhold (creep) at 2,750° F, and (3) overall sample
deformation after heating and cooling.

Air-slag-metal resistance was measured on dolomite-
carbon samples in the temperature range of 2,960° to
3,000° F using an AISI 1020 (low carbon) grade of steel
and an aggressive acid slag (table 5). About 1 pct of Si
metal was maintained in the steel to deoxidize the metal.

Table 5.-Slag chemistry used in air-slag-metal
testing of dolomite-carbon materials

Quantity,
wt pct

324

30

20

125
S



Two coked test samples and two coked reference mate-
rials of a2 commercial dolomite-carbon brick (9 by 1.25 by
1.25 in) were mounted opposite each other on a steel
holder (fig. 5). The steel and slag mixture was maintained
at test temperature in an induction furnace (figs. 5-6). The
samples were allowed to preheat over the induction fur-
nace for 5 min before being immersed into 0.5 in of slag
and 2 in of steel (2.5 in total). Samples were rotated at
35 rpm for 12.5 min in the air-slag-metal before being

99.9-pct-alumina ring,

withdrawn. A small wear area developed at the
air-slag-metal interface (fig. 7).

After the samples were cooled, they were removed from
the holder, mounted in plaster, and bisected on a diagonal
of the 1.25-in sides. The area removed from the samples
was measured within 1 in above and below the cut area.
A wear index was obtained by dividing the eroded area of
the test material by the eroded area of the standard.

2-1/8-in OD, 1-7/8-in 1D,
by 1-1/2-in height

99.9-pct-alumina

Graphite ring,
———m—e—r 3 - i QD, 2-1/8-in [D
by 1-7/8~in height

disk, 1/5 in thick
1-1/72- by I-1/2- R
by 4-1/2-in R

dolomite ~carben
tosf sample

S
[
. "
- .

-
. e

50.50 mixturse

0.005-in thick
flexible graphite sheet

« s an

! 99.9 -pet-alumina
W - crucibie (750 mL)

A

0.005-in thick

-
.

‘of lampblack and

-

-®
.
P
.

Y//

/LA

flexible graphite sheet

electrolytic graphite

2- by 2- by
I/2-in 99.9-pct-
dalumina plate

Figure 3.-Cross section of sample holder used t0 monitor thermal expansion under load, while preventing sample oxidation.
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Figure 4.-Test equipment for thermal expansion under load.




Drive shaft (35rpm)
Steel sample holder , 5/8-in di .
(1-5/8- by 1-5/8- by 5-1/2 - in) nodiam ,

Drive shaft joint
{I-1/2-in OD, 5/8-in 1D, - Furnace
I-1/4-in height) 01T e i

sidewalls

I/2-in siag layer

Mounting straps

Test samples O
(I-174 by 1-1/4 by 9 in)

Furnace coils

Reference materials
{I-174 by KI/4 by 9 in)

40 200 1b steel-
¢ AISI 1020 grade
with Ipct Si

TS AR

ﬁn RUES: w*" it

Figure 6.-Test equipment for alr-slag-metal evaluatlon of Figure 7.-Reference samples (A) and test samples (B) with
materials. 30 pct graphite after air-slag-metal evaluation In molen steel at

3,000° F for 12.5 min. The diagonal cross section of each type
sample Is shown to indicate wear.



RESULTS AND DISCUSSION

BULK DENSITY AND RETAINED CARBON

The cured bulk density of the delomite-carbon brick
with 10-wt-pct additions of different graphite grades is
listed in table 4 and averaged about 2.91 g/cm’. Retained
carbon for these samples averaged between 9 and 10 pet.

The cured bulk densities of samples containing in-
creasing amounts (0 to 30 pct) of a 90-grade graphite are
also listed in table 4. As the quantity of natural flake
graphite increased from no addition to 30-wt-pct addition,
the cured bulk density decreased (296 g/em® to
2.72 g/cm®) and the retained carbon increased (2.3 to
24 pct carbon).

The densities and retained carbon of the dolomite
carbon brick with 1.5-wt-pct additions of graphite and
carbon fibers are listed in table 4. Cured bulk density
values averaged about 3.0 g/cm’® and retained carbon
about 2.5 pet. The cured bulk density value of 3.0 g/cm?
is slightly higher than the value of 2.96 g/cm’ for no
graphite addition. The rectained carbon value of about
2.5 pet does fall between values of 2.3 and 6.3 pct,
respectively, for 0- and S5-pct additions of 90-grade
graphite.

MOR

Room-temperature cured and coked MOR data are
listed in table 4 for dolomite-carbon samples containing
varying amounts and grades of natural flake graphite and
carbon fibers. A large decrease in strength was noted in
all coked MOR strengths versus the cured sample
strengths. The cured MOR strengths ranged between
2,200 and 3,000 psi for the different graphite grades (85,
90, 95, 95+1, and RG) at a 10-pct addition level. The
1.5-pet additions of graphite and carbon fibers {90-grade,
PAN, PAN-sized, and pitch) had higher cured and coked
strengths than the 10-pct additions of different graphite
grades. This correspouds to the general trend of de-
creasing strengths with increasing quantities of 90-grade
natural flake graphite additions (0 to 30 pct). The room-
temperature cured MOR strengths ranged from a high of
4,230 psi for no graphite additions, to a low of 1,130 psi for
the 30-pct additions and the coked strengths decreased
from 590 to 230 psi. ‘

Hot MOR data for dolomite-carbon brick with
10-wt-pct additions of different graphite grades is listed in
table 6 and plotted in figure 8. When the test temperature
was increased from 500° to 2,750° F, brick strength de-
creased for all grades. The strength decrease between

500° and 1,500° F is due to the coking of the resin, when
a carbon bond is formed between dolomite grains and
graphite, resulting in lower strength values.

Statistically significant [Student’s t-test, (1I)] strength
changes at a 95-pct-confidence level were determined. No
significant strength differences occurred with 10-wt-pet
additions of 85-, 90-, and 95-grade graphites through
2,500° F. At 2,500° F and above, a 10-wt-pct addition of
RG graphite resulted in a significant strength increase
while the 95+1 grade resulted in a strength decrease.

The RG-graphite (high B,O, ash content) addition had
the highest hot strength at all temperatures evaluated and
the highest coked MOR strength (table 4) for
10-wt-pct-graphite additions. Hot strength may be in-
creased by the low (0.8 pet) ash content of the RG graph-
ite compared to others used, although no effect of ash on
strength was noted for samples containing the 85, 90, or
95 grades. '

Hot MOR data for samples with increasing additions of
a 90-grade graphite are listed in table 6 and plotted in
figure 8. The trend observed with coked and cured
strengths {table 4) decreasing as the amount of graphite
additions increased is also observed in hot MOR strengths
through 2,000° F. At the test temperatures of 2,500° and
2,750° F, the strength values for the 0- and 10-wt-pct
additions were statistically higher than the other graphite
additions,

The microstructure of a magnesia-carbon refractory has
been shown (I) to have a continuous carbon matrix at
graphite levels greater than 10 pct. At less than
10-pct-graphite additions, a significant number of periclase
(Mg0O) grain contacts occur. The optimum hot MOR
strength at 10-wt-pct-graphite additions may be a result of
this matrix transition. The decrease in strength, at all test
temperatures, for graphite additions above 10 wt pct may
be due to the lower strength of the graphite or the poorer
bond caused by the dilution of the resin-carbon bond.

Another effect of temperature on hot MOR strength is
noted by comparing strength decreases in table 6 between
500° and 2,750° F as the quantity of 90-grade-graphite
additions increased. At 500° F, the strength of the
O-pct-graphite sample was the highest (3,410 psi), with
increasing graphite content leading to strength reductions
(460 psi at 30 pct graphite}. At 2,750° F, the hot strength
of the 0- through 30-pct-graphite additions ranged between
350 and 170 psi, respectively. The strength advantage of
the lower graphite content is largely eliminated at higher
test temperatures. .
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The hot MOR data for samples with 1.5-wt-pct ad-  graphite and carbon fiber samples. As was also noted with
ditions of 90-grade graphite and carbon fibers is also listed  graphite grade and graphite quantity variations, as the test
in table 6 and plotted in figure 8. At test temperatures  temperature was raised, strength values decreased.
between 500° and 2,750° F, no statistically significant dif-  Strengths decreased from about 3,200 psi at 500° F to
ference exists between strengths of 90-grade natural flake  about 310 psi at 2,750° F.

Table 6.-Hot MOR strength at different temperatures of dolemite-carbon samples with additions
of different grades and amounts of graphite or carbon fibers, pounds per square inch

{Plus-minus (*) values are at 95-pct-confidence intervals)

Additive 500° F 1,000° F 1,500° F 2000°F 2,500° F 2,750° F
10-wt-pct ADDITIONS OF VARIOUS GRAPHITE GRADES

8 ..... ... ... 1,310x480 640= 140 810130 654 140 410* 80 330= 60
90 ........... 920+ 200 520+ 120 730+ 60 550+ 110 410+ 60 350+ 50
85 ... 1,020+ 160 540+ 100 660+ 50 450+ 180 330x 70 350+ 50
95 plus 1 pet -

ball clay ..... 1,080+ 160 570+ 70 640+ 120 590+ 140 270+ 70 230+ 50
RG........... 1,470+ 250 680+ 160 850+180 760=110 580+ 80 450+ 60

INCREASING ADDITIONS OF 90-GRADE GRAPHITE
0 ... . 3,410 960 1,150 =260 1,040+ 70 670= 80 480+ 80 350+ 30
5 . 1,500+ 660 970270 930+ 80 710180 270110 280+ 40
10 ........... 820+ 200 520+120 730+ 60 550+110 410+ 60 350+ 50
18 ... e 740+ 70 510+ 80 590+ 140 530140 250100 220+100
20 ... . 430+ 40 450+120 540+ 90 370+ 80 260> 30 200+ 80
30 ... ... 460+ 110 380+ 30 370+ 150 320 60 200+ 10 170+ 50
1.5-wt-pet ADDITIONS OF 90-GRADE GRAPHITE AND CARBON FIBERS

Graphite . . ... .. 3,210+ 290 1,540+ 450 1,750+ 180 970+ 220 830=+160 310140
PAN' carbon

fibers . ....... 2960+810 1,490+240 1,540+240 980+ 190 690+ 180 280* 50
PAN-sized® ,

carbon fibers . . 3,340 400 1,400=210 1,450x 190 920 =400 740210 340z 80
Pitch® carbon -

fibers . ....... 3,380+780 1,490 210 1,680+ 350 1,130+380 730+180 300=x &0

RG  Refractory grade.

Polyacrylonitrile fiber precursor, manufactured by Stackpale.
2Po[yat:rylonitrile fiber precursor, manufactured by Hercules.
*Pitch fiber precursor, manufactured by AMOCC,
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THERMAL EXPANSION UNDER LOAD

The values of thermal expansion versus temperature
under loads of 50, 100, and 150 psi were measured on
samples with 10-wt-pct additions of different graphite
grades (85, 90, 95, 95+1, and RG), with increasing ad-
ditions of 90-grade graphite (0 to 30 pct), and with
1.5-wt-pet additions of patural flake graphite and carbon
fibers.

Behavior similar to the sample with a 10-wt-pct addition
of 85-grade graphite shown in figure 9 was observed with
all samples. As the load increased, the amount of defor-
mation increased. A slight brick expansion occurs between
500° and 1,200° F as the resin bond carbonizes, which
corresponds to the decrease m hot MOR observed. No
differences were observed at the deflection point in the
curves (2,330%- 2,500° F) where expansion and deformation
values become equal.

A plot of deformation versus time (creep) at 2,750° F
150-psi load, is shown in figure 10 for 10-wt-pct additions
of differcnt graphite grades, for increasing additions of a
90-grade graphite, and for samples with 1.5-wt-pct ad-
ditions of natural flake graphite and carbon fibers. With
10-wt-pct additions of different graphite grades, the largest
creep occurred in the 85 grade, followed by the 95+1, 90,
95, and RG. Similar creep behavior was noted at load
apphcatlons of 50 and 100 psi in all samples, but at lower
rates of deformation. Lower MOR strength also occurred
with 95+1 additions compared to 95-grade samples at
2,500° and 2,750° F, as previously noted in the MOR dis-
cussion. The lower creep of the RG also agrees with the
higher hot MOR strengths noted previously.

Creep measurements of samples under 150-psi load,
with increasing additions (0 to 30 pct) of a 90-grade graph-
ite (fig. 10), were lowest for the 10-wt-pct addition; lower
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Figure 9.-Thermal expansion under load of a dolomite-carbon
sample contalning 10-wt-pct addition of 85-grade graphite.

or higher percent graphite additions resulted in increased
creep. Similar creep behavior was noted at load appli-
cations of 50 and 100 psi, but at lower rates of deforma-
tion. The 10-pct-graphite addition is the transition point
to a continuous carbon maltrix, as mentioned in the hot
MOR data discussion. Creep data variations agree with
high-temperature hot MOR data in table 6, where strength
peaked with 10-wt-pct-graphite additions at 2,500° and
2,750° F

Crcep measurements of samplcs with 1.5-wt-pct ad-
ditions of carbon fibers under a load of 150 psi (fig. 10)
exhibited similar, slightly lower, creep than for the
1.5-wi-pct graphite addition sample. The hot MOR
strengths reported for 1.5-wt-pct additions of graphite and
carbon fibers (table 6) were very similar. No correlation
between creep and strength can be ascertained from these
data.

The total deformation occurring with applied loads of
30, 100, and 150 psi in dolomite-carbon samples (after
being heated to 2,750° F, held for 2 h, and cooled) is listed
in table 7 and plotted in figure 11 for different graphite
grades, for increasing additions of a 90-grade graphite, and
for 1.5-wt-pct additions of graphite and carbon fibers.
When 10-wt-pct additions of different graphite grades were
made, the largest deformation always occurred in the
95+1 grade and the least in the RG, regardless of the
applied load. The maximum deformation occurred with
loads of 150 psi, and was 3.34 pet for the 95+1 grade and
1.65 pet for the RG. The deformation occurring in the 85,
90, and 95 grades of graphite was similar, regardless of the
load, which was also the case for hot MOR strengths at
2,750° F.

Table 7.-Total deformation at three applied loads occurring
in dolomite-carbon samples with additions of different
grades and amounts of graphite or carbon fibers, percent

(Deformation from heating to 2,750° F, 2 h-hold,
and cocling to room temperature)

Additive 50 psi 100 psi 150 psi
10-wt-pct ADDITIONS OF VARIQUS GRAPHITE GRADES
85 ... e 0.35 1.36 2.16
90 ... .35 1.51 2.38
95 ... e e 43 1.31 2.45
95 plus 1 petballclay .... 1.10 2.19 ] 334
RG................... .08 1.08 1.65
INCREASING ADDITIONS OF 90-GRADE GRAPHITE

L 1.74 3.52 4.15
- Z .68 2.15 3.14
10 . e e .35 1.41 2.38
15 75 213 . 3.22
20 . 1.15- 2.18 4.30
30 .. e 1.68 3.28 4.37
1.5-wt-pct ADDITIONS OF 30-GRADE GRAPHITE AND CARBON FIBER
Graphite .. ............. 1.59 2.83 562
PAN! carbon fibers . ...... 1.50 2.87 4.37
F'AN-saed carbon fibers . . 1.67 3.10 4.08
Pitch® carbon fibers ... ... 1.38 3.30 3.71

FIG Refractary grade.

Polyacrylomtrlla fiber precursor, manufactured by Stackpole.
2Polyacry[onnmle fiber precursor, manufactured by Hercules.
*pitch fiber precursor, manufactured by AMOCO.
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The total deformation occurring in samples with in-
creasing additions (0 to 30 pct) of a 90-grade graphite was
least for the 10-wt-pct addition and increased with changes
in graphite content from that level, regardless of the load.
A similar trend was observed in hot MOR data in table 6
at 2,500° and 2,750° F, where the strength value for the
10-wt-pct addition of 90-grade graphite was among the
highest. As the applied load increased, the total deforma-
tion increased. At a 150-psi applied load, the deformation
was 238 pct for the 10-wt-pet addition, 4.37 pet for the
30-wt-pct addition, and 4.15 pct for the 0-wt-pet addition.

The total deformation occurring in samples with
1.5-wt-pct additions of graphite and carbon fibers (fig, 11)
is similar for all samples at 50- and 100-psi loads. At a
150-psi load, samples containing carbon fibers had slightly
lower deformation (about 4.0 pct) than the graphite ad-
dition (about 5.6 pct). The higher deformation of the
1.5-wt-pct graphite addition was evident in the 150-psi
creep data plotted in figure 10. The total deformation
observed for the carbon fiber samples is not, however, as
low as values obtained for 10-wt-pct-graphite additions,
which had the lowest overall deformation.

AIR-SLAG-METAL WEAR

The air-slag-metal wear for all dolomite-carbon sam-
ples, with natural flake graphite or carbon fiber additions
at temperatures ranging from 2,960° to 3,000° F, is listed
in table 8 as a relative wear index. Samples with a wear
index greater than 1 have more wear than the reference
material and samples with numbers less than 1 have
correspondingly less wear.

Table 8.-Alr-slag-metal wear occurring In dolomite-
carbon samples with additions of diferent grades
and amounts of graphite or carbon fibers

Additive Wear index'
10-wi-pct additions of various
graphite grades:
BS ... e 1.49
80 .. 1.12
85 e 1.24
g5 plus 1 petballclay . ....... 1.14
RG ... i 1.26
Increasing additions of 80-grade
graphite:
4 2.3
S 1.74
10 e 1.12
L T 1.21
20 e e 1.09
30 .. e e 1.52
1.5-wt-pct additions of 90-grade
graphite and carbon fibers:
Graphtte .................. 2.49
PAN? carbon fibers .......... 266 .
PAN-sized” carbon fibers . . . .. . 2.57
Pitch® carbon fibers .. ....... 260

RG  Refractory grade.

wWorn area unknown divided by worn area standard.

zPonacrylomtnle fiber precursor, manufactured by Stackpole.
Polyacrylomtnle fiber precursor, manufactured by Hercules.
“Piteh fiber precursor, manufactured by AMQCO.,
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Ten-weight-percent additions of various graphite grades
indicated similar relative wear (table 8), ranging from a
high for the 85 grade of 1.49 pct to a low for the 90 grade -
of 1.12 pct. Contrary to results observed with hot MOR
(table 6) and deformation under load (table 7), no effect
was observed with ball clay or boron additives to the
graphite.

Data for increasing additions (0 to 30 pct) of 90-grade
graphite from table 8 are plotted in figure 12, As graphite
content increased from 0 to 10 wt pet, a steady decrease in
wear from an index of 231 to 1.12 occurred. Further
additions of graphite above 10 pet did not improve wear
resistance, maintaining a constant value of about 1.10 from
10- to 20-wi-pct graphite addition, and increasing to an
index of 1.52 at 30 pct. This correlates with hot MOR
data (table 6) and deformation under load (table 7), both
of which indicated an optimum graphite addition level of
10 pct.

The improvement in air-slag-metal resistance may be
due to a change to a continuous carbon matrix at graphite
levels greater than 10 pet, as discussed in the hot MOR
section. At high graphite additions (30 pct), the lower
wear resistance may be due to the poorer bond caused by
the dilution of the resin-carbon bond or the increased ash
content. It is important to realize that these wear index
values may change with different slag chemistry or at
different temperatures as different wear and reaction
mechanisms become factors.

The severe wear patterns in dolomite-carbon samples
(9 by 1.25 by 1.25-in) after air-slag-metal testing ranged
from the slag-metal interface to a distance of about 0.5 in
into the metal (fig. 7). The reason wear was greater in the
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Figure 12.-Air-slag-metal wear occurring in dolomite-carbon
brick with increasing additions of 90-grade graphite.
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metal or at the mctal-slag interface thar in the slag was
because of the large linear velocities reported to be pres-
ent on the metal surface of an induction furnace compared
to the interior (12). The slag was observed to float on the
steel, with most slag movement coming from the rotation
of the sample holder at about 35 rpm. The linear surface
velocity of steel, due to inductive heating, appeared to be
greater than the rotational velocity of the sample holder,
and may help explain why wear was greater in this narrow
band. The effect of slag chemistry on sample wear is not
known, but is probably small in these tests. Erosion,
rather than corrosion, is thus the predominant wear
mechanism,

The effect of 1.5-wt-pct additions of 90-grade graphite
and carbon fibers on air-slag-metal wear is also listed in

table 8. Wear index values, regardless of the carbon
source (graphite or fibers), was a comparable value of
about 2.6. This behavior agrees with hot MOR (table 6)
and high-temperature deformation under load data
(table 7). The high-temperature wear of bricks containing
carbon fibers is similar to natural flake graphite, but the
wear is much greater than the minimum index of 1.12
obtained with 10-wt-pct additions of natural flake graphite.
Carbon fiber additions were limited to about 1.5 pct be-
cause of rebound during pressing, thus they do not appear
to be a satisfactory substitute for natural flake graphite
with reference to slag resistance.

CONCLUSIONS

A study of the effects of different natuoral flake graphite
purities, increasing graphite contents, or carbon fiber ad-
ditives on high-temperature properties of dolomite-carbon
brick indicated the following:

1. Ten-weight-percent additions of different purity
natural flake graphites (80, 90, and 95 grades) did not
affect the hot strength, deformation under load, or
air-slag-metal resistance properties of dolomite-carbon
samples.

2. Increasing natural flake graphite additions from 0 to
30 wt pet of a 90-grade graphite resulied in optimum hot
strength, deformation under load, and air-slag-metal re-
sistance properties at a 10-wt-pet addition.

3. Ashot-strength test temperature was increased from
500° to 2,750° F, the strength difference observed between

0- and 30-wt-pct additions of a 90-grade graphite became
less.

4. Comparable hot strength, deformation under load,
and air-slag-metal resistance values exist between
dolomite-carbon brick with 1.5-wt-pct natural flake graph-
ite or carbon fiber additions.

5. The maximum amount of carbon fibers that can be
added to dolomite-carbon samples is 1.5 wt pct because of
rebound during pressing. Optimum high-temperature
propertics were obtained with 10-wt-pct natural flake
graphite additions, therefore, carbon fibers are not
considered a satisfactory substitute material for natural
flake graphite.
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