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SUMMARY

The present report summarizes the results of research performed under
Cohtrect EF-77-S-01-2708 and DE~AS05-770R10476 during the.period 9/1/77-
10/31/80.

The major part -of this research (the first twoAyeers of eheAprOJect) was
| concerned with dellneation of stabllltles and performance characterlstlcs of
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carbides and nitrides, primarily SiC, Si3N4 and Si,N,0, in slagging coal

gasifiers. Thevdata—baée for eveluation_of such characteristics was expanded

by studying the stabilities of the.above materials with respect to their .

oxidation by gas phases and by reaction with iron oxide-containing slag phases.

This part of the researeh involved the following main sequential steps:

1) Applicatioq of available thefmodynamic data, supplemented by additional
experimental data, as needed, to evaluate stabilities of carbide—; ni;ride;
and oxynitride phases as a function of oxygen, nitrogen and carbon activities.

.2) Inyestigetien of the nature of the reactions between liquid silicates (slags)
and carbide-, nitride- and oxynitride phases.

3) Determination of the rates of reactions between liquid silicates (slags) and
carbide~, nitride- and oxynitride phases.

4) Determination of temperature limits to which commercial silicon carbide
refractories can be safely ﬁsed ie s1agging coal gasifier environments.

The ﬁain'conelusions of this phase of the work are as follows:

a) The refractory phases SiC, 813 4 and SlZNZO are not stable at the oxygen
potentlals prevailing in slagging coal gasifiers in the temperature range
900-1500°C.

b) ‘Theicorrosive action of coal-ash slags‘on SicC reffactories is caused mainly |

by the reduction-oxidation reaction between SiC and the iron oxide component.

of the slag.



c)
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The rate of attack on SiC by coal-ash slag is critically dependent on
temperature, i.e. whether or not the SiC-slag interface is above or below
the solidus tempera;ure of the silicates involved (as a first approximation
selected compositions in the system CaO—FeO—A1203—SiOZ). This temperature
is v 1100°C. -

Work during the third and final year of this contract was directed mainly

toward delineation of equilibrium relations in chromium oxide-containing

silicate systems. Main emphasis was placed on systems in which either A1203—

' Cr203 solid solutions or‘MgAlzoa—MgCrZO4 solid solutions are present as solid

phases in equilibrium with slags containing the main constituents of typical

coal-ash slags. Various compositions withinithe system CaO-MgO-A1203-Cr203—

SiO2 were selected initially for such studieé, specifically the composition

b)

~ volumes Ca,Al,Si0_-CaAl,Si 0.~Al,0.-Cr.0, and Ca AlZSiO —CaAlZSizog;MgAlzoa—
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' The main conclusions from these studies are as follows:
a) While the solubilities of Cr203 and chromites in thé silicate melts concerned

are relatively small under the atmospheric conditions usually prevailing in
slagging coal gaéifiers, the solubilities increase drastically ‘at extremely
low oxygen pressures, under which conditions a substantial fraction of the

s . . 1 . 2+
chromium is present in the silicate liquid as Cr~ . The oxygen pressures at
which this situation prevails, however, are somewhat lower than those usually
prevailing in coal gasification atmospheres.

The lowest liquidus and solidus temperatures in the systems CazAlZSiO7—

| CaA1281208-—MgCr204 systems are not significantly below those of the
CazAIZSiO7—CaA1281208 join (v 1387°C) because of the relatively low solubility
of Cr203 (and MgCrzol’) in these silicate melts, as noted above. With in-

creasing A1203/Cr203 ratios of the refractory phases, however, the lowest:
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liquidus and solidus temperatures decrease considerably, as larger amounts

of A1.,0, or MgAlZO4 of the refractory phase dissolve in the silicate liquid.
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c) The mutual solubilities between A1203— and Cr203 end members in the system
CaO—A1203—Cr203 are rather limited. Two new ternary compounds, "E" and "L",

have been synthesized, with compositions approximately as follows:

"o, - 9 9 L
E": l9iwt.A Ca0, 38 wt.% A1203, 43 wt.% Cr203
Ny, o g g o
L,, 44 wt.7 CaO, 33 wt.z A1203, 23 wth Crzo3 .
d) A quinary compound has been found in the syetem CaO—MgO-A1203—Cr203-SiOZ,

with composition approximately as follows: 15 wt.% CaO, 6 wt.7% MgO,

40 wt.Z A1, 0O 30 wt.% Cr20 9 wt.%Z SiO

273 3’ 27

The overall time schedule for work on the various tasks is shown in Fig. 1.

RESULTS

_Stabllltiee of SicC, Sl3N4 and 812N20

The diagrams presented in Figs, 2-3 summarize in simple graphical form
intefrelatioﬁs between oxygen potentials.qf typical coal gasification atmos-
pheres and stability ranges of the various carbide-, nitride~ and oxynitride
phases as a function of temperature. The first diagram (Fig. 2) illustrates
relations for SiC. The solid curve in the lower part of the aiagram represents
the equiiibrium between SiO2 (stable in the area above the eurve) and SiC
(stable in the area below the curve) at a CO pressure of 1 atm. The dash
curves above and below the solid curve depict the same equilibrium (i.e.
coexistence of SiO2 and SiC) at CO—pressures.of 50 and 0.02 atm., respectively.
It is seen that over the entire temperature range covered (V 860—1660°C), and

at the three CO pressures used as examples, the SiOZ/SiC equilibrium curves

are located far below the shaded area representing approximate oxygen potentials
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10 © atm. The dash and dash-dot curves'represént the SiOZ/Si

-4~

‘(in terms of the function R'T loglO PO as plotted along the vertical axis) pf

2
typical coal gasification atmospheres.

Similar relations apply in the case of silicon nitride andonynitride, as
demonstrated in Fig. 3. The solid curves in the lower part of the diagram show

the equilibrium curves for SiOZ/SiZNZO and_SizN O/a—SiBN at an N, pressure of
2

2N 0 equilibrium

" at N2 pressures of 1 atm. and 10_4 atm., respectively. It‘is.seén that the

SiOZISiZN 0 curves, at all three N2 pressures éonsidered, are located far bélow

the shaded area representing approximate oxygen potentials of typical coal

gasification atmospheres. Hence, the typical coal gasification atmosﬁheres

are strongly oxidizing relative to these nitride- and oxynitride phases.

Nature of Reactions between SiC or SiBN4 and Various Oxide Constituents,

Including Slags

Reactions bétween siﬁblified_slags aﬁd SicC or Si3N4 have shown that only
small to moderate depressions of the known liquidus temperatures of the oxide
phas;s takes place when the lattef are made up from oxide components 6f very
high thermodynamic stability, i.e. of large negative standard free energies of

formation (e.g. CaoO, A1203, SiO2 etc.). This is an indication that relatively

‘small amounts of C and N are dissolved in the largely oxidic liquids present.

At elevated pressures (e.g. 68 atm.), these effects are undoubtedly somewhat
iarger than at 1 atm., but they are still expected to be relatively minor.
There is one component of coal-ash slags, hqwevgr, which behaves quitebdiffer—
ently, viz. iron oxide (FeO and/or Fe203). This oxide is much less stable
relative to its constituent elements than are the oxides previously mentioned

(Ca0, MgO, Al Si02), as illustrated by the standard-free energy curves

203>

(AG®) shown in Fig. 4. Hence, in thc case of FeO, this component of the slag
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will have a tendency to react with SiC according to the simplified equation
SiC + 3(Fe0) = 510, + 3[Fe] + CO : (1)

The change in étandardlfree energy of this reaction is relativeiy small

(v -20 Kcal). Hence equilibrium between SiC, the oxidation product SiOz,

metallic iron and FeO of the slag is reached at a moderately low FeO-concentra-

tion of the slag. . Metallic iron will ténd to be precipitated from the slag at

ér near thé.SiC refractory-slag interface until the FeO activity has.been

lowered to the equilibrium value required by eqﬁation 1.

That,ﬁhis reaction actualiy takes place at the SiC-slag interface has been
shown in testing of SiC brick corrosién bj actual coal;ash slags and by labora-
tory reactioﬁs between SiC and FeO-containing silicate melts, as illuétrated by
sketches éhown in Fig. 5.

The reaction between SiC and FeO of the slag, as deécribed above, serves
to remove part of the FeO component from the slég. The equilibrium relations
in the remaining okidelsystem may then, as a first appréximation, be discussed
in terms of the system CaO—A1203—SiOZ. Thié is shown in Fig. 6, illustrating
the liquidus surface of this system and showing as a black circle the approximate
composition of FeO-depleted coal-ash slagsAin terms of the components used in
this diagram. The solidus surface of the éame system (CaO—A1203—SiOZ) is
sketched in Fig. 7, with the black circle again representing approximate compo-
sitioﬁsvof FéO—depleted coal-ash slags. Iﬁ is seen that the‘solidus temperatures
for a mixture of this composition, and cénsisting mainly of anorthite, with
lesser amounts of silica and wollastonite, is ~n 1100°C. It is inferred tﬁat'
the SiC-slag interface must be cooled toltemperatures below this level in order

to provide a reasonable measure of protection for a SiC refractory against

oxidation-corrosion by coal-ash slags (see section on kinetics below).
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Inasmuch as the reaction between SiC and the FeO of the slag removes only
a part of the EeO component of the slag, a more accurate picfure of equilibrium
relations attending the reaction is afforded by consideration of phase relations
in parts of the system CaO—"FeO"—A1203—SiOZ, as iilustrated inlfigs. 8-10.
The first of these (Fig; 8) is a perspective drawing of a tetrahedronlrepre—
senting this system and showing the various composition volumes. The partg

of the tetrahedron of greatest interest in the present research are the volumes

apex, i.e. CaAl Si208—

and the bounding triangles in the vicinity of the 8io0 2

2

3 2° Phase relations in two of the ternary systems bounding this
quaternary system are portrayed in Figs. 9 and 10. The solidus temperatures
are of the order of v 1080-1120°C, thus establishing an upper limit for the .

temperature that may be tolerated without severe fluxing-oxidation of a SiC

-refractory by coal-ash slags, in accordance with considerations presented in

the following section. The actual practical temperature limit may be consider-

‘ably lower, however.

Kinetics of Reactions between SiC and Oxidizing Atmospheres, with or

without Oxide (Slag) Phases Present

A large volume of literature is avéilable on the oxidation_of SicC. Ihese‘
prévious studies have established tha; the reaction is usually characterized
by the formation of a dense SiO2 layer on the surface of the SiC, and that the
rate of oxidation is dependent primafily on the rate of diffusion of oxygen
through this layer. Inasmuch as this diffusion fate is low under most circum-
stances, the rate of oxidation at moderate temperatures is usually'quite low.
However, continued protection against oxidation of the remaining SiC is depend-
ent on the preservation of the SiO2 protective layer. Hence, a siag having

constituents reacting with SiO2 to remove this layer would have a strong
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detrimental effect on the ability of the SiC body to withstand corrosion by
oxidation. It is clear that the rate and.mechanism by which the protective
SiO2 layer ié removed by rgaction with the slag is a critical factor in evalu-
ating behavior of SiC fefractories in a coal gasification environment.

Representative results of the rates of the SiC—gas reactions, as deter-—

mined in the present research, are shown in Figs. 11-14. The first of these

(Fié. 11) shows results of oxidation 6f SiC in Oz-argon a;mospheres at 1100,
1200 énd 1300°C. The most striking feature'of the graph is the progressive
decrease in the dependence of the parabolic rate constant K with increasing
| 1/3,2 e

temperature ([1-(1-F) = Kt, where F is fraction of SiC reacted and t is

the time).

The next diagram (Fig. 12) shows some typical results of experiments involv-
ing,the_oxidation‘of SiC pellets in various C02—cqntaining atmospheres. The
calculated activation energies for the oxidation under these conditions was
fouﬁd to be relatively constant (v 75 Kcal) in.the temperature range of 1100~
1300fC.

The effects of the presence of ;dmixtures of some silicate phases on the
oxidation.of S$iC in a-C02/CO atmosphere are illustrated in Fig..l3. Inqluded
for comparison is a curve for S5iC without tﬁe addition of an oxide phase.

Dafa obtained for the kinetics of the reaction between FeO and SiC in

C0,-CO atmospheres are shown in Fig. 14. An ‘activation energy of n 50 Kcal

2

is calculated from these data.

Effects of Strongly Reducing Conditions on Equilibria in Chromium

Oxide-Containing Systems

Liquidus and solidus temperatures in systems containing chromium oxide

_ as a component may decrease drastically at very low oxygen potentials, where
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substéntial proportions of the chromium is present as Cr2+ in the éilicate melts.
'This is illustrated for the systems chromium oxide-SiO2 and A1203-chromium oxide-
SiO2 in cdntacﬁ witﬁ metallic chromium, in Figs. 15 and 16, respectively.
Experimental studies of_these systems have also beeﬁ carried out at some-
what higher'oxygen pbtentials. This is based on the observation that the
presence'of Cr2+.in amounts large enough to change significantlj the phase
relations observed in Cr203-containing systeﬁs is restricted to a range of very
low oxygen pressures. It was considered.eSSential that the extent of this
range be established for at least a couple éf systems. qua¥d this end, the
solidus'temperatures-as a function of oxygen pfessure'were detefmined experi-
mentally for the systems chromium oxide-SiO2 and chromium oxide-AlZd3jSiOé.
The results are summarized in Fig. 17. It is clear that the oxygen partial
preésures of the gas phase in slagging coal gasifiers usually is higher than.
’those at which the presence of Cr2+ iﬁ'the slég phase has a noticeablyudeﬁrgs—
sing effect on solidus (and liquidus) temperatures of the refréctory. However,

Cr2+ may play a role in the chemistry of coal-ash slags at the SiC-slag inter-

face, especially at the highest temperatures (v 1600°C) involved.

Equilibrium Relations in the System CaO-A1203—Cr2 3 in C02—H2 Atmosphere

~Phase relations in the system CaO—A1203—Cr203 have been determined in the

solidus temperature region COZ—H atmospheres of mixing ratio 10:1. The

2

results obtained are summarized graphically in Fig. 18. Most noteworthy among
the relations shown is the occurrence of two previously unrepbrted ternary
phases. One of these (designated "L" in the diagram) has a composition of

approximately 44 wt.% CaO, 33 wt.Z% Al‘203 and 23 wt.Z Cr20v. The other phase

(designated "E" in the diagrams) has a composition of approximately 19 wt.%Z CaoO,

38 wt.7Z Al O

203 gnd 43 wt.% Cr,0..

273
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In the bounding binary system CaO—Cr203, there is only one-'stable compound,

CaCrZOA, whereas in the system CaO—A1203 a large number of calcium aluminates

a?e stable, viz. Ca3A1206,_Ca12A114033, CaAlZOA, CaAl4O7, CaA112019. There is

a complete solid-solution series between A1203 and Cr,0, to form the sesquioxide

273
3+ and Al3+ substitute for

3+ in

phase in which at high ;emperatures € n 1100°C) Cr
each other in all proportiqns. The degree of éubstitution of Cr3+ for Al
the.various calcium alumiﬁates varies greatly with CaO/(A1203+Cr203) ratios of
the phase, depreasing, in geﬁeral, Qith increasing values of this ratio. A
substantial amount (¢ 207) of Al3+ substitutes for Cr3+ iﬁ'CaCrZO4 at the high
temperaturés‘involved in the present study. The lowest solidus temperatures
in the system are for mixtures of relatively high Ca0- and A1203'coq£ents

1 L - _nru ' ey o _
(composition trlangles'CaO CaCr204 L", Ca0O-"L Ca3A1206, L Ca3A1206

"L"-Ca, ,Al,,0,,-CaAl, O

Ca,y,AL) 4045, -and 3y 9811,043 2040+

Equilibrium Relations in the System FeO—A1203—Cr203—SiO2

The équilibrium studies in this syétem were carried out over a range of
controlled oxygeﬁ partial pressures similat to those involved in slagging coal
gasifiers. The results oﬁtained demonstrate that there is a profound effect
of oxygen pressure on the distribution of chromium between solid phases (i.e.
refractory phases) and silicate liquids (i.e.‘slags) at very'low oxygen pres-—
sures. For instaﬁce,the so;ubility of chromium oxide in the sil%cate liquid
in equilibrium with the cfystallipe phases SiOZ, mullite, sesquioxide:(A1203—

Cr203 solid solution), spinel (FeAlZOA-FeCrZOA-FeFeZO4 solid solution) in-
Y

creases by a factor of v 8 as the oxygen pressure decreases from "v 107 to

Y 10"12 atm. at v 1400°C. This is illustrated in Fig. 19. No drastic effect
of changing oxygen pressures on the solidus and liquidus temperatures for this

phase assemblage in the systém Fe-Cr-Al1-8i-0 is observed. This is because the
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iron-oxide content of the liquid phase decreases concomitantly with the increase

- . + -9 .
in chromium oxide content (Cr2 ) as the oxygen pressure decreases from " 10'9 to

n 107 2a¢m. at v 1400°C.

. Equlllbrium Relatlons 1n phe System Ca2A123107—CaA1281208—A1203—Cr203 in

C02—H2 Atmosphere

The system Ca0-A1,0,-Cr,0,-Si0, is portrayed in the form of a regular

273 273 2

tetrahedron in Fig. 20. The compositions of the two ternary compounds gehlenite

(CazAlé Si208) are shown in the basal plane. Combi-

nation of these two points with the two‘apices A1203 and'CrZO3 describes an

irregular tetrahedron representing the sub-system Ca2A12Si07—CaA1251208—A1203—

SiO7) and anorthite (CaAl2

'Cr203; ' Phase relations in one of the bounding planes of this tetrahedromn, viz.

QazAlzs1Q7—CaA1281208-A1203, are known from previous work, as shown in Fig. 21.

Phase relations in the bounding plane CazAlz8107—CaA1281208er203'were

determined in the present work. Results obtained are shown graphically in
Fig. 22. Attention is directed toward the very low solubility of chromium

273

sion of liquidus temperatures (temperature of the ternary eutectic point

oxide (v 0.5 wt.% Cr,0,) in the silicate liquid and the relatiﬁely low depres-

v 1380°C as compared with an eutectic temperature‘of 1387°C in the binary

7fCaA1281208). Attention is also directed toward the much

" higher solubility of A1203Ain the corresponding silicate liquids in the

system Ca2A12810

system Ca2A128107—CaA1281208—A1203 (see Fig. 21).

Equilibrium Relatlonsvln the System Ca2A12S}O7-CaA1231208—MgA1204—MgCr204

in COZ—H2 Atmosphere

The system Ca2AlZSiO7—CaA125120 —MgAlQOA—MgCrZOA is portrayed in the form

of a regular tetrahedron in Fig. 23. The join C32A128107 (gehlenite)QCaAIZSiZO8
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(anorthite) represents simplified compositions of typical coal-ash slags, and
the remaining two apices of the tetrahedron (MgA1204 and MgCr204) represent
end-member refractory spinels. Phase relations existing in two of the faces
of this tetrahedron, viz. CazAlz8107-CaA1281208—MgA1204 and Ca2A128107—

CaAlZSiZOS-MgchOA’ are shown in Figs. 24-25. The first of these (Fig. 24) -

shows approximate phase relations in the system Ca2A128107—CaA1281208—MgCr204
in an atmosphere of COZ—H2 = 10:1. The second diagram (Fig. 25) shows approxir
mate liquidus phase relations in the system Ca2A1281O7—CaA1281208—MgA1204'1n
CO,-H, atmosphere of Co,/H, ratio = 10:1."

2 72
The crystalline phase desighated "Y" in Fig. 24 has been found, by electron

" microprobe analysis, to have approximately the following compositions: 15 wt.Z

Ca0, 6 wt.% Mg0O, 40 wt.Z% A1203, 30 wt. % Cr203, 9 wt.% SiOz.
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LEGENDS FOR DIAGRAMS

Fig. 1 Summary of time scheduies'for various aspects of thevresearch. The
width of the baré is a measure of the feiative efforts of the various
tasks performed.

Fig. 2 Curves (see lower part of diagram) showing tﬁe Sin/SiC equilibrium
at Colpressures of 1 atm. (solid line), 50 and 0.02 atm. (dash lines)
as a fﬁnction of temperature. The shaded area in the upper part of
the diagram indicates approximate oxygen potentials of typical coal

.~ gasification atmospheres. A | |

Fig. 3 Curves (see lowef part of diagram) showing the SiOé/SizNZO and

Si_N,0/0-Si equilibria at N2 pressures of 10_2 atm. (solid line),

2N 3V,
1 apm. (dash line) and iO_4 atm.A(dash—do; line). The shaded area
in tﬁe upper part of the diagram indicates approximate oxygen
potentials of typical qoal gasification atmosphere.
Fig. &4 Standard free energiés (AG®) of féfmation of varioﬁs'oxides.from
their elements(l).
Fig. 5  Sketches showing typicai features of reactions'bétween SiC and FeO-
containing coal-ash slags. as observed in testing of refractories
(a) and in laboratory-scale experiments (b)..
Fig. 6  Liquidus surfacg of the system CaO-A1203-Si02, reproduced from Muan
’ (2-7)

and Osborn(l), based on data available in previous literature

0,-Si0,, sketched on the basis

Fig. 7 Solidus surface of the system Ca0-Al 3 29

‘ 2
of data shown in Fig. 6.
Fig. 8 Sketch of tetrahedron representing the system CaO—FeO—A1203—Si02,

showing the composition volumes of main interest in conjunction -

with coal-ash slags.
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Liquidus phése relations in part of the system C#O-FeO¥A1203—SiOZ,
based on data of Schairer(s).

Liquidus phase rel;tions in part of the system CaO—FeO—A1203—SiOZ,»
based on data of Schairer(B). |

Parabolic rate coﬁstahts as a function of oxygen pressure at various
temperatures (1100, 1200, 1300°C) for oxidation of SiC pellets in
Oz—Ar mixtures. |

Parabolic rate constants as a function of CO2 pressure at various
temperatures (1200, 1250, 1300°C) for oxidétion of SiC pellets in’

various CO,-containing atmospheres.

2 :
Rates of oxidation of-SiC pellets with and without additions of

various oxide phases, as labelled on each curve, at a constant

temperature of 1100°C.

- Rates of oxidation of SiC pelléts with additions of various amounts

of FeO, as labelled on each curve, at a constant temperature of

~ 1000°C.

Phase relations in the system chromium oxide-Si02 in contact with
metallic chromium.

Liquidus phase relations in the system Al O,-chromium oxide-SiO

273 2

in cbntact with metallic chromium.
Effects of oxygen pressure on solidus temperatures in Sioz—chromium
mi ces.

203 2 ixtures

Approximate solidus surface of the system CaO-AliOi—Cr2 3 in a

COZ—H2 atmosphere of ratio 10:1. The composition of two ternary
compounds designated as "L" and "E" are approximately as shown,

although further analytical work is needed to characterize these

phases more accurately.
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Fig. 19 Variation in chromium oxide content of liquid of phase assemblage

Si02 + mullite + spinel + sesquioxide + liquid in the system Fe-Cr-Al-

Si0 at Vv 1400°C, as a function of oxygen pressure.
Fig. 20 Perspective drawing of tetrahedron representing the system CaO-A1203—

Cr203—Si02. The composition volume of especial interest in the present

work is CazAlZSiO7—CaA1281208—A1203—Cr203.

Fig. 21 Sketch showing main features of liquidus phase relations in the system

Ca,Al,SiO_-CaAl_Si, O -Al 03, reproduced from Muan and Osborn(l), based

2772 7 277278 2
lérgely on the original data of Rankin and Wright(z) and of Greig(3),
" .with modifications based on more recent data(4_7).

Fig. 22 Sketch showing main features of liquidus phase relations in the system

Ca2A128107--CaA12Sizos—CrZO3 in a COz—H2 atmosphere of ratio 10:1, as

determined in the present investigation.

. Fig. 23 Tetrahedron representing the system CazA;z8107—CaA1251208—MgA1é04-w

MgCrZOA, showing representative planes of constant MgAlzoalMgCrZO4

ratios of mixtures.
Fig. 24  Approximate liquidus phase relations in the system CaZA12S107-CaA1281208-

MgCr in anAatmOSphere of C02—H2 = 10:1. Heavy lines are boundary

2%,
curves outlining the various primary phase fields, and light lines
are liquidus isotherms.

Fig. 25 Approximate liquidus phase relations in the system Ca2A128107-CaAlZSi208—
(9

MgAl 04, as reproduced from previous literature . Heavy lines are

2

boundary curves outlining. the various primary phase fields, and light

lines are liquidus isotherms.
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