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EVALUATION OF CERAMIC REFRACTORIES FOR SLAGGING GASIFIERS:
SUMMARY OF PROGRESS TO DATE

by

C. R. Kennedy, R. Swaroop, D. J. Jones, R. J. Fousek,
R. B. Poeppel, and D. Stahl

ABSTRACT

Commercial refractories were tested for up to 500 h in
both basic and acidic slags. The slag compositions typify those
expected in slagging coal gasifiers. The slag temperatures
ranged up to 1600*C. Compositions tested have included silicon
carbides, chrome-alumina-magnesia spinels, and alumina and
magnesia-based refractories with various amounts of chromia
and silica. In some tests, the cold faces were water cooled.
With water cooling, the silicon carbides showed virtually no
attack after 500 h. In the absence of water cooling, the
chrome-alumina-magnesia spinels were the most resistant to
slag attack but were subject to thermal-shock cracking.

Alumina-chrome refractories performed well in acid slags when
water cooled, are probably more stable than silicon carbide
in coal-gasification atmospheres, and, in the form of ramming
mixes, showed excellent thermal-shock resistances. Plans for
future testing are described.

I. INTRODUCTION

A. Objective

Th. overall objectives of this program are to (a) determine, on the
basis of laboratory tests under prototypic conditions, which commercial re-
fractories can best withstand the conditions expected in slagging coal-
conversion systems, (b) establish which refractory structure-bond systems
have potential for improved performance under a slagging environment, and
(c) work with commercial refractory suppliers to improve the potential of
their refractories for coal-conversion plant use.

B. Scope

Refractory bricks supplied by commercial vendors are being evaluated
for use in coal-conversion plants where slagging conditions exist. A variety
of refractory compositions have been exposed to both basic and acidic slags.
The most promising of these have been selected for further testing under
prototypic thermal gradients established by use of water cooling. Posttest
metallography and scanning-electron microscopy (SEM) are being utilized to
determine the attack mechanisms. Refractory selection and evaluation are
based on chemical compatibility, suitable abrasive, mechanical, and thermal
properties, ease of fabrication, and cost.
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C. Previous Reports

The complete set of quarterly reports detailing the progress of this
study at Argonne National Laboratory are:

ANL-76-7 July-September 1975
ANL-76-22 October-December 1975
ANL-76-60 January-March 1976
ANL-76-lll April-June 1976
ANL-76-125 July-September 1976
ANL-77-5 October-December 1976
ANL-77-41 January-March 1977
ANL-77-62 April-June 1977
ANL-78-6 July-December 1977
ANL-78-54 January-March 1978

11. RESULTS

A. Corrosion Tests Without Water Cooling

Figure 1 shows a schematic of the slag-corrosion furnace as originally
designed. The rotating sample holder in the center of the furnace was dis-
mantled after repeated failures, and the refractories to be tested were em-
bedded in the wall of the furnace. The refractory samples tested without
water cooling (test runs 1-3) were 65-75 mm long and "'110 mm (4-1/2 in.) wide.

For the first run, a North Dakota lignite slag with a base-to-acid
(B/A) ratio of 0.5 was charged into the furnace so that the level of slag
reached approximately the midheight of the test bricks. The temperature in
the furnace plenum was maintained at 1450-1500*C for 200 h with an oxygen
partial pressure of '10-2 Pa. During the run, three shutdowns to <500*C
occurred. The variation in slag composition with time during test run 1 is
shown in Table I. Table II lists the relative corrosion resistances of 15
refractories tested. These data are reported in terms of the maximum abraded
(or eroded) depth of the refractory and the normalized material loss. This
table also lists the maximum depth of visible slag penetration into the re-
fractory. The minimum and maximum material losses were observed in refrac-
tories 22 and 7, respectively. Refractories 4, 12, 15-17, and 19-22 showed
fairly good corrosive and abrasive resistance to the slag. Refractories 4,
14, 18, and 22 developed cracks during the run. The development of cracks in
the fused-cast dense refractories (4 and 22) as a result of the thermal
cycling was expected. Refractories 7 and 8, which are castable refractories,
disintegrated badly and showed a large materials loss during the run.

In test run 2, 17 refractories were exposed to slag attack for 500 h
at 1500 C and an oxygen partial pressure of "10-3 Pa. The slag composition,
which again varied as a function of time, is shown in Table III. The slag
was slightly acidic for the first "'150 h (B/A " 0.85), but quite basic
(B/A "1.5) for the last "'340 h, probably as the result of mullite and alumina
precipitation at the lower and outside edges of the slag pool, which are
cooler than the center. The time-averaged B/A ratio was 1.35.
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TABLE I. Slag Composition During Test Run 1

Exposure Time, h

Component 0 55 201

A1203 (A) 17.28 24.0 26.1

sio2  (S) 50.2 46.0 47.2

TiO2 (T) 0.8 0.8 0.7

CaO (C) 13.2 12.2 13.0

MgO (M) 4.8 4.7 3.9

Na20 + K20 (N+K) 3-6 3-6 2.4

Fe203 (F) 11.0 9.7 8.1

SO3  - 0.2 0.01 <0.01

P205  (P) 0.10 0.09 0.07

V205  (V) 0.05 0.04 0.04

B/A Ratiob 0.49 0.44 0.40

Wt%

bB/A - (F + C + M + N + K)/(S + A + T).



TABLE II. Relative Corrosion Resistance of Refractories Exposed to
Slag ACtack in Test Run 1

Normalized Maximum Maximum
Material Depth of Depth of

Lost, Penetration,a Removal,a
Number Composition Bond vol Z mm mm

1 A1203(99) Sintered 6.4 49 16

4 A1203(99) Fused-cast 0.7 4 3

7 A1203(95)-Ca0(5) Chemical 22.2 78 27

8 A1203(94)-Ca0(5) Chemical 21.4 57 24

10 A1203(93)-P205 (6) Chemical 7.1 50 20

12 A1203(90)-Si02 (9) Sintered 3.0 12 10

14 A1203(91)-Si02 (8) Sintered 2.7 20 12

15 A1203(91)-Si02 (8) Sintered 1.9 12 7

16 A1203(89)-Cr203(10) Sintered 1.1 20 5

17 A1203(84)-Si02(9)-P205 (4) Chemical 1.9 25 7

18 Cr203(40)-Fe203(23) Chemical 21.35 b 21

-A203(21)-Mg0(10)
19 MgO(53)-Cr 2 03 (20) Sintered 2.7 21 8

-Al203(17)-Fe203(8)

20 NgO(59)-Cr203(19) Sintered 2.6 20 7

-A1203 (13)-Fe203(7)

21 MgO(64)-Cr203 (15) Sintered 1.6 22 7

-A1203(13)-Fe203 (6)
22 Cr2 03 (80)-MgO(8)-Fe 2 03 (6) Fused-cast '0 "-0 "0

m lesued

bComplete

from J he original hot face.

attack.
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TABLE III. Slag Composition During Test Run 2

Exposure Time, h

Conmpient Oa 86 158 186 278 375 422 494

1203 13.76b 21.25 15.9 13.60 15.20 15.30 15.40 13.44

CaO 34.0 31.96 39.60 41.0 38.46 36.56 39.52 37.18

51 2  39.20 28.75 22.90 24.20 25.56 26.04 23.68 25.26

SO3  0.106 0.025 0.035 0.037 0.022 0.022 0.025 0.025

Fe2 O3  6.97 7.01 10.17 8.86 9.73 8.54 10.06 10.39

EIgO 3.62 5.82 8.84 9.54 8.85 8.68 9.26 9.28

K2 0 + Na20 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5

T102 0.46 0.35 0.37 0.30 0.31 0.31 0.31 0.30

V 205  0.03 0.03 0.01 0.02 0.02 0.01 0.05 0.05

B/A Ratioc 0.85 0.91 1.52 1.58 1.41 1.52 1.52 1.49

aSlag composition was adjusted after 72 h.

6Vt I.
Chs in Table I.
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The results of run 2 are presented in Table IV. Of the three high-
alumina sinter-bonded -efractories, only the alumina-chrome and the 97.6%-
alumina specimens exhibited small penetration and abrasion depths. The
magnesia-chrome specimens performed well, but the silicon carbide types per-
formed poorly. The problem with the latter was the small thermal gradient
across the specimen in this test ("'1/3 to 1/2 of the gradient in later water-
cooled tests). The phosphate-bonded aluminas, with the possible exception
of the specimen that contains chrome, were almost completely penetrated by
the slag. The best corrosion resistance of all the bricks tested in run 2
was exhibited by the fused-cast Cr203-MgO-Fe2O3 spinel (number 22). It is
evident that little corrosion or penetration of this spinel brick has occurred.

The third test run exposed 16 refractory bricks to slag attack for
500 h at 1500 C and an oxygen partial pressure of 10-3 Pa. Table V lists
the slag chemistry as a function of time throughout the test. As initially
formulated, the slag was basic, with a B/A ratio of 1.25. As the test pro-
ceeded, substantial amounts of alumina, apparently from the furnace bottom
(and several chunks of high-alumina refractory that spalled from the roof),
dissolved into the slag and caused the slag to become acidic in nature
between 3 and 188 h (B/A = 0.79). Slow dissolution of alumina continued
through the test until the B/A ratio was 0.65 at 532 h. The time-averaged
B/A ratio was 0.81.

The refractories tested in run 3 are identified and their relative
corrosion resistance summarized in Table VI. The sintered magnesia-chrome
spinel and alumina-chrome specimens exhibited relatively small volume losses
and depths of removal despite significant slag penetration. The alumina-
silica and alumina-zirconia-silica bricks performed poorly, as did a silicon
oxynitride brick. Figure 2 shows the three fused-cast refractories after
exposure to the slag in test run 3. The alumina-zirconia-silica brick
(number 65) was completely dissolved at the slag line; the alumina refractory
showed significant removal, whereas the fused-cast Cr203-Mg0-Fe2 03 spinel
brick exhibited negligible interaction with the slag.

Comparison between the results of runs 2 and 3 for the four bricks
tested in both runs (19, 20, 22, and 24) indicates that the volume losses
and depths of removal are similar despite a wide variation in final slag
chemistry, e.g., B/A " 1.5 for run 2 and 0.65 for run 3.

To obtain thermal-gradient data across the brick specimens during
test run 3, holes were drilled radially from the steel shell to the cold face
of three bricks. These bricks encompassed a range in thermal conductivity
from low (alumina-sirconia-silica and magnesia-chrome) to high (silicon oxy-
nitride). The average measured thermal gradients between the hot and cold
faces ranged from 200 to 250'C during the first 100 h of run 3. Calculations
indicate that these gradients are 1/3 to 1/2 of the gradient calculated for
a similar radial position of a 230-in (9-in.) wedge brick with a water-cooled
cold face.
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TABLE IV. Relative Corrosion Resistance of Refractories Exposed to
Slag Attack in Test Run 2

Normalized Maximum Maximum
Material Depth of Depth of

Lost, Penetration, Removal, 8

Number Composition Bond vol 2 -mmam

1 A1203(99) Sintered 28.4 64 57

25 A1203(99.5) Sintered 9.4 76 "25

16 A1203(90)-Cr2O3(10) Sintered 8.2 %,25 "10

19 MgD(53)-Cr2O3(20)-A1203(17) Sintered 2.3 "10 "5

-Fe203(8)

20 lgO(59)-Cr20 3(19)-A1203(13) Sintered 1.6 "10 "'5

-Fe2O3(7)

91 SiC(79)-Si3N4(18.5) Sintered "100 64 64

93 SiC(73)-A120 3(14)-SiO2(11) Sintered "100 64 64

17 A1203(85)-SiO2(9)-P205 (4) Chemical 40.3 76 64

28 A1203(93)-P205(1) Chemical 20.5 64 33

27 A1203(81)-Cr203(10)-P2 05(7) Chemicaa 5.9 43 18

202 A1203(Vinnofos Bond) Chemical 45.5 76 56

2 A1203(99)-Na2O(0.5) Fused-cast 7.2 20 19

4 A1203(99)-B2 03(0.5) Fused-cast 8.3 24 22

22 Cr203(80)-?Ig(8)-Fe203(6) Fused-cast "0 "0 "0

24 &1203(80) Fused-cast 4.5 "18 17

'llsuvd from the original hnt face.



15

TABLE V. Slag Composition During Test Run 3

Exposure Time, h

Component 3 188 358 532

Si02 29.96a 26.40 24.46 22.90

P2 05 0.06 0.05 0.04 0.01

Cr203 0.47 0.31 0.20 0.41

A1203  13.00 27.70 32.90 34.40

MgO 4.10 3.44 2.44 2.04

Ti02 0.38 0.33 0.40 0.37

Fe203 11.19 8.58 8.69 6.33

CaO 35.30 31.70 27.20 28.55

Na20 1.0-5.0 0.05-0.50 0.05-0.50 0.05-0.50

K20 0.5-1.0 0.05-0.50 0.05-0.50 0.05-0.50

SO3  0.037 0.020 0.020 0.025

v205  <0.01 <0.01 <0.01 <0.01

Residue 0.84 0.66 2.80 4.40

B/A Ratiob 1.25 0.79 0.67 0.65

swe Z.

b1s in Table I.



TABLE VI. Relative Corrosion Resistance of Refractories Exposed to
Slag Attack in Test Run 3

Normalized Maximum Maximum
Material Depth of b Depth ofb
Lost, Penetration, Removal,

Nu ber Composition Bond vol % -onmm

19 MgO(53)-Cr 2 03 (20)-A1 2 03 (17) Sintered 3.2 35.6 11.4

-Fe203 (8)

20 MgO(59)-Cr 2 0 3 (19) -A1 2 03 (13) Sintered 1.5 38.1 8.1

-Fe203(7)

21 MgO(64)-Cr2 0 3 (15)-A1 2 03 (13) Sintered 2.3 40.6 11.4

-Fe2 03 (6)

29 gO(63)-Cr 2 0 3 (18)-A1 2 03 (5) Sintered 1.4 38.1 5.8

-Fe2 03 (12)

30 MgO(63)-Cr20 3 (17)-A1 2 03 (10) Sintered 1.5 40.6 8.9

-Fe203(9)

23 A12 0 3 (90)-Cr2 0 3 (10) Sintered 5.8 48.3 10.7

852 A1 2 0 3 (81)-Cr2 0 3 (17) Sintered 2.7 27.9 14.5

26 A1 2 0 3 (68)-Cr2 03 (32) Sintered 2.8 58.4 16.0

36 S 20N2(70)-Si 3N4 (20)-SiC(10) Sintered 45.5 62.7a 62.78

14 A1203(92)-SiO2(8) Sintered 10.3 45.7 35.6

34 A 203 (56)-S102 (27)-ZrO2(16) Sintered 59.0 73.7a 73.78

33 MgO, A1203 Sintered 7.0 :s.7a 22.9

18 A1 203(21)-Cr203(40)-Fe203(23) Chemical 5.8 53.3 11.4

24 A1203(98) Fused-cast 4.0 22.9 19.6

22 Cr203(80)-MgO(8)-Fe203(6) Fused-cast 0.3 5.1 1.9

65 A1203(50)-Zr02(34)-Si02(14) Fused-cast 33.4 7 3.7a 73.7

"Complete attack.
Measured from the original hot face.
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tea 65

(a)

(b) (c)

Fig. 2. Cut Sections of the Fused-cast Refractories Exposed to Slag Attack

in Test Run 3. (a) Alumina-zirconia-silica (number 65), (b) alumina (num-

ber 24), and (c) Cr203-MgO-Fe203 spinal (number 22; note negligible attack).

Neg. No. MSD-63801.
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B. Corrosion Tests With Water Cooling

The slag-corrosion furnace was modified to produce prototypic thermal
gradients within the refractory bricks through the use of water-cooled chills
(Fig. 3). Water temperature and flow were monitored so that heat flux could
be calculated. Standard 9-in. x 4-1/2-in. x (3,2)-in. wedge bricks were used
(if wedges were not available, straights were cut to fit) with the narrow
ends of the bricks exposed to the slag. The wedges were cut to three differ-
ent lengths so that three different temperature gradients could be studied.
Bricks of four different compositions were tested simultaneously. Each chill
cooled three bricks of the same length and composition. The center brick
was thereby shielded from the effects of neighboring bricks of different
lengths and/or composition.

The fourth test run included silicon carbide refractories with three
different bond systems: nitride (number 91), silicate (number 93), and oxy-
nitride (number 37). A silicon oxynitride composition (number 36) was also
included. Thermocouples were inserted in the center brick in each group of
three at 12.7 mm (0.5 in.), 38.1 mm (1.5 in.), 88.9 mm (3.5 in.), and (for
full-length bricks) 177.8 mm (7 in.) from the hot face. To enhance heat
transfer between the chills and bricks, a high thermal conductivity silicon
carbide cement* mixed with a monoaluminum phosphate solutions was utilized.

The slag used in test run 4 was a simulated Montana Rosebud (Table VII).
Slag was introduced three times during the test (at 0, 50, and 160 h). The
initially high iron oxide content resulted from a batching error that was
rectified at 160 h. In the determination of the ferritic content, the weight
percent of Fe203 was obtained by subtracting the weight percent Fen from the
total Fe content. The ferritic content at 500 h was .15%, which indicated a
reducing atmosphere. Posttest examination of the slag bath revealed two
layers that were quite different in appearance. A dark greenish-black glassy
slag, with a composition essentially identical to that of the sample taken
from the hot furnace just prior to shutdown, rested upon a grayish slag with
a crystalline, rocky appearance. Posttest chemical analysis of the frozen
slag showed that the rocky slag was somewhat lower in SiO2 and somewhat higher
in Fe203 than the glassy slag. Probing during slag sampling indicated that
the rocky slag crystallized slowly during the test and, therefore, did not
contribute to the attack on the brick.

The furnace plenum temperature and the temperatures in the 3/4-length
bricks at a midheight location, 12.7 mm (0.5 in.) from the hot faces, are
shown in Fig. 4. The slag-refractory interfacial temperature was '1450*C for
the full-length bricks, as determined with an optical pyrometer. The thermal
profile that existed within the bricks after the slag was added on April 21
is shown in Fig. 5. Note that since the slag covered only part of the hot
face of the brick, the heat flow through the brick wai not uniform; this made
determination of the hot-face temperature difficult. Oxygen partial pressure
was maintained at N10-3 Pa.

*Carborundum Company, Keasbey, NJ.
"obil Chemical Company, Richmond, VA.
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TABLE VII. Slag Composition During Test Run 4

Exposure Time, h

Component 3 184 500 Glassy Slag Rocky Slag

Si02  (S) 35 a 41 41.6 42 35

A1203 (A) 14 20 21 21.1 20.9

Fe203 (F1) 4.7 0.4 1.3 1.4 6.5

FeO (F2) 16 5.9 6.4 6.9 8.6

CaO (C) 21.1 24.2 22 20.2 21

MgO (M) 6.2 4.5 5.5 6.2 5.2

Na20 (N) 1.2 1.8 0.6 0.6 1.2

K20 (K) 1.1 1.1 0.6 0.6 0.7

Ti02 (T) 0.7 1.1 1.0 1.0 0.9

B/A RatioB 1.0 0.62 0.59 0.57 0.78

Ferritic
Content,c % 21 6 15 15 40

F + C + M + N + K)/(S + A + T).

CFerritic content
wt % (Fe203 )

wt % (Fe203) + 1.11 wt X (FeO) + 1.43 wt % (Fe)

bw/ %.

bB/A m (F1 +
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The bricks were removed from the furnace after 500 h. They were sec-
tioned lengthwise in the vertical plane so that slag attack (material removal
and slag penetration) could be viewed in cross section. The vertical sec-
tions cut from the 3/4-length bricks of each type are shown (right side up)
in Fig. 6. The vertical face of each brick opposite the ruler was exposed to
slag. Three lines of attack are visible that correspond to the three levels
of slag during the test. Although these three lines are apparent on all
bricks, in the photographs they are most evident on the silicon oxynitride,
the material that was attacked the most.

The relative resistance of the four refractory compositions to slag
attack in test run 4 is summarized in Table VIII. The first attack line
(designated "bottom" in Table VIII) corresponds to an "50-h exposure to slag
with a B/A ratio of 1.0. The second attack line corresponds to an "110-h
exposure to slag of similar composition. The third attack line resulted from
a 340-h exposure to slag with a B/A ratio of "0,6. Since the vertical tem-
perature gradient in the slag is large, little attack occurs below the slag
line. For each position, Table VIII indicates the maximum depth to which the
refractory was actually removed.

All of the silicon carbide bricks exhibited little attack, contrary to
the results obtained in test run 2 in which water cooling was not employed.
The capability of the silicon carbide to resist attack may be attributed to
the high thermal flux within the bricks, which reduced the hot-face tempera-
ture to "1450*C. Typical values of heat flux for the silicon carbide bricks
with chills were 40-50 kW/m2 for full-length bricks; 50-70 kW/m2 for 3/4-
length bricks; and 60-90 kW/m2 for 1/2-length bricks. The heat flux values
were obtained by multiplying the measured thermal gradient by the published
value of thermal conductivity, and should be considered only approximate
because of the nonuniform heat-flow conditions mentioned previously.

Only slight differences in resistance to slag attack among the three
types of silicon carbide bricks were detected. The oxynitride-bonded silicon
carbide brick (number 37) was somewhat less resistant; the silicon oxynitride
brick (number 36) was much less resistant, with the maximum depth of removal
an order of magnitude higher than in any of the carbide bricks. The effect
of the length of the brick on the depth of removal is shown in Fig. 7, and,
as can be seen, even the 1/2-size silicon oxynitride brick exhibited sub-
stantial attack.
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Relative Corrosion Resistance of Refractories Exposed to Slag Attack in Test Run 4

Attack Maximum Depth of Removal, m
Number Composition Bond Line Full-Length 3/4-Length 1/2-Length

37 sic Oxynitride Top 2-3 3 2
Middle 2-3 2-3 3
Bottom 3-4 1-3 3

93 Sic Silicate Top 2-5 4 1-2
Middle 4-7 1 1-2
Bottom 3-4 1-2 0

91 Sic Nitride Top 4-5 1 1-2
Middle 1-2 1 1
Bottom 2-3 0 1

36 Si2ON2(70)-Si 3N4 (20) Oxynitride Top 47-52 32-34 18-25
Middle 32 28-29 15-18

-SiC(l0) Bottom 32-33 25-27 14

aMeasured from the original hot face.

Nf

TABLE VIII.
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The composition of the slag during test run 5 is si arized in Table
IX. The B/A ratio was "9.7 and the ferritin content was negligible. The
partial pressure of oxygen was ''l0-3 to 10- Pa. Two charges of synthetic
slag were made. A glassy-.rocky slag separation similar to that which oc-
curred in run 4 was observed during posttest examination. Two slag-attack
lines, corresponding to the two slag-bath levels but not to the slag-separation
level, was noted.

The relative corrosi:m resistance of the magnesia-chrome refractories
tested in run S is suisarized in Table X. Posttest photographs of partial
sections of the full-length bricks are shown in Fig. 10. For each brick, the
vertical side opposite the ruler was exposed to the slag and two lines of
slag attack are evident, corresponding to the two additions of slag made
during the test. The B/A ratio of the slag (a simulated Montana Rosebud) was
constant at "0.6 throughout the entire test, but an excursion of the plenum
temperature to "1600'C occurred just before the second slag addition. Thus,
the bottom line of slag attack corresponds to an "70-h exposure at a plenum
temperature of 1500 to 1600'C, whereas the top line of attack was the result
of an "430-h exposure at a plenum temperature of 1500'C.
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The fifth run included four
direct-bonded magnesia-chrome spinel
bricks. The furnace temperatures, and
midheight temperatures in the 3/4-length
bricks at a location 38.1 mm from the
hot face, are shown in Fig. 8. Shown
for comparison are the temperatures
within a 3/4-length silicon carbide
brick (number 93) from run 4, also at
a location 38.1 mm from the hot face.
Typical thermal profiles within the
bricks are shown in Fig. 9. Since the
thermal conductivity of silicon carbide
refractories is almost an order of mag-
nitude higher than that of the magnesia-
chrome refractories, some differences
in the thermal profiles were observed
(compare Fig. 9 with Fig. 5). Typical
heat fluxes in the magnesia-chrome
bricks were 8 kV/m2 for full-length
bricks, 11 IW/m for 3/4-length bricks,

s and 13 kW/m for 1/2-length bricks.
These values are 1/5 to 1/7 of the
heat-flux values in the silicon car-
bide bricks.
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TABLE IX. Slag Composition During Test Run 5

Exposure Time, h

163 163
Component 68 (Near Brick Face) (Near Center) 331 499

Si02 388 39.4 39.1 40.5 40.7

A1203 22 19 18.6 20.4 20.1

Fe2O3  0.4

FeO 6.2 6.9 7.0 6.4 6.4

Ca0 22 24 25 24 24.9

Mg0 7.6 6.6 6.2 5.8 5.9

Na2 0 1.6 1.7 1.8 1.2 0.7

K20 0.7 1.0 1.1 0.7 0.3

Ti02  0.9 0.9 1.0 0.8 0.9

Cr203  0.6 0.5 0.2 0.2 0.1

B/A Ratio 0.6 0.7 0.7 0.6 0.6

Ferritic
Content,b < -i . . .

W T .

bAs in Table VII.
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TABLE X. Relative Corrosion Resistance of Refractories Exposed to Slag Attack in Test Run 5

Maxim=. Degth
of Removal, am

Attack Full- 3/4- 1/2-
Line length length length

Depth of Obviou
Penetration,a

Full- 3/4-
length length

is Depth of Microstructural
U Alteration,8 m

1/2- Full- 3/4- 1/2-
length length length length

19 lSO(53)-Cr2 O3(20)-A12O3 (17)-Fe203 (8) Top 7 8 7 9 9 9 52 41 37

-S102(2)-Ca0(1) Bottom 7 7 8 9 11 11 47 35 33

20 Ng0(59)-cr2 03(29)-AI203 (13)-Fe203 (7) Top 7 6 5 11 7 6 52 41 31

-S102(1.5)-CaO(O.5) Bottom 8 6 4 10 8 9 43 36 31

29 1%O(63)-Cr203(18)-A1203 (5)-Fe2 03(12) Top 7 8 5 8 9 6 44 32 28

-S102 (1)-CaO(1) Bottom 6 7 6 7 9 6 36 28 26

35 !SO(60)-Cr203 (15.5)-A1203(15) Top 9 9 4 9 10 5 53 37 32

-Fe203(7)-SO2 (1.5)-CaO(1) Bottom 16 17 9 20 21 14 53 39 32

Issnerred from the original hot face.

Comosition

....
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(o) (b)

(c) (d)

Fig. 10. Cut Sections of the Full-length Refractories Exposed o Slag Attack
in Test Run 5. (a) Number 19, (b) number 20, (c) number 29, and (d) num-
ber 35. The vertical face opposite the ruler was exposed to tihe slag.
There are two lines of attack, corresponding to the two levels of slag
during the test. ANL Neg. No. 306-78-94.
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Bricks number 19, 20, and 29 exhibited similar resistance to corrosion,

as measured by the depth of removal, whereas brick number 35 showed a marked
sensitivity to the temperature excursion (Table X). In addition to the bulk
removal of the refractory material, a zone that was obviously penetrated by

the slag and a zone in which the microstructure had been altered were evident
(Fig. 10). Brick number 29 showed slightly greater resistance to penetration
and alteration than the other three. Whereas the effect of length on the
depth of removal and obvious penetration was small for numbers 19, 20, and
29, the 1/2-length brick number 35 performed distinctly better than the full-
or 3/4-length brick of the same composition. Also, the depth of alteration
decreased as the length decreased for all bricks tested. In order to deter-
mine if the alterations in the microstructure were a result of penetration
by slag, samples were core drilled and examined with the SEM using x-ray
dispersive analysis. The relative intensities of the Mg, Al, Si, Cr, and Fe
peaks were compared in the slag, slag-refractory interface, obviously pene-
trated refractory, and in the zone of microstructural alteration "40 mm from
the hot face. Evidence for slag penetration was most clear-cut in brick
number 35, somewhat less so in bricks number 19 and 20, and inconclusive in
brick number 29.

The sixth run was designed to evaluate the corrosion resistance of
three fused-cast and one high-density sintered brick to the simulated Montana
Rosebud slag (Table XI). The compositions of the bricks tested are listed in

Table XII. Refractory number 2 is an electrically fused-cast alpha-alumina
within a beta-alumina matrix. Refractory number 38 is an electrically fused-
cast solid solution of alumina-chrome within a complex magnesia-chrome-alumina
spinel matrix. Refractory number 39 is a fused-cast magnesia-chrome composi-
tion, whereas number 40 is of similar composition but is a direct-bonded,
high-density brick.

The furnace plenum temperature and the midheight temperatures 38.1 mm

(1.5 in.) from the hot face of the 3/4-length bricks are shown in Fig. 11.
At 305 h into the run, a temperature excursion, which occurred as a result of
a thermocouple failure, caused the bubble-alumina insulating wall to slump;
the test had to be terminated because of the resulting hot spot on the shell.
It is estimated that the plenum temperature reached "1700 to 1800*C overnight
during the excursion. Temperature profiles in the bricks on August 18, 1977
are shown in Fig. 12. The relative resistance to corrosion of the refrac-
tories in run 6 is presented in Table XII, and cut sections of the 3/4-length
bricks are shown in Fig. 13. Only one line of attack is evident upon examina-
tion despite the fact that slag was added twice during the test. The absence
of two lines of attack indicates that the corrosion which occurred during the
temperature excursion was sufficient to eradicate the first line of attack.
A comparison of the attack on brick number 39 in this test with the attack on
numbers 19 and 20 in test 5 (bricks of similar composition and structure)
indicates that the conditions in run 6 were very severe indeed. In light of
this severity, the corrosion resistance of the fused-cast alumina-chrome
brick (number 38) may be quite good at 1450-1500 C, and therefore it will be
retested in the future. As evident from the posttest photographs, bricks
number 2 and 39 contained substantial porosity which provided an easy avenue
for penetration and corrosion. Also evident are numerous thermal-shock cracks
that occurred in the three fused-cast refractories (numbers 2, 38, and 39).
No such cracks were found in the sintered brick (number 40).
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TABLE XI. Slag Composition During Test Run 6

Exposure Time, h

Component 8 137 303

S102  (S) 40 .6a 40.1 35.5

A1203  (A) 18.0 17.8 24.8

Fe203  (F1) 1.2 1.4 1.6

FeO (F2 ) 6.0 5.8 5.0

CaO (C) 23.5 24.7 24.7

MgO (M) 6.9 6.9 6.9

Na20 (N) 1.4 1.2 0.2

K20 (K) 1.1 0.8 0.1

TiO2  (T) 1.1 1.1 0.9

Other 0.2 0.2 0.3

B/A Ratiob 0.7 0.7 0.6

Ferritic
Content,b % 15 17 22

iat a.

bAe in Table VII.
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TABLE XII. Relative Corrosion Resistance of Refractories Exposed to Slag Attack in Test Run 6

Somber Composition

2 A1203(99.(3)-4a2(O.4)-Ca0(0.1)

(Fused-cast)
38 A1203 (60.4)-Cr 203(27. 3)-g0(6.0)

-Fe20 3 (4.2)-Si02(1.8)

(Fused-cast)

39 NgO(56.5)-Cr 20 3 (20.0)-Fe 2 03 (10.5)

-A12 03 (8.0)-Si02 (2.5)

-T02(1.5)-CaO(0.5)

(Fused-cast)

40 I%0(60.8)-Cr 203 (18.6)-Fe 2 03 (11.0)

-A1203(6.6)-Ca0(1.9)
-Sio2 (1.1)

(Sintered)

%aIm=red from the original hIt face.

Depth of Removal,a o

Full- 3/4- 1/2-
length length length

20 18 16

10

25

34

8

28

27

Depth of Obvious
Penetration,a -

Full- 3/4- 1/2-
length length length

52 50 "'50

9 "'12

24

25

65

44

Depth of Microstructural
Alteration,a m

Full- 3/4- 1/2-
length length length

10 "'10

32 %.70

32

ti105

35 "100

118 -.95

70 40

_.._..

I
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(a) (b)

(c) (d)

Fig. 13. Cut Sections of the 3/4-length Refractories Exposed to Slag Attack
in Test Run 6. (a) Fused-cast alumina (number 2), (b) fused-cast magnesia-
chrome (number 39), (c) fused-cast magnesia-alumina-chrome epinel (num-
ber 38), and (d) compacted direct-bonded magnesia-chrome (number 40).
The vertical face on the left-hand side of each brick was exposed to the
slag. ANL Neg. No. 306-78-93.
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Test run 7 exposed alumina-chrome and alumina-silica rEfractories to
a simulated Montana Rosebud slag, the composition of which is presented as a
function of time in Table XIII. Full-, 3/4-, and 1/2-length bricks of the
four refractories listed in Table XIV were first exposed to a slag pool
("30 mm in depth) at 1500*C for 48 h (see Fig. 14). Additional slag was then
added to the bath until it was 80 mm in depth, and the refractories were held
at 1500*C for 480 h. Oxygen partial pressure was maintained at '410-3 Pa
throughout the test. The thermal profile that existed within each refractory
on October 12, 1977 is shown in Fig. 15. The refractory-slag interfacial
temperature was "1380-1430*C as determined by a pyrometer. Two lines of slag
attack are visible on refractory number 17 (see arrows on Fig. 16b), the least
corrosion-resistant refractory, whereas only one line of slag attack (corre-
sponding to the exposure for 480 h at 1500*C) is visible on the other three
refractories. The two alumina-chrome refractories (numbers 23 and 852) per-
formed the best, exhibiting only slight attack after 480 h (2-4 mm on full-
length bricks). These results are in contrast to those in test run 3, in
which uncooled bricks of numbers 23 and 852 performed somewhat poorly. As
with the silicon carbides, the corrosion resistance of the alumina-chrome
ref ractories improved significantly with water cooling. Comparison with
results of test run 5 reveals that, when exposed to an acidic slag at a fur-
nace plenum temperature of 1500*C, the alumina-chrome refractories outper-
formed the magnesia-chrome refractories with respect to corrosion resistance.
However, as a result of the thermal gradient, the front faces of the number
852 brick cracked at an %45* angle to the top front edge.

Test run 8 evaluated 1/2- and full-length specimens of five ramming
mixes (two alumina-silica, two alumina-chrome, and one alumina-magnesia) and
one sintered alumina-chrome refractory (Table XV). With the exception of the
sintered refractory (number 260), wedge-shaped bricks were produced from the
as-received mixes by hand ramming into a rigid mold with removable sides.
Care was taken to minimize lamination of the material. Each set of bricks
was dried and cured according to the manufacturer's instructions. The cured
bricks were then placed in the slag-corrosion furnace and the hot face was
heated to 1500*C for "2 h while the cold face was maintained at "80*C. The
furnace was then cooled to room temperature and the initial charge of slag
was made (to a depth of "15 mm).

Also included in this test was a 115 mm x 64 mm x 54 mm piece of
refractory number 2. This specimen was placed in the slag bath near the
center of the furnace and was not water cooled (Fig. 17). Its purpose was
to serve as a standard by which intertest comparisons could be made. Similar
specimens will be included in all future tests.
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TABLE XIII. Slag Composition During Test Run 7

Exposure Time, h

Component 7 192 387 499

Sio2 37.9a 39.4 40.6 39.7

A1203 18.1 16.4 16.6 17.2

Fe203 1.3 3.6 2.9 3.5

FeO 6.1 4.4 4.6 4.5

CaO 25.9 25.8 26.1 25.6

MgO 6.4 6.3 6.2 6.8

Na20 1.7 1.5 1.0 0.9

K20 1.4 1.3 0.7 0.5

Ti02  1.0 1.2 1.1 1.2

Other 0.2 0.1 0.2 0.1

B/A Ratiob 0.8 0.8 0.7 0.7

Ferritic
Content,b % 16 43 31 42

bAs in Table VII.



TABLE XIV. Relativ Corrosion Resistance of Refractories Exposed
to Slag Attack in Test Run 7

TABLE XIV. Relative Corrosion Resistance of Refractories Exposed to Slag Attack in Test Run 7

Maximum Deth of Maximum Depth of
Removal, m Penetrationa -

Attack Full- 3/4- 1/2- Full- 3/4- 1/2-

Nkober Composition Line length length length length length length

14 A1 203(91.6)-Si02(8.0)-Fe203 (0.15) Top 9 5 6 10 6 7

-Alkali (0. 15)
(Sintered)

17 .A1203(83.9)-SiO2(9.0)-Fe203 (1.0) Top 13 11 11 17 16 14

-TiO2 (2.3)-P 2 05 (3.6) Bottom 3 4 3 - -

(Chemically Bonded)

23 A12 03 (89.7)-Cr2 03 (10.0)-S10 2 (0.1) Top 4 2 2 7 7 6

(Sitered) -Fe 2 03 (0.1)-Alkali(0.1)

852 A1 2 03 (81.1)-Cr2 03 (16.6)-P 2 05 (0.8) Top 2 2 1 8 9 4

-Si02(0.5)-Fe203(0.5)

-3a20(0.5)

( ia11y Bonded)

%swamred frm the original hot face.
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Fig. 14. Furnace Plenum Temperature and Midheight Brick Temperatures
12.7 -r (0.5 in.) from the Hot Face of 3/4-length Brickw of Each Com-
position During Test Run 7. ANL Neg. No. 306-78-416.
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RUN #7 14

(a)

(c)

-

Fig. 16. Cut Sections of the 3/4-length Refractories Exposed to Slag Attack
in Test Run 7. (a) Alumina-silica (number 14), (b) alumina-silica (number
17), (c) alumina-chrome (number 23), and (d) alumina-chrome (number 852).
The vertical face on the right-hand side of each brick was exposed to the
slag. Two lines of slag attack are visible on brick number 17 [see arrows
in (b)). ANL Neg. No. 306-78-714.
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The temperature history of run 8 is presented in Fig. 18. A simulated
Montana Rosebud slag (B/A = 0.7) was introduced to a depth of "415 mm, and the
plenum temperature was raised to "1600*C for "24 h with a partial pressure of
oxygen of 04Q-2 Pa. The temperature of the brick-slag interface was "1550*C.
The plenum temperature was then reduced to "1500*C and additional slag was
added to raise the level to 60 mm. The furnace temperature was held at 1500*C
(brick-slag interface at 1400-1430*C) for 475 h with a partial pressure of
oxygen of 410-3 Pa. The temperature profiles within each refractory at mid-
height are shown in Fig. 19 (furnace plenum at 1610 C) and Fig. 20 (furnace
plenum at 1520*C). Examination of the refractories and the standard reveals
two lines of slag attack (Figs. 21-23). Since the vertical temperature
gradient in the slag pool was steep (5-10*C/mm), the effect of the 475-h hold
at 1500*C on the bottom slag line was negligible. Thus, the bottom line of
attack corresponds to 24 h at 1600*C, whereas the top line of attack is the
result of 475 h at 1500 C. Table XV summarizes the relative resistance of
the refractories tested in run 8. The alumina-chrome compositions exhibited
superior corrosion resistance, even during the short exposure at 1600*C.
Brick number 260, a sintered alumina-chrome composition, showed almost no
attack, although a number of deep thermal-shock cracks developed during the
test. Note in Fig. 22 that a crack parallel to the hot face (about 20-30 mm
from it) completely separated the hotter and cooler (not shown) portions of
the brick. Refractory number 18, an alumina-chrome ramming mix, also exhibi-
ted negligible corrosion but substantial cracking, which may have resulted
from either thermal shock or physical growth. The other alumina-chrome
ramming mix, number 88, was also very resistant to corrosion and did not
crack, although it did suffer considerable penetration. The alumina-silica
compositions (numbers 90 and 95) also remained free of cracks, although they
suffered considerable penetration and corrosion.

Samples have been taken from the slag-refractory interface and are
currently being examined, using reflected light and scanning-electron micro-
scopes, to determine the mechanisms of attack. The results of these examina-
tions will be published in several papers in the near future.1-2

Further tests are planned in the slag corrosion furnace to evaluate
the performance of the leading candidate materials to basic slags. Additional
testing will be conducted using the plasma torch facility at ANL (Fig. 24).
In this facility, samples can be exposed at temperatures up to 1700*C to the
simultaneous effects of a dynamic flowing/frozen slag layer, erosion from
slag particles that have been injected into the plasma, and to gaseous
corrosion.
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Fig. 18. Furnace Plenum Temperature and Midheight Brick Temperature 38.1 mm
(1.5 in.) from the Hot Face of Full-size Bricks of Each Composition
During Test Run 8. ANL Neg. No. 306-78-417.
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(a) (b)

Fig. 22. Cut Sections of Refractories Exposed to Slag Attack in Test Run 8.
(a) Sintered alumina-chrome (number 260) and (b) alumina-chrome (number 88).
The left-hand vertical face was exposed. Number 260 fractured "'20 mm from
the hot face (the cooler section of the brick is not shown). ANL Neg. No.

306-78-775.
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Fig. 23. Posttest Photograph of the
Standard Specimen of Refractory Num-
ber 2 That Was Partially Immersed
in the Slag Bath Without Water
Cooling in Test Run 8. Note the
two lines of slag attack extending
around the specimen. ANL Neg. No.
306-78-776.
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III. SUMMARY

The fused-cast Cr203-MgO-Fe203 spinel refractory (number 22) exhibited
superior corrosion resistance to both acidic and basic slags at 1500*C, with-
out water cooling. However, the thermal-shock damage resistance of this brick
is questionable and the purchase cost is high ('$50 per 9-in. straight brick).
Several silicon carbide refractories have demonstrated excellent resistance
to acidic slags when water cooled. Silicon carbide bricks also possess ex-
cellent thermal-shock damage resistance and are moderate in cost ("$12 per
9-in. straight brick). However, recent experiments3 have shown that silicon
carbide refractories may not be stable in coal-gasification atmospheres if
the slag layer does not provide an adequate barrier to gaseous corrosion. An
additional drawback is that the extremely high thermal conductivity of these
refractories, combined with the necessity for water cooling, would result in
large amounts of heat loss.

Several chrome-alumina refractories (both sintered bricks and ramming
mixes) have performed well in acidic slags when water cooled. Although the
thermal-shock properties of sintered bricks are questionable, the ramming
mixes would seem well suited for use in coal-gasification vessels, at least
in patching. The cost of sintered chrome-alumina refractories is comparatively
low ('$8-$10 per 9-in. straight brick) in comparison to those refractories
previously mentioned, and the ramming mixes would be even less expensive.
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