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THE EFFECT OF DIFFERENT NATURAL FLAKE GRAPHITE ADDITIONS 
ON THE HIGH-TEMPERATURE PROPERTIES OF A DOLOMITE-CARBON 

REFRACTORY

By James P. Bennett1

ABSTRACT

The Bureau of Mines investigated the role of imported natural flake 
graphite in dolomite-carbon refractories used in steelmaking processes. 
Fundamental engineering data were obtained to enable the evaluation of 
substitute materials. Changes in oxidation resistance (2,000° F), hot 
strength (2,750° F), and deformation under load (2,750° F) caused by 
10-wt-pct additions of five different kinds of natural flake graphite 
and increasing quantities (0 to 30 pet) of a 90-pct-carbon natural flake 
graphite were studied.
Results indicated that carbon purity of 10-wt-pct-graphite additions 

did not influence hot strength or deformation under load. When the 
quantity of 90-pct-carbon graphite addition varied between 0 and 
30 wt pet in a dolomite-carbon brick, hot strength was highest and de
formation under load lowest with 10-wt-pct additions. As hot strength 
test temperature was increased from 500° to 2,750° F, the strength dif
ference observed between 0- and 30-wt-pct additions of a 90-pct-carbon 
graphite became smaller. Additions of a boron-treated graphite caused 
significantly higher strength and lower deformation under load at high 
temperatures, while an addition of ball clay significantly reduced 
strength and increased deformation.

^Ceramic engineer, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL.
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INTRODUCTION

Continuous cas tin g  of s te e l, combined 
w ith  Increased o p eratin g  tem peratures and 
demands fo r  longer re fra c to ry  l i f e ,  has 
focused a tte n tio n  on carbon-contain ing  
re fra c to r ie s  0~_2) * 2  Carbon, in  the form  
of n a tu ra l f la k e  g ra p h ite , im parts a high  
degree of o x id a tio n  res is tan ce , reduces 
the le v e l of w e t ta b i l i t y  by slag , and In 
creases the therm al co n d u c tiv ity  of the 
re fra c to ry . G raphite-based re fra c to r ie s  
have become in te g ra te d  in to  the basic ox
ygen furnace, the e le c t r ic  arc  furnace, 
and tra n s fe r  la d le s , as w e ll as pouring  
tubes and nozzles. The carbon-based re 
f r a c to r ie s  ty p ic a l ly  conta in  MgO, A I2 O3 , 
or dolom ite bonded by p itc h  or re s in  w ith  
up to 30 -w t-p c t n a tu ra l f la k e  g rap h ite . 
The n a tu ra l f la k e  g rap h ite  used in  re 
f r a c to r ie s  is  t o t a l ly  imported.

The need to  develop a s u b s titu te  mate
r i a l  fo r  n a tu ra l f la k e  g rap h ite  has been 
recognized (_3), yet fundamental h ig h -  
tem perature engineering  data such as is  
a v a ila b le  on magnesia-carbon systems does 
not e x is t  on dolom ite-carbon re fra c to 
r ie s , making i t  d i f f i c u l t  or im possible  
to  p re d ic t or compare behavior. This re 
p o rt presents the re s u lts  of a study on 
the v a r ia tio n s  in  h igh-tem perature  physi
c a l p ro p e rties  caused by d iffe re n c e s  in  
g rap h ite  p u r ity  and in  the q u a n tity  of 
n a tu ra l f la k e  g rap h ite  added to  do lom ite 
carbon re fra c to r ie s *  The in fo rm atio n  
w i l l  be used by the Bureau to  eva luate  
s u b s titu te  m a te ria ls  fo r  n a tu ra l f la k e  
g ra p h ite .

ACKNOWLEDGMENTS

The fa b r ic a t io n  of the dolom ite-carbon supplied  under a memorandum of agreement
te s t  samples, room-temperature physica l w ith  J. E. Baker Company of York, PA.
p ro p e rtie s , and o x id a tio n  data were

RAW MATERIALS AND SAMPLE DESCRIPTION

A l l  dolom ite-carbon re fra c to r ie s  eva lu 
ated  in  th is  research were manufactured 
from dead-burned dolom ite g ra in , res in , 
and n a tu ra l f la k e  g rap h ite . Dolomite 
g ra in  chem istry and d en s ity  are l is te d  in  
ta b le  1. The p a r t ic le  s ize  fra c t io n  of 
the dolom ite g ra in  was the same u t i l i z e d  
in  a commercial product. F ive grades of 
n a tu ra l f la k e  g ra p h ite , ranging in  carbon 
content from 85 to  100 pet, were chosen 
fo r  th is  study. These graph ites  w i l l  be 
re fe rre d  to  as 85, 90, 95, or 100 grades. 
A l l  were products from Madagascar and 
were s im ila r  in  p a r t ic le  s ize  d is t r ib u 
t io n . The p a r t ic le  s ize  d is tr ib u t io n ,  
ash chem istry, and ash pyrom etric  cone 
e q u iva len t (PCE) te s t  re s u lts  of the 
g ra p h ite  re s u lts  are l is te d  in  ta b le  2 .

2Underlined numbers in parentheses re
fer to items in the list of references at 
the end of this report.

The 100 grade was th erm ally  p u r if ie d  from  
a lower p u r ity  g rap h ite  according to  a 
process described by Hand (4^). R efrac 
to ry  grade (RG) is  a h ig h -p u r ity , high 
boron content m a te ria l manufactured by

TABLE 1. -  F ired  dolom ite g ra in  and b a ll  
c lay  physica l p ro p e rties

F ired
dolom ite

B a ll
c lay

Chemical composition, 
wt pet:

56. 7 0 . 6
41.2 0 . 6

A I 2 O3 ....................................... .. 0 .5 30.6
0 .4 65.5
1 . 2 2. 7

3 .2 5 -3 .2 8 NA
Loss on ig n it io n , .w t p e t . . 0 1 0 . 1
NA Not analyzed.
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TABLE 2. -  N atural f la k e  g r a p h ite  p r o p e r t ie s

Property
85 90 95 1 0 0 RG

Screen an a lys is , wt pet re ta in e d :
-1 8 .......................................................................................... 0 0 0 0 . 2 0 . 1

-1 8 , +30............................................................................... 1. 7 14.4 9 .8 11. 9 1 2 . 6
-3 0 , +40............................................................................... 23 26.4 25.9 27.7 31.2
-40 , +60............................................................................... 59.7 44.3 48.1 48.1 47.9
-6 0 , +80............................................................................... 14.3 1 2 . 1 13.8 10. 7 7 .6
-8 0 , + 1 0 0 ............................................................................ 1 . 2 1. 5 1 . 6 1 . 1 0. 5
- 1 0 0 ........................................................................................ 0 . 2 1.3 0 .9 0.3 0. 1

13. 7 1 0 . 6 6 0 0 . 8

Ash chem istry, wt pet:
S i0 2 ........................................................................................ 55.9 45.2 43.8 NA 23.4

1 1 . 8 23. 7 26. 1 NA 21. 9
A1 203..................................... 26. 2 2 2 . 8 25. 7 NA 0 .9
MgO....................................... 1. 1 6 . 8 4.3 NA 0.7
CaO....................................... 1 1.3 1 . 2 NA 2.2
B2°3.......................................................................... ............. ND ND ND NA 43. 75

Ash, PCE.................................... 14-15 6-7 6 NA NA

G raphite grade

NA Not analyzed. ND Not detected.

TABLE 3. -  P hys ical p ro p e rties  of dolom ite-carbon b rick  w ith  10 -w t-p c t-g rap h it«  
ad d itio n s

G raphite grade
Green bulk  

d en sity , 
g/cm5

Cured bulk  
d en sity , 

g/cm3

Cured
MOR,

psi

Coked
MOR,

psi

Retained
carbon,

pet
2. 94 2.91 3, 030 350 9. 2
2. 95 2. 92 2, 310 420 8.9
2.95 2. 91 2, 290 370 9.9

95+1 pet b a l l  c la y ........................ 2 .94 2. 90 2, 240 370 9 .8
2. 75 2. 69 640 270 11.9
2.94 2. 91 2, 360 430 1 0 . 0

Superior G raphite Company3 and is  tre a te d  
w ith  an o x id a tio n  in h ib i to r  to  improve 
high-tem perature  p ro p e rtie s .

The fo llo w in g  two sets of mixes were 
prepared: one w ith  1 0 -w t-p c t ad d itions
of d if fe r e n t  g rap h ite  grades (85, 90, 95, 
100, and RG) added to  dead-burned dolo
m ite g ra in  (ta b le  3 );  the second w ith  a 
90-grade g rap h ite  added in  increments

^Reference to specific products does 
not imply endorsement by the Bureau of 
Mines.

of 0, 5, 10, 15, 20, and 30 wt pet
(ta b le  4 ) . The mix l is t e d  in  ta b le  3 as 
95+1-pct b a l l  c lay  (95+1) contains 1 -pct 
b a l l  c lay  (chem istry l is t e d  in  ta b le  1 ) 
in  a d d itio n  to 10 wt pet of the 95-grade  
g ra p h ite . Four percent of a thermo
s e tt in g  re s in  was used as a b inder in  
a l l  samples. Compositions were mixed in  
150 -lb  batches in  a high-speed counter
cu rren t m ixer. B ricks of 6 -  by 9 - by
3 -1 /2 - in  dimensions were pressed a t
2 0 , 0 0 0  psi and cured on a commercial 
schedule.
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TABLE 4. •■■■ P hysical p ro p e rties  of dolom ite-carbon b rick  w ith  in creasin g  add itions  
of 90-grade g rap h ite

Green bulk Cured bulk Cured Coked Retained
G raphite  a d d it io n , wt pet d e n s ity , d e n s ity , MOR, MOR, carbon,

g/cm3 g/cm3 psi psi wt pet
2 .98 2.96 4,230 590 2.3
2.97 2 .94 3,200 450 6.3
2.95 2.92 2,310 420 8.9
2.90 2.85 1,760 400 13.1
2.87 2 .80 1,360 300 14.3
2.79 2.72 1,130 230 24.0

FIGURE 1.—Test equipment for hot MOR evaluation in N2.
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TEST EQUIPMENT AND PROCEDURE

The as -rece ived  bulk d ensity  was con
ducted on samples a f te r  pressing and cu r
in g  of the re s in . Coked p h ysica l proper
t ie s  were obtained by heatin g  samples in  
a N2 atmosphere according to  ASTM sched
u le  C-607 (_5).

The room-temperature cured and coked 
modulus of rupture  (MOR) strengths were 
measured fo llo w in g  ASTM C-133 ( 6 )̂ on
dolom ite-sam ples co n ta in in g  1 0 -w t-p c t ad
d it io n s  of g ra p h ite  (85, 90, 95, 100, RG) 
and on samples w ith  a 90-grade g rap h ite  
added in  q u a n tit ie s  of 0 to  30 pet.

O xidation  te s t in g  was conducted on 2-by 
2 -  by 3 - in  dolom ite -carbon samples w ith  
1 0 -w t-p c t-g ra p h ite  ad d itio n s  heated a t 
2 ,000° F. The loss in  weight was mea
sured p e r io d ic a lly  over 70 h.

Hot MOR strengths from 500° to  2 ,750° F 
were measured using ASTM C-583 (7 ) .  The 
te s tin g  was conducted in  a sealed SiC e l 
ement furnace ( f ig -  1 ) flushed  w ith
2 L/min of dry N2 gas. Samples 1 -1 /4  by 
1 -1 /4  by 9 in  were cut from the 9 - by 
6 -  by 3 -1 /2 - in  b ricks , and s tren g th  was 
measured w ith  the pressed surface  
( 6  by 9 in )  of the sample in  contact w ith  
the MOR rod. F ive samples were evaluated  
a t each tem perature. Lampblack was
spread on and around the samples to  p re 
vent sample o x id a tio n . Oxygen lev e ls
less  than 0 . 0 1  pet were ro u tin e ly  mea
sured in  the furnace. Sample strengths  
were measured a f te r  a 1 h hold a t te s t  
tem perature.

Thermal expansion under load tes ts  were 
conducted according to ASTM C-832 (J5) a t 
loads of 50, 100, and 150 psi on dolo
m ite-carbon samples w ith  1 0 -w t-p c t ad d i
tio n s  of d if fe r e n t  g rap h ite  grades and 
w ith  0 - to  30 -w t-p c t ad d itio n s  of a 
90-grade g ra p h ite . Samples 1 -1 /2  by 
1 -1 /2  by 4 -1 /2  in  were cut from 9 - by

6 -  by 4 - 1 /2 - in  b ric k  w ith  the pressed
4 - 1 /2 - in  he igh t taken as the sample 
h e ig h t. Samples were placed in  a h ig h -
alumina c ru c ib le  ( f ig .  2 ) surrounded by 
a lo o se ly  packed 50:50 m ixture of lamp
black and e le c t r o ly t ic  g rap h ite  to  p re 
vent sample o x id a tio n . A 0 .0 0 5 - in - th ic k  
f le x ib le  g ra p h ite  sheet was placed be
tween the alumina load tra n s fe r  ram and 
the dolom ite-carbon sample to  prevent 
high-tem perature  re ac tio n s . The furnace  
could m onitor s ix  therm al expansion under 
load samples sim ultaneously ( f ig .  3 ).  
Samples were heated under load to  
2,750° F, held a t tem perature fo r  2 h, 
and cooled to  room tem perature. The 
th ree  v a ria b les  in v e s tig a te d  included:
( 1 ) therm al expansion versus tem perature  
under load during h eatin g  to 2 ,750° F,
( 2 ) sample deform ation versus time during  
the 2 h (c reep ) hold a t 2 ,750° F, and
(3 ) o v e ra ll sample deform ation a f te r  
h eatin g  and cooling .

2 -  by 2 -  by 
1 / 2 - in 9 9 .9 -p c t  

alum ina plat«

FIGURE 2.—Cross section of the sample holder used to 
monitor thermal expansion under load, while preventing sample 
oxidation.

9 9 . 9 - p c t -  alumina 
d is k , 5.21 mm thick

1 - 1 /2 -  by 1-1 /2- 
by 4 - l / £ - in  

d o lo m it i  -c a rb o n  
t«a t »ample

5 01 50  m l: : tu r t  
o f lam pblack and 

e le c tr o ly t ic  g raph ite

G raphite ring,
- in  OD, 2 -1 /8  -  In by 

1-7/0 In h« iflh t

0 .0 0 5 - in - th ic k  
fle x ib le  graphite sheet

99 .9  -p c t-a lu m ln a  
c ru c ib le  ( 7 5 0  m L)

O .O O o -ln -th ic k  
flex ib le  g raph ite  sheet
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FIGURE 3.—Test equipment for thermal expansion under load testing.

RESULTS AND DISCUSSION

BULK DENSITY

The green and cured bulk density  of the 
dolom ite-carbon b ric k  w ith  1 0 -w t-p c t ad
d it io n s  of d if fe r e n t  g rap h ite  grades is  
l is t e d  in  ta b le  3. The green bulk den
s i t y  averaged about 2 .95  g/cm3 fo r  a l l  
grades except the 1 0 0 , which had a lower 
value of 2 .75  g/cm3 . A fte r  curing , a l l  
samples decreased in  density  to about 
2.91 g/cm3 , except fo r  the 100 grade, 
which averaged 2 .69  g/cm3 .

The bulk d e n s itie s  of samples conta in 
ing  in c reas in g  amounts (0 to  30 p e t) of a 
90-grade g rap h ite  are l is te d  in  ta b le  4. 
As the q u a n tity  of n a tu ra l f la k e  graph ite

increased, the green and cured bulk den
s i t ie s  decreased. W ith a 3 0 -w t-p c t-  
g rap h ite  a d d itio n , the cured bulk density  
dropped to a value of 2 .72  g/cm3 , versus 
2.96  g/cm3 w ith  no g rap h ite  a d d itio n .

CARBON CONTENT AND OXIDATION RESISTANCE

The percent carbon re ta in e d  a f te r  cok
ing  the dolom ite-carbon samples is  l is te d  
in  ta b le  3 fo r  10-w t-pct add itions  of 
d if fe r e n t  g rap h ite  grades and in  ta b le  4 
fo r  in creasing  ad d itio n s  of a 90-grade  
g ra p h ite . When 10-w t-p c t add itions  of 
d if fe r e n t  g rap h ite  grades are made to  
dolom ite-carbon samples, as the carbon
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content of the g rap h ite  increases from 85 
to  1 0 0  p e t, the re ta in e d  carbon increases  
from 9 .2  to 11.9 p e t, re s p e c tiv e ly . When
the q u a n tity  of g rap h ite  is  increased
(ta b le  4 ) ,  the percent re ta in ed  carbon 
increases from 2 .3  (0 -w t-p c t g ra p h ite ) to
24 .0  (3 0 -w t-p c t g ra p h ite ) .

The loss of carbon by o x id a tio n  from 2 - 
by 2 -  by 3 - in  samples w ith  1 0 -w t-p c t-  
g rap h ite  ad d itio n s  a t 2 ,000° F is  shown 
in  f ig u re  4. Ash content in  the graph ite  
d id  not cause la rg e  d iffe re n c e s  in  the 
o x id a tio n  ra tes  of the samples. Ash
content in  MgO-carbon b r ic k , however, has 
been found by Is h ib a s h i, Matsumura,
Hosokawa, and Matsumoto (_9) to  promote 
o x id a tio n . S i0 2 and B2 0 3 a lso  promoted 
the reduction  of MgO by carbon, causing a 
loosening of the b ric k  te x tu re . Oxida
t io n  of carbon was more rap id  a t h igher 
te s t  tem peratures. There was no evidence 
o f th is  e f fe c t  in  the dolom ite-carbon re 
f r a c to r ie s  te s te d , however, the 2 ,000° F 
te s t  was a t the low -tem perature range of 
the 1 ,650° to  3 ,000° F where carbon re 
duction is  thought to occur ( 1 0 ) .

MOR

Room-temperature cured and coked MOR 
data are l is te d  in  ta b le  3 fo r  dolom ite
carbon samples con ta in in g  1 0 -w t -p c t -  
g rap h ite  grade a d d itio n s . The room-tem- 
peratu re  cured MOR strengths ranged 
between 2,200 and 3 ,100  ps i fo r  a l l  the

g rap h ite  grades (85 , 90, 95, RG, and 
95+1). The 100 grade, however, had a 
lower s treng th  value of 640 p s i. I t  a lso  
had the lowest coked s tre n g th , 270 p s i, 
versus strengths from 350 to  430 ps i fo r  
the o ther grades. The lo w -s tren g th  v a l
ues fo r  the 1 0 -w t-p c t ad d itio n s  of the 
1 0 0 -grade g rap h ite  were caused by the low 
bulk density  obtained during pressing. 
Rebound (expansion of a b rick  a f te r  
pressing ) occurred, causing these low 
values. Because of the low bulk density  
and room-temperature s tren g th s , fu r th e r  
te s tin g  of the 1 0 0  grade was 
discontinued .

Hot MOR data fo r  dolom ite-carbon b rick  
w ith  1 0 -w t-p c t ad d itio n s  of d if fe r e n t  
g rap h ite  grades is  l is te d  in  ta b le  5 and 
p lo tte d  in  f ig u re  5. When the te s t tem
p eratu re  was increased from 500° to  
2,750° F, b rick  s trength  decreased fo r  
a l l  grades. The s tren g th  decrease be
tween 500° and 1 ,500° F is  due to  the 
coking of the resin,, when a carbon bond 
is  formed between dolom ite grains and 
g ra p h ite .

S t a t is t ic a l ly  s ig n if ic a n t  (S tu d en t's  
t  - te s t, J_l) s tren g th  changes at a 95-pct 
confidence le v e l were determ ined. No 
s ig n if ic a n t  s tren g th  d iffe re n c e s  occurred  
w ith  10-w t-p c t a d d itio n s  of 8 5 -, 9 0 -, and 
95-grade g ra p h ite s . At 2 ,500° F and 
above, a 10-w t-pct a d d itio n  of RG graph
i t e  re su lte d  in  a s ig n if ic a n t  s trength  
in c rease , w h ile  the 95+1 grade resu lted  
In  a s tren g th  decrease.

FIGURE 4.— Percent carbon weight loss versus time In 
dolomite-carbon brick containing 10-wt-pct-graphlte additions 
at 2,000° F.

ina

500 1,000 2,0001,500

TEMPERATURE,
2,500 3,000

FIGURE 5.—Hot MOR strength versus temperature of dolo
mite-carbon brick containing 10-wt-pct-graphlte additions.

Sraphlta grade

-o- 95+1

ÙT

1,500 x-

1,000
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TABLE 5. -  Hot MOR strength  of dolom ite-carbon samples w ith  ad d itions  of 
d if fe r e n t  grades and amounts of g rap h ite , pound per square inch

Graphite Temperature, °F
500 1 , 0 0 0 1,500 2, 000 2, 500 2, 750

10-WT-PCT GRAPHITE ADDITIONS OF VARIOUS GRADES
1 ,3 10±480 640+140 8101130 650+140 4101 80 3301 60

920±200 5201120 7301 60 5501110 4101 60 3501 50
1,020+160 5401100 6601 50 4501180 3301 70 3501 50

95+1.............................................. 1 ,080±160 5701 70 6401120 5901140 2701 70 230+ 50
1 ,470±250 6901160 8501180 7601110 5801 80 4501 60

INCREASING ADDITIONS OF 90-GRADE GRAPHITE
3, 4 10±960 1, 1501260 1,0401 70 6701 80 4601 80 350+ 30
1 ,5001660 9701270 9301 80 7101180 2701110 280+ 40

920±200 520+120 7301 60 550+110 4101 60 3501 50
740± 70 510+ 80 5901140 5301140 2501100 2 2 0 1 1 0 0
430± 40 4501120 5401 90 3701 80 2601 30 2 0 0 1  60
4601110 3801 30 370+150 3201 60 2 0 0 1  1 0 1701 50

NOTE.— Plus-minus (± )  values are a t 95-pct confidence in te rv a ls .

At the e levated  temperatures (above 
2 ,900° F) encountered in  a s te e l furnace  
in  magnesia-carbon re fra c to ry  systems, 
carbon can reduce compounds such as MgO, 
F e 2 0 3 , or S1 0 2 , causing vapor tran sp o rt 
o f phases w ith in  the b rick  and a change 
in  p h ysica l p ro p e rties  (1 2 ). H ig h -p u rity  
g ra p h ite  is  thought necessary (^ ) because 
carbon reduces the g rap h ite  ash, re s u lt 
ing  in  a loose m icrostructure  th a t allows  
the g rap h ite  to be e a s ily  ox id ized  (13 ) 
o r; re s u lts  in  the form ation  of a f i lm  
along the graphite-m agnesia g ra in  bound
a r ie s  (1 4 ). This ash-based f i lm  is  com
posed of s p in e l, f o r s te r i te ,  or lo w -m elt
ing  compounds in  the Ca0-S102 - A l 2 0 3 -MgO 
system and causes low MOR strength  a t 
e levated  tem peratures. Some m ineral 
phases formed by g rap h ite  ash, such as 
m o n tic e ll ite  (CaO'MgO*S i0 2, m elting  po in t 
2 ,708° F ), are thought to be more re s is 
ta n t to reduction  by carbon than others, 
such as fo r s t e r i t e  (2Mg0’ S i0 2, m elting  
p o in t 3 ,450° F ). Whether the ash in  a 
dolom ite-carbon system forms higher m e lt
ing  liq u id s , or a phase more re s is ta n t to  
o x id a tio n , is  not known.

The RG -graphite (h igh B2 0 3 ash content) 
a d d itio n  had the h ighest hot s trength  a t 
a l l  tem peratures eva luated . Boron may 
improve the bond s tren g th  by carbide f o r 
mation causing s tren g th  increases, or i t  
may make the g rap h ite  less re a c tiv e  w ith  
o th er m a te ria ls . The RG also had the

highest coked MOR strength  l is te d  in  
ta b le  3.

Room-temperature cured and coked MOR
data fo r  samples w ith  in creas in g  ad d i
tions  of a 90-grade g ra p h ite  are l is te d  
in  ta b le  4 and hot MOR data in  ta b le  5. 
The room-temperature cured MOR strengths  
ranged from a high of 4 ,230  psi fo r  no 
g ra p h ite  a d d itio n s , to a low of 1,130 psi 
fo r  the 30-pct a d d itio n s . As the amount 
of g rap h ite  added to a sample increased, 
both the cured and coked s trength  de
creased. This trend was observed in  hot 
MOR data through 2 ,000° F ( f ig .  6 ) .  At
the te s t temperatures of 2 ,500° and
2,750° F, the s trength  values fo r  the

TEMPERATURE, °F

FIGURE 6.—Hot MOR strength versus temperature In dolo
mite-carbon brick with Increasing additions of 90-grade 
graphite.
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0 -  and 1 0 -w t-p c t ad d itio n s  were s t a t i s t i 
c a lly  h igher than the o ther g raph ite  
ad d itio n s .

The m icro s tru c tu re  of a magnesia-carbon  
re fra c to ry  has been shown (J_) to have a 
continuous carbon m a trix  a t g rap h ite  le v 
e ls  g re a te r than 10 p et. At less than 
1 0 -p c t-g ra p h ite  a d d itio n s , a s ig n if ic a n t  
number of p e ric la s e  g ra in  contacts occur. 
The optimum hot MOR streng th  a t 10-w t-pct 
g ra p h ite  may be a re s u lt  of th is  m atrix  
t ra n s it io n . The decrease in  s tren g th , at 
a l l  te s t tem peratures, fo r  g rap h ite  ad d i
tio n s  above 1 0  wt pet may be due to  the  
lower s treng th  of the g rap h ite  or the  
poorer bond caused by the d i lu t io n  of the 
res in -carb o n  bond.

Another e f fe c t  of tem perature on hot 
MOR s tren g th  is  noted by comparing 
stren g th  decreases in  ta b le  5 between 
500° and 2 ,750° F  as the q u a n tity  of a 
90-grade g ra p h ite  increases. At 500° F, 
the s tren g th  of the 0 -p c t-g ra p h ite  sample 
was the h ighest (3 ,4 1 0  p s i) ,  w ith  in 
creasing  g rap h ite  content lead ing  to  
stren g th  reductions (460 ps i w ith  30-pct 
g ra p h ite ). At 2 ,7 5 0° F, the hot s treng th  
of the 0 -  through 3 0 -p c t-g ra p h ite  ad d i
tio n s  ranged between 350 and 170 p s i, re 
s p e c tiv e ly . The s tren g th  advantage of 
the lower g rap h ite  content is  la rg e ly  
e lim in a te d  a t h igher te s t tem peratures.

THERMAL EXPANSION UNDER LOAD

1.5

1.0
o
Q.

LJ .5
o
z
<
X 0
(J

X
1— - .5o
z
LU—1

-1 .0

-1 .5
500 1,000 1,500 2,000

T E M P E R A T U R E ,  ° F
2,500 3,000

FIGURE 7.—Thermal expansion under load of a dolomite
carbon sample containing 10-wt-pct addition of 85-grade 
graphite.

1.5

o
o.

<2
CLO
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95+1
— A —  9 5

T I M E ,  h
The therm al expansion curves versus 

tem perature under loads of 50, 100, and
150 psi fo r  samples w ith  10-w t-p c t ad d i
tio n s  of d i f fe r e n t  g rap h ite  grades (85, 
90, 95, 95+1, and RG) and fo r  in creas in g  
a d d itio n s  of 90-grade g rap h ite  (0 to
30 p e t) are s im ila r  to  those shown in
f ig u re  7 fo r  the 10 -w t-p c t a d d itio n  of an 
85-grade g ra p h ite . As the load increased  
on a sample, the amount of deform ation  
increased. A s lig h t  brick, expansion oc
curred between the tem peratures of 500° 
and 1, 200° F as the re s in  bond carbon
ize d , and corresponded to  the decrease in  
hot MOR observed. No trends were ob
served in  the d e f le c t io n  p o in t where ex
pansion and deform ation were equal in  the  
samples (2 , 330° to  2, 500° F ) .

A p lo t of deform ation versus time 
(c reep ) a t 2 ,750° F, 150-psi load, is

FIGURE 8.—Creep at 2,750° F for dolomite-carbon samples 
with 10-wt-pct-graphlte additions.

shown in  f ig u re  8 fo r  1 0 -w t-p c t ad d itions  
of d if fe r e n t  g ra p h ite  grades and In  f i g 
ure 9 fo r  in c reas in g  ad d itio n s  of a 90- 
grade g ra p h ite . W ith 10 -w t-p c t ad d itio n s  
of d i f fe r e n t  g rap h ite  grades, the la rg e s t  
creep occurred in  the 85 grade, fo llow ed  
by the 90, 95, and RG. The a d d itio n  of
1 -p c t b a l l  c lay  caused increased creep in  
the 95 grade during the 2-h perio d . Sim
i l a r  creep behavior was noted a t load ap
p lic a tio n s  of 50 and 100 ps i in  a l l  sam
p les , but a t lower ra tes  of deform ation. 
Lower MOR s tren g th  a lso  occurred w ith  
ballT-clay ad d itions  in  95-grade samples 
a t 2, 500° and 2, 750° F, as previous ly  
noted in  the MOR discussion. The lower 
creep of the RG also  agrees w ith  the
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FIGURE 9.—Creep at 2,750° F for dolomite-carbon samples FIGURE 10.—Total deformation for dolomite-carbon samples
with Increasing additions of 90-grade graphite. with 10-wt-pct additions of natural flake graphite.

higher hot M0R strengths noted, previous
ly .  Creep measurements were monitored 
over a 2 -h  time period  and may not repre 
sent long-term  load behavior.

Creep measurements of samples w ith  in 
creasing  ad d itio n s  (0 to  30 p e t) of a 90- 
grade g rap h ite  ( f ig -  9) were lowest fo r  
the 1 0 -w t-p c t a d d itio n ; lower or h igher 
g rap h ite  ad d itio n s  caused the creep to  
in crease . S im ila r  creep behavior was 
noted a t load a p p lic a tio n s  of 50 and 
1 0 0  p s i, but a t lower ra tes  of deforma
t io n . The 1 0 -p c t-g ra p h ite  a d d itio n  is  
the t r a n s it io n  p o in t to a continuous car
bon m atrix , as mentioned in  the hot M0R 
data d iscussion. Creep-data v a r ia tio n s  
agree w ith  h igh-tem perature  hot M0R data  
in  ta b le  5, where s trength  peaked 
w ith  1 0 -w t-p c t-g ra p h ite  ad d itio n s  a t
2, 500° and 2, 750° F.

The t o t a l  deform ation occurring w ith  
ap p lied  loads of 50, 100, and 150 psi in  
dolom ite-carbon samples (a f t e r  being 
heated to  2 ,750° F, held fo r  2 h, and 
cooled) is  l is te d  in  the fo llo w in g : ta 
b le  6 and f ig u re  1 0  fo r  d iffe re n c e s  in  
g ra p h ite  grades; ta b le  6 and f ig u re  1 1  
fo r  d if fe r e n t  ad d itio n s  of a 90-grade 
g ra p h ite . When 10 -w t-p c t add itions  of 
d if fe r e n t  g rap h ite  grades were made, the  
la rg e s t deform ation always occurred in  
the 95+1 grade and the le a s t in  the RG, 
regardless of the ap p lied  load. The max
imum deform ation occurred w ith  loads of 
150 p s i, and was 3 .34  pet fo r  the 95+1

FIGURE 11 .—Total deformation for dolomite-carbon samples 
with increasing additions of 90-grade graphite.

grade and 1.65 pet fo r  the RG. The 
deform ation occurring  in  the 85, 90, and 
95 grades of g rap h ite  were s im ila r , re 
gardless of the load, which was a lso  the 
case fo r  hot MOR strengths a t 2 ,750° F.

The to t a l  deform ation occurring  in  
samples w ith  in creas in g  ad d itio n s  ( 0  to  
30 p e t) of a 90-grade g rap h ite  was m in i
mum fo r  the 1 0 -w t-p c t a d d itio n  and in 
creased w ith  changes in  g rap h ite  content 
from th a t le v e l.  A s im ila r  trend was ob
served in  hot MOR data in  ta b le  5 a t
2, 500° and 2, 700° F, where the s tren g th  
value fo r  the 10 -w t-p c t a d d itio n  of 90 - 
grade g ra p h ite  was among the h ighest. As

100 150
APPLIED LOAD, ps!

_ Graphit« addition«, wt pet

—o-
10
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TABLE 6 . -T o ta l deform ation occurring in  
dolom ite-carbon samples w ith  d if fe r e n t  
grades and amounts of g ra p h ite , percent

G raphite Load a p p lic a tio n
50 psi 1 0 0  psi 150 ps i

10-WT-PCT GRAPHITE ADDITIONS OF VARIOUS GRADES
0.36 1.36 2.16

.35 1.51 2.38

.43 1.31 2.45
1 . 1 0 2.19 3.34

.06 1.08 1.65
INCREASING ADDITIONS OF 90-GRADE GRAPHITE

1.74 3.52 4.15
. 6 8 2.15 3.14
.35 1.41 2.38
.75 2 .13 3.22

1.15 2 .18 4.30
1.65 3.28 4.37

the ap p lied  load increased , the deform a- fo r  the 1 0 -w t-p c t a d d itio n  and a high of
t io n  increased . At 150 p s i-a p p lie d  load, 4 .37  fo r  the 30 -w t-p c t a d d itio n ,
the deform ation was a low of 2 .38  pet

CONCLUSIONS

A study of the e ffe c ts  of d if fe r e n t  
n a tu ra l f la k e  g rap h ite  p u r it ie s  and in 
creasing  g rap h ite  content on h ig h -  
tem perature p ro p e rties  of dolom ite-carbon  
brick, in d ic a te d  the fo llo w in g :

1. Ten w eigh t-percen t ad d itio n s  of
d if fe r e n t  p u r ity  g raph ites  (80 , 90, 95
grades) d id  not a f fe c t  the o x id a tio n  
ra te , hot s tre n g th , or the deform ation  
under load p ro p e rtie s  of dolom ite-carbon  
samples.

2. In creas in g  g rap h ite  ad d itio n s  from
0 to  30 wt pet of a 90-grade g rap h ite  
re su lte d  in  optimum hot s tren g th  and

deform ation under load p ro p e rties  a t 
1 0 -w t-p c t a d d itio n s .

3. As ho t~strength  te s t tem perature  
was increased from 500° to  2 ,750° F, the  
strength  d iffe re n c e  observed between 0 -  
and 30 -w t-p c t ad d itio n s  of a 90-grade  
g rap h ite  became les s .

4. Ten w eig h t-p ercen t ad d itio n s  of a 
b o ro n -trea ted  g rap h ite  (RG) caused higher 
hot stength and lower deform ation under 
load than comparable g ra p h ite  a d d itio n s .

5. B a ll-c la y  ad d itio n s  to a 95-grade  
g ra p h ite  re su lte d  in  decreased hot 
stren g th  and increased deform ation under 
load p ro p e rtie s .
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