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SUMMARY 

Iron-(a), magnesium-alumina spinel (FMAS) (0.25 Fe304 ·0.75 MgA1 204) 
has been considered for use as an electrode in magnetohydrodynamic (MHO) gen­
erator channels. Predominantly an electronic conductor, FMAS has adequate 
electrical conductivity (>1 S/m) above 520K. In addition, FMAS can be easily 
fabricated into a form and sintered in air to >90% theoretical density and has 
a melting point of 2124 ± 20K. 

Laboratory tests to measure both the electrochemical and chemical corro­
sion of FMAS in molten K2C03, K2S04 and coal slags were developed at the 
Pacific Northwest Laboratory to evaluate the relative corrosion of FMAS. 
Under isothermal conditions, a direct electric current was passed between an 
anode and a cathode through a molten electrolyte. The molten coal slags were 
synthetic high-calcium, low-iron Montana Rosebud and low-calcium, high-iron 
Illinois No.6. Evaluations of electrochemical corrosion were made as func­
tions of current density, temperature, and slag composition. These results 
were compared to those of FMAS tested without electric current. The corrosion 
rates and reaction products were investigated by optical microscopy and scan­
ning electron microscopy. 

In molten K2C03 and K2S04, the electrochemical corrosion rates were at 
least five times greater than the chemical corrosion rates. The electrochemi­
cal corrosion was due to salt penetration along the grain boundaries and ulti­
mate grain separation. Also, the surfaces of the samples were uniformly cor­
roded, i.e., the grains themselves dissolved. Grain boundary attack increased 
at the cathode and decreased at the anode compared to samples without an elec­
tric field. At the anode, grain boundary attack was greater in K2C03 than 
K2S04• Iron was leached from the cathode and reduced to metallic iron or com­
plex iron oxide. At the anode, gas bubbles were generated due to the oxida­
tion of sulfate or carbonate ions. 

In molten coal slag, the electrochemical corrosion rates at both the anode 
and cathode were greater than the chemical corrosion rates. The corrosion 

(a) Both ferrous and ierrite ions. 
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rate at the cathode was greater than at the anode. This electrochemical cor­
rosion was decreased by increasing the iron content of the slag. For example, 
the corrosion in Rosebud coal slag was twice that of the Illinois No.6 slag. 
The electrochemical corrosion was increased with decreasing potassium content 
and increasing electrical current density and temperature. Slag penetrated 
the grain boundaries of the FMAS, reacted with the impurity phases and weakened 
the bonds between grains. The extent of the penetration was greatest in this 
order: cathode, control, and anode. 

Phase changes occurred at the cathode due to 1) chemically reducing con­
ditions and 2) reactions with slag components. The species Ca, K and Na dif­
fused through the slag and were concentrated in the slag near the cathode. 
Exsolution of iron occurred in the FMAS and was more pronounced in the low­
iron slags. Also, iron was leached from the FMAS in the low-iron slag, form­
ing iron metal or iron oxides in the slag. The metallic iron or iron oxides 
were not found in the high-iron slag. 

Phase changes did not occur at the anode. Chemically oxidizing conditions 
existed at the anode due to the formation of gas (02) bubbles. The erosion 
caused by the formation and migration of these bubbles added to the corrosion 
of the anode. The species Ca, K and Na migrated away from the anode, result­
ing in a lower concentration. The current transfer between the anode and slag 
was nonuniform due to the generation and migration of gas bubbles and due to 
the depletion of the species. The nonuniformity was greatest in the Montana 
Rosebud slag. 

Overall, FMAS has too-high an electrochemical corrosion rate to be con­
sidered as MHO electrodes in Montana Rosebud coal slag or in systems where 
only molten potassium salts are present. However, FMAS may be considered for 
use in high-iron coal slags although the corrosion rates are still quite high 

even in these slags. 
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INTRODUCTION 

The search for electrode materials that withstand the severe operating 
conditions of magnetohydrodynamic (MHO) generator channels is one of the major 
challenges remaining in the development of commercial MHO power generation. 
In a coal-fired, open-cycle MHO generator the electrodes are exposed to high­
temperature (up to 3000K) potassium-seeded plasma moving at near-sonic veloc­
ity. The plasma contains between 0.5 wt% and 2.5 wt% inorganic coal slag and 
up to 1 wt% potassium seed. Depending on the temperature, the slag and seed-­
in gaseous, liquid or solid states--may damage electrodes. 

Upon application of the magnetic field used in the MHO process, direct 
electrical currents are conducted through the current leadouts, electrodes, 
slag/seed and combustion plasma. In addition, electric potentials are set up 
along the length of the channel. These electric currents and potentials sub­
ject the electrode materials to severe electrochemical interactions. Many of 
these interactions cause increased corrosion, resulting in corrosion rates 
that are orders of magnitude more severe than is the case in the absence of 
the electric fields and currents. 

Since the cost and the time needed to study the electrochemical effects 
in actual or simulated MHO generators can be prohibitive, laboratory tests 
have been developed at the Pacific Northwest Laboratory (PNL). These tests 
are valuable in screening materials, accelerating electrochemical effects, and 
providing a better understanding of the electrochemical processes. These 
tests do not simulate plasma flow, plasma current transport nor thermal gradi­
ent effects. They simulate only isothermal current transport between the 
electrodes and the molten electrolytes. 

The purpose of this study is to evaluate electrochemical behavior of 0.25 

Fe304 • 0.75 MgA1 203 (FMAS) using electrochemical tests--tests designed to 
study interactions as functions of electrolyte composition (coal slag and 
alkali seed), temperature, and electrical current density. FMAS has been 
seriously considered as a potential MHO electrode because of its favorable 
electrical properties and potential compatibility with coal slags. Promising 
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FMAS characteristics include 1) electrical conductivity greater than 10 S/m at 
temperatures above 800K, 2) dominantly electronic electrical conductivity 
(Westinghouse 1978), 3) crystallographic stability in oxidizing atmospheres, 
and 4) ease of fabrication (Bates 1976). Many FMAS properties have been 
thoroughly studied; however, its electrochemical corrosion has not been 
investigated in detail. 

This report reviews some of the physical and thermal properties of FMAS. 
It also describes how FMAS reacts when electrochemically tested in electrolytes 
of K2C03, K2S04, and synthetic coal slags representing Montana Rosebud and 
Illinois No.6 coal slags with and without additional potassium. The test 
results show that although FMAS offers ease of fabrication and favorable physi­
cal and thermal properties, its extensive interaction with potassium salts and 
Montana Rosebud slag casts doubt upon the potential usefulness of FMAS elec­
trodes. The lower corrosion rates experienced by FMAS in Illinois No.6 slag 
do, however, still allow consideration of FMAS electrode use in this slag. 
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EXPERIMENTAL PROCEDURES 

The experimental process for these tests first involved the fabrication 
of the FMAS test specimens and the preparation of electrolytes. The electrodes 
were then suspended in a molten electrolyte using several testing variations, 
after which an extensive analysis was performed on each specimen. 

FMAS FABRICATION 

The powder was obtained from a commercial powder fabrication company(a) 
and had a surface area (BET) of 2.6 m2/g. The electrode test pieces were 
fabricated by cold-pressing and sintering. The starting powder, -200 +325 
mesh (Tyler screens), was mixed with 2 wt% sterotex and ball-milled. Prior to 
each of the powder pressings, the powder was exposed to water-saturated air 
(298K) for several hours. The powder was preslugged at 51.48 MPa (7450 lb/ 
in. 2), screened to -40 mesh (Tyler screens), then pressed at 82.4 MPa 
(11,950 lb/in. 2) to ~60% of theoretical density. The compact was sintered 
in air at 1873K (~0.88 of the melting point) for 4 h, with approximate heating 
and cooling rates of 200K/h and 400K/h, respectively. 

ELECTROLYTE PREPARATION 

Reagent grade potassium carbonate and potassium sulfate were used as 
electrolytes. The potassium carbonate and sulfate was melted directly without 
pretreatment in either a-alumina (all the.alumina crucibles were AD 998®) or 
platinum crucibles. 

The slags were prepared by mixing the oxide of the slag constituents 
(carbonates or sulfates of Ca, K, and Na) and ball-milling for .3 h. The mix­
ture, contained in either alumina or platinum boats, was calcined in air at 
1275K for 15 min to minimize outgassing in the test crucibles during the homo­
geneous glass-forming anneals. The calcined product, partially sintered, was 

(a) Trans-Tech Inc., Gaithersburg, Maryland. 
® Coors Porcelain Co., Golden, Colorado 
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ground to -4 mesh (Tyler screens) and stored until needed for the individual 
tests. Before each test, the required amount of slag was vitrified and homo­
genized at temperatures between 1675K and 1823K for 16 h. The compositions of 
the slags are given in Table 1. 

Two of the compositions represent Montana Rosebud and Illinois No.6 slag; 
the other two represent those two slags containing additional potassium to 
simulate the chemical properties of the slag found in an MHO generator. All 
four compositions were used. 

ELECTROCHEMICAL TESTING TECHNIQUES 

The electrochemical tests consist of submerging the anode, cathode, and 
control in the molten electrolyte, as shown in Figure 1. Constant current was 
maintained between the electrodes using a dc current-limiting power supply. 
This power supply maintains constant current by adjusting the electric poten­
tial. The response time of the power supply to changes in current are on the 
order of milliseconds. The electric current and potential were continuously 
monitored and recorded during the tests. 

The test procedure consisted of suspending the samples above the molten 
slag or seed, then slowly lowering them into the electrolyte at the test 

TABLE 1. Nominal Compositions of Synthetic Coal Slag 

Montana Rosebud I 11 i no i s No. 6 
Montana Rosebud + Potassium Illinois No.6 + Potassium 

Oxi de {MR}2 mol% {MR-1 L mo 1% {I 11-6} 2 mo 1% Pll-6-1)2 mol% 
Si02 54.7 49.4 57.2 52.5 
A1 203 14.3 13.0 15.7 14.4 
CaO 17.9 16.2 7.9 7.2 

Fe203 3.4 3.1 11.5 10.6 

MgO 7.9 7.1 3.5 3.1 

Ti02 0.7 0.6 0.9 0.9 

K20 0.5 10.0 1.9 10.0 

Na20 0.4 0.4 0.8 0.8 

P205 0.2 0.2 0.6 0.5 
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FIGURE 1. Electrochemical Test Configuration 

temperature. A sudden decrease in electrical resistance between the electrodes 
indicated that contact was made with the electrolyte. The electrodes were then 
lowered into the melt (generally 3 mm). 

The samples for electrochemical testing were cut into rectangular paral­
lelepipeds (0.2 x 0.3 x 1.5 cm) from the sintered FMAS. One end of the sample 
was notched and painted with a platinum paste to provide a good mechanical and 

electrical contact with the Pt wire. Platinum wire leadouts connected the 
electrodes to the dc power supply. 

Electrodes tested in pure potassium-salt melts were withdrawn from the 
electrolyte and then cooled to room temperature at a rate of 200K/h. Elec­
trodes tested in slag were quenched in the slag from the test temperature down 
to 1175K in 15 min, then cooled to room temperature at 150K/h. The purpose of 
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the quench was to retain the electrodes/slag interface for examination. Care 
was taken to ensure the same thermal-quench conditions for each test. 

Two modifications were made to the configuration during the testing pro­
gram: 1) the control was not included in some tests, and 2) several tests 
were conducted with the sample partially surrounded by an alumina tube. The 
alumina tube directed the current flow to the end of the sample by preventing 
potential short-circuiting of the current through the electrolyte in contact 
with the sides of the electrode. The control was not included in the tests 
because 1) the anodes and cathodes degraded much more rapidly than the con­
trol, 2) the control degradation was independent of most test parameters, and 
3) the electric field altered the slag composition even in the area of the 
control. Individual tests were conducted on the control sample in electrolyte 
without any electrical fields. 

In all electrochemical test geometries, a fraction of the electrical cur­
rent will conduct through all areas of the electrode exposed to the electro­
lyte, including the sides. This current "leakage" makes it difficult to 
determine precisely the current density through the exposed surfaces. Sur­
rounding the electrodes with an insulating alumina tube directs most of the 
current through the end of the electrode sample. Consequently, the quoted 
current density is that calculated using the rectangular cross section (~0.2 x 
0.3 cm) of the end of the electrode sample. The test was terminated when 
either 1) a predetermined time period had elapsed, 2) an open circuit occurred 
between the electrodes, or 3) the potential required to maintain a constant 
current exceeded the limit of the power supply. 

Several tests included a platinum electric-potential probe located geo­
metrically at a location equivalent to one point of an equilateral triangle 
with respect to the anode, cathode and platinum probe. The potential changes 
between the anode probe and cathode probe show polarization, bubble formation 
and current-transfer instabilities. 
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POST-TEST ANALYSIS 

The electrodes were examined ceramographically to identify microstructural 
changes and to determine the extent of corrosion. The electrode surfaces were 
polished parallel to an original side. This polished surface geometry is com­
pared to the original geometry to determine the amount of material lost, which 
included that portion of the electrode that had completely disappeared during 
the test or that had physically separated from the main body of the electrode. 
The corrosion rate is defined as either the amount of material lost per number 
of coulombs passed between the electrodes (mol/caul. using the FMAS atomic 
weight of 164.6 g/mol) or as the weight loss per unit area of the electrode 
immersed in slag per hour (g/cm2-h). 

Optical microscopy and scanning electron microscopy with energy-dispersive 
x-ray analysis (SEM-EDX) were used to identify the phases present in the 
cathode, anode, and slag. The SEM-EDX is equipped with quantitative analysis, 
and these capabilities are standardized using oxide minerals. Details related 
to the accuracy of SEM-EDX are given in the Appendix. The quantitative analy­
sis is based on the absolute number of moles recorded in the analysis, since 
all the analyses are conducted at the same electron-current densities and 
times and since all the spectra are independent of spectra from other atoms. 
The quantitative analysis is expressed as atom% based on the atomic species 
identified and quantified (SEM-EDX is sensitive to elements with atomic num­
bers above 10). In the compositional analysis, the oxidation state of the 
atomic species cannot be determined using both optical microscopy and SEM-EDX; 
metallic and oxide phases may be distinguished, but the extent to which the 
oxide phase has oxidized cannot be determined in most cases. 

7 





PROPERTIES OF FMAS AND ELECTROLYTES USED 

The structural, chemical, thermal and electrical properties of FMAS and 
of the electrolytes used in these studies are discussed here. An understand­
ing of these characteristics is useful in analyzing the results. 

FMAS (0.25 Fe3~ • 0.75 Mg A12~1 

The crystal structure of FMAS is spinel in which Fe+2 and Fe+3 ions 
randomly replace Mg+2 and Al+3 ions. No substructure showing the ordering 

of the iron has been observed. The FMAS properties listed in Table 2 are 
nominal, based on measurements of several samples. In vaporization studies 

TABLE 2. Properties of FMAS 

Parameters and Units Values and Distinctions 
Formula Weight, g/mol 
Lattice Parameters, 10-10 m 

Theoretical Density, g/cm3 

Density Range, g/cm3 

Theoretical DenSity, % range 
Total Porosity, % 
Open Porosity, % 

Average Grain Size, mm 
Average Thermal Expansion, 
(K- 1 10-6) 

Melting Point, K 

Composition,(a) % 

164.6 
8.160 (powder) 
8.185 (sintered compact) 
4.03 
3.60 to 3.65 
89 to 91 
7.5 
0.14 
~0.5 

9.6 (@ 373 to 1673K) 

2124 + 20 
11.7 (Fe) 
11.1 (Mg) 
29.7 (Al) 
47.5 (0) 

(a) Atomic absorption with oxygen as difference. 
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over a temperature range from 1613 to 2083K, the order of species with decreas­
ing vapor pressures are Fe(g), 02(g), Mg(g) and FeO(g) (Plante 1978). At 
2000K the iron pressure is close to 1 Pa. This vapor pressure is probably too 
high for long-duration testing. Therefore, FMAS should have a upper limit of 
operation in an MHO channel of 1900K. 

The purity of both the powder and the sintered compacts are listed in 
Table 3. The major impurities are silicon, calcium, and manganese. 

The microstructure of sintered compacts consists of large, equiaxel 
grains (~0.5 mm in dia) with small (~0.002-mm) pores uniformily distributed 
along the grain boundaries and at the grain-boundary intersections, as shown 
in Figure 2. A second phase is located along some of the grain boundaries and 
grain-boundary intersections. This oxide phase principally contains calcium, 
silicon, barium, iron and aluminum. 

The thermal-diffusivity data shown in Figure 3 reveal reproducible 
changes (i.e., they occur on both heatup and cooldown) in the smooth curves at 
temperatures between 1200K and 1400K. Similar changes are found in the elec­
trical conductivity and thermal expansion (Figures 4 and 5), respectively. 
The conductivity followed the essentially smooth curve as long as measurements 
were made on samples with little pretesting heat treatment. The electrical 
conductivity mesurements usually required about a 20-min hold at each measur­
ing temperature, so the total time at temperatures above 1000K was only about 
2 h. When the sample was preannealed in air at 875K for 60 h, the conductiv­
ity changed and followed a hysteresis. Thermal diffusivity measurements are 
made in reducing atmospheres (tank-purity argon). The thermal expansion and 
electrical conductivity measurements were made in oxidizing atmospheres (i.e., 
air). The changes are found upon both heating and cooling, indicating a chemi­
cal change other than physical changes such as changes in porosity morphology 
and microcracking. The effect of the chemical change is much more pronounced 
in the electrical conductivity than with either thermal expansion or diffusiv­
ity, as is shown in the figure. The thermal-expansion cooldown curve did not 
show the inflections found during heatup, but since the sample exhibited a 
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TABLE 3. Spectrochemical Analyses of FMAS(a) 

Starting Starting 
Element Powder Powder Electrode Electrode 

Ce 0.39 0.15 0.83 0.58 
La 0.47 1.7 18 47 
Ba 54 14 54 14 
Zr 30 30 13 30 
Y 23 11 23 23 
Sr 7.3 3.7 3.7 16 
Ga 15 13 13 8.7 
Zr 17 24 19 56 
Cu 28 84 28 56 
Ni 55 280 55 550 
Fe 
Mn 2000 210 62 310 
Cr 12 730 35 730 
Ti 5.5 12 7.3 7.3 
Ca 150 170 150 220 
K 6 6 3.4 3.4 
Cl 5.1 12 5.1 2.4 
S 24 10 8 8 
P 40 71 20 40 
Si 490 980 980 2100 
Al 
Mg 
Na 18 14 18 37 
F 54 2.5 13 450 

B 1.2 2.3 3.9 41 
L; 16 22 65 0.18 
V 1.1 8.5 4.3 5.7 
Co 7 14 2.3 25 
Mo 3.6 

(a) Determined by spark-source emmiss;ons spectroscopy 
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FIGURE 2. Microstructure of FMAS (Electrode No. 99) 

• 

permanent displacement, microcracking occurred. The microcracking effects 
dominated the effect of the phase changes and cannot be seen in the figure. 

The electrical conductivity of the FMAS measured at PNL and at NBS 
(Hosler, Armstrong and Frederikse 1976) is shown in Figure 4. The electrical 
conductivity of FMAS is not aff ec ted by changes in oxygen potential (i.e., par­
tial pressure ) over a range from 0.02 MPa to 0.61 Pa for a temperature range 
from 560 to 1700K (Hosler , Armstrong and Frederikse 1976 ). The property hys­
tereses at temperat ures between 1200K and 1400K probably resulted from the 
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FIGURE 3. Thermal Diffusivity of Sintered FMAS (Electrode No. 130) 

partial thermal decomposition of the spinel--specifically, the exsolution of 
iron. Examination of FMAS samples after thermal diffusivity measurements 
shows the original single-phase spinel to have partially altered, forming a 
high-aluminum phase depleted of iron and a high-iron phase rich in magnesium. 
Phase equilibrium data (Levin, Robbins and McMurdie 1964) show a two-phase 
equilibrium at temperatures of 1523K, 1673K and 1873K. The two equilibrium 
phases are MgA1 203 and MgFe204 (each containing small amounts of iron and alu­
minum, respectively). Decomposition is more extensive in the samples exposed 
to a reducing atmosphere like those in the thermal diffusivity apparatus (tank 
argon) than in the samples exposed to oxidizing atmospheres. The valence 
change of the iron in the reducing atmosphere may reduce its solubility in the 
spinel structure. The extent of dissolution was increased when a high-dc 
electric current was passed through the sample in electrochemical tests. 
Exsolution of iron and formation of low- and high-iron-containing phases have 
been observed in FMAS electrodes after MHO generator testing (Westinghouse 
1978). 

A sample of arc plasma-sprayed FMAS (APF Materials, Indianapolis, Indiana) 
was obtained for comparison with the sintered material. Plasma-spraying 
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FIGURE 4. Electrical Conductivity of Sintered FMAS 

offers the fabrication advantage of in-situ application of ceramics to the MHO 
channel. The arc plasma-sprayed material was not as well bonded and had ther­
mal properties that varied with changes in heat treatment. The thermal dif­
fusivity is shown in Figure 6. After two thermal cycles the properties were 
similar to that of a compact sintered to 97% theoretical density, indicating 
that the initially porous compact had densified. Ceramographic examination 
showed densification, but the microstructure was not equiaxed; instead, it 
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FIGURE 5. Thermal Expansion of Sintered FMAS (Electrode No. 130) 

showed a layered texture (plasma-spraying is a layered fabrication process) 
with the non-normal grain growth resulting in a wide distribution of grain 
sizes. 

The effects of density on thermal diffusivity can also be observed in 
Figure 6 by comparing the data for sintered compacts of 87% and 97% theoreti­
cal density. The sintered compacts had equiaxed grains with the decrease in 
density due to the size of the porosity along the grain boundaries and triple 
points (grain boundary intersections as seen on a polished surface). At the 
higher temperatures the effects of porosity is lessened, both because of the 
increase in density and because of the increased radiative heat transport. 
Consequently, the conductivity of the samples is nearly equal at temperatures 
above 1700K. 

ELECTROLYTES 

Potassium sulfate (K2S04) has a melting point of 1342K; potassium carbon­
ate (K2C03) has a melting point of 1174K. The K2C03 liquid is fluid above the 
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Sintered FMAS 

melting point, with viscosities ranging from 3.03 x 10-3 N.s/m2 at 1190K to 
1.66 x 10-3 N.s/m2 at 1250K (Janz et ale 1968). The molten K2S04 appears to 
be as fluid as K2C03. 

The coal slags do not have distinct melting temperatures. Being a sili­
cate, the slag melts (vitrifies) over a range of temperatures with a pseudo 
equilibrium existing at each temperature between the vitrified (glassy) and 
devitrified (solid) phases. Below 1200K the slags are mostly devitrified and 
above 1600K the slags are vitrified. The slags are viscous, with viscosities 
of between 4 and 100 Nos/m2 at 1873K (Capps and Kauffman 1978). 

Potassium carbonate forms hydration compounds when exposed to moisture at 
near-ambient temperatures. The hydration reactions are 
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K2C03 + CO2 + H20 + 2KHC03 
s g g ,Q, s 

The percent increases in volumes of the solid phases due to these reactions 
are 42.3 and 62.3, respectively (Romanov et ale 1973). The dehydration of 
these hydrates will occur at temperatures above 411K (Romanov et ale 1973). 

(1) 

(2) 

The electrical conductivities of the slags are lower than those of FMAS, 
as shown in Figure 7. Although not determined quantitatively, all of the 
slags exhibit significant ionic conductivity (Frederikse and Hosler 1973; 
Bates 1975; Simnad, Derge and George 1954), which probably decreases as the 
iron content increases. 

The electrical conductivity of molten potassium sulfate and carbonate is 
shown in Figure 7 (Janz et ale 1968). These potassium salts have a higher 
electrical conductivity than does the FMAS. The potassium salts conduct 
almost totally by ions (Latiner 1952, Delimarskii and Markov 1961). 
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RESULTS AND DISCUSSION 

A summary of the electrochemical tests done in both potassium salts and 
molten coal slag are listed in Table 4. Only those tests run under suffi­
ciently similar conditions to allow comparisons are recorded in the table. 
The platinum probe results are not listed in the table but are discussed 
separately in the text. The current densities for those samples not sur­
rounded by the alumina tubing are not listed in the table, but probably range 
between 0.6 A/cm2 and 1.3 A/cm2, depending on the area assumed to be 
included in the current transport. 

The molten salt and coal slag results will be presented separately in the 
following text. Details of SEM-EDX compositional analyses are provided in the 
Appendix. 

ELECTROCHEMICAL TESTING IN POTASSIUM SALTS 

The tests in molten K2S04 or K2C03 were often complicated at the cathodes 
when the molten salt wetted and coated the sample surfaces above the level of 
the molten electrolyte. This coating of the cathode undoubtedly occurred 
because the negative charge of the cathode attracted the electrically conduct­
ing potassium ions. This surface coating often reached the platinum wire leads 
and conducted an unknown portion of the cathode current. Therefore, quantita­
tive evaluations of current densities and co~rosion rates are impractical and 
these rates are not included in Table 4. Examination of the resulting micro­
structures using SEM-EDX shows that the corrosion is at least as extensive as 
that found in the MR-1 coal slag. The extensive interaction occurred even 
though the test temperatures were lower than they were for coal slag. 

Control 

FMAS tested without electrical current in K2C03 at 1373K showed no weight 
loss after 24 h. The K2C03 penetrated the sample along the grain boundaries 
and interacted with the grains. After another 72 h the sample had fully cor­
roded. Consequently, the corrosion rate is <0.005 g/cm2-h without electric 
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TABLE 4. Electrochemical Test Summary 

Electrol:tte Average Corrosion Rates Current 
mol% mol% Temp., Current, Time, Coul. mol/Coul. Densit2" 

~ Electrolyte ~2~ Fe2Q3- K A min. ~ (10-6) g/cm2-h A/cm 

C A C A C A 

20 K2C03 68 NA 1273 0.1 60 360 (a) ( a) 
22 K2C03 68 NA 1273 0.05 60 180 <0.6(c) <0.05( c) ( a) ( a) 
314 K2C03 68 NA 1273 0.0 1440 0 0.005(b,c) 

28 K2S04 54 NA 1423 0.1 60 360 0.6 0.05 (a) (a) 
315 K2S04 54 NA 1373 0.0 1440 0 0.005(b,c) 

21 MR-1 10 3 1723 0.1 64 368 1.4 1.2 0.09 0.02 ( a) ( a) 
42 MR-1 10 3 1723 0.05 30 90 1.7 1.8 0.06 0.07 (a) ( a) 

23 MR-1 10 3 1723 0.05 65 190 2.0 1.5 0.08 0.05 ( a) ( a) 

41 MR-1 10 3 1723 0.05 90 270 1.6 1.4 0.06 0.07 ( a) ( a) 

36 MR-1 10 3 1723 0.1 30 180 2.6 2.8 0.32 0.22 ( a) ( a) 

38 M~-l 10 3 1573 0.1 60 352 1.0 0.9 0.05 0.10 ( a) ( a) 

43 MR-1 10 3 1723 0.075 61 274 0.3 0.4 0.21 0.25 1.01 0.99 

44 MR-1 10 3 1723 0.15 42 378 0.5 1.1 0.63 1.34 2.00 1.99 

46 MR-1 10 3 1723 0.23 40 552 0.5 1.4 0.91 2.54 3.01 3.01 

26 MR 1 3 1723 0.1 39 234 2.6 1.9 0.36 0.19 ( a) 

318 MR 1 3 1723 0.0 420 0 0.03(b) 

27 MR-1 10( e) 3 1723 0.1 63 378 0.9 0.9 0.08 0.09 ( a) 

35 MR-1 10 0 1723 0.1 31 186 2.8 2.4 0.25 0.21 ( a) 

39 MR-1 10 10 1723 0.1 41 246 0.5 ( d) 0.05 (d) ( a) 

303 MR-1 10 3 1723 0.0 1440 0 0.007(b) 

33 I11-6-1 10 12 1723 0.1 40 240 0.4 0.6 0.09 0.07 ( a) 

308 I11-6-1 10 12 1273 0.0 1440 0 0.003(b) 0 

NA Not applicable. 
(a) For those not surrounded by A1203 tube, the current density was between 0.6 A/cm2 and 1.3 A/cm2• 
(b) Control--no current 
(c) Measurement limit 
( d) Anode lost 
(e) K2S04 seed. 

current, and is significantly less than those for FMAS tested with an electric 
current. The initial corrosion mechanism appears to be the result of reac­
tions along the grain boundaries. The boundaries are enlarged and the bonding 
between the grains weakens until they separate. The partially dissolved grain 
then sinks to the bottom of the crucible and further dissolves until test 
termination. 
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Large int ergran ular crack s appear to be another maj or pathway for potas­
sium penetration and interaction, resulting in larger po lycrystalline pieces 
of FMAS separati ng from the orig inal sample. 

The micros t r ucture of t he samp le af ter a 24-h an neal in potassium carbon­
ate at 1273K is shown in Figure 8. The detail ed compos i tional ana lysi s of the 
several fe at ures i dentified in t he fi gure is given in Table A.l i n the Appen­
dix. The i nterior matr ix gr ai ns appear unaffected by the potassium along the 
grain bou ndaries. The anal yses of the grain bou nd ari es (that probably incl ude 
some of the matrix ) show higher concentr ati on s of aluminum and potass ium t han 
were found i n t he matri x. The surf ace of t he sampl e conta ined a layer of 
react i on product ~25 ~m th i ck. The reacti on prod uct l ayer covers the entire 
sample surf ace--even the surf aces not submersed in the electrol yte. The re ac­
tion product cont ains mostly iron, but has some alumi num , pot assium and mag ­
nesium. The matri x next to t he re ac tion product shows no change i n composi­
t i on. The sampl e is being uniforml y corroded by t he electrolyte. The hi gh 
concentr ation of i ron on the surf ace and of al um inum along the gra in boundary 
may be due to 1) t he preferenti al mi grat ion of iron f rom t he grain boundari es 

GRAI N 
BOUNDARY 

b 

0.1 mm 

d 

c 

/ \ 
MAT RIX REACTION 

ZONE 

FI GURE 8. SEM Micrograph of FMAS Control Af t er Corr os ion Test in K2 C03 
at 1273K (Experiment 314) 
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and depos i t ion on the surf ace, or 2) a high solubility of aluminum i n the 
electrolyt e. The aluminum l eaves t he reaction product zone and dissol ves in 
the bulk electrolyte. The electrol yte was not anal yzed after the test for 
reaction products. 

FMAS suspended in K2S04 at 1373K have reaction seq uences s imil ar to those 
suspended i n t he K2C03, but the rate of reacti on as measured by geometr ical 
change in the sampl es is about the same as for K2C03. The extent of interac­
tion with the electrolyte as determined by SEM-EDX is greater than in K2C03• 
Part of the increase in the extent of reaction may be due to t he higher test 
temperature. 

The microstructure of the sample after a 24-h anneal in K2S04 at 1373K is 
shown in Figure 9. Detailed compositional ana lyses of the several features 

identified in the figure are given in Table A. 2. Potassium sulfate has pene­
trated along the boundaries through the sample even in the areas not submersed 
in the electrolyte. The sulfur is only found along the grain boundaries and 
is associated with potassium. Sulfur was not associated with the potassium 

that interacted with the sample. 

e 

d 

c 

a b 
0.03 mm 

FIGURE 9. SEM Micrograph of FMAS Control After Corrosion Test in K2 S04 
at 1423K (Experiment 315) 
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Potassium interacted with the sample. The matrix near the reaction zone 
(Item 2, Table A.2) contained more potassium than did the matrix in the K2C03 
test at the same distance from the reaction zone (Item 3, Table A.1). The 
higher temperature of the test will increase the diffusion of potassium into 
the matrix. The potassium along the grain boundary interacted with selected 
areas, partially leaching the iron and leaving a high-aluminum-containing com­
position (Feature d, Figure 9; Item 5, Table A.2). The iron appears to deposit 
on the surface, as shown in c of Figure 9. This iron-rich deposit is not uni­
form along the surface, as it was in the K2C03 test. A high-iron second phase 
(Feature b, Figure 9) found only in the FMAS at the exterior surfaces of the 
sample probably results from iron diffusion back into the sample from the iron­
containing deposits on the surface. 

Although too small to be analyzed by SEM-EDX, the needle-like precipitates 
at the surface (Feature f, Figure 9) may be an iron-enriched phase that is a 
precursor to the formation of the iron-rich second phase in the matrix. 

Cathodes 

The electrochemical corrosion was more severe on the cathode than on the 
anode. The penetration of potassium salts is also more severe along the 
cathode grain boundaries. On removal from either the K2S04 or K2C03, the FMAS 
cathodes were bloated--particularly near and above the melt level, as can be 
seen in Figure 10. The bloating was observed at the higher temperatures imme­
diately upon removal and before near-ambient temperature hydration of the 
potassium salts could occur. The bloating is caused by reactions of potassium 
salts along the grain boundaries. The electric potential and current transport 
in the electrolyte increases the concentration of cations (positive-charged 
potassium ions) near the cathode. The electric fields electrochemically 

increase the penetration of the molten salt along the grain boundaries. Since 
the electrical conductivity of the molten salt is greater than that of the 
cathode, the electric current will be primarily conducted by the molten salt 
and not by the portion of cathode submersed in the molten salt (Figure 10). 
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FIGUR E 10. Optical Macrograph of FMAS Cat hode After an Electrochemical 
Test in K2C03 at 1273K( Experiment 20) 

Consequently , the current dens i ty i n t he el ectrode was higher in the area 

immedi ate ly ab ove the l evel of t he elec tro lyte than in the sample submersed in 
the el ectro lyte . Therefore , t he penetrati on of and subsequent reaction with 

K2C03 is greatest in the cathode immed i at ely above the s l ag l evel. 

The potassi um salts migrate along t he gra in bou nd aries and probably react 

ini t ial ly with the calcium and sil icon impurities l ocated along the grain 
boundaries . After re acting wi th the impuri t i es at the grai n boundaries, the 

potassium salt reacts electrochemicall y with the cat hode grains . This reaction 
resu l ts i n the exsol ution of iron f rom t he grains, forming a composition along 

the grain boundary enr iched with iron. In side t he grai ns, an acicular-phase 
containi ng al uminium and potass i um forms. The other new phase in the grain 
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contains iron and magnes ium. The re sult of the re action was a loss of grain 
boundary integr i ty and t he consequent unbondi ng of t he grains and degradation 
of the samp le. 

The res ulting microst ruct ure from t he react i on of the cathode with K2S04 
at 1423K is shown i n Fi gure 11. Li ke the t ests i n K2C03, t he sample is curved 
due to addit i onal potassi um salt deposits on the side cl osest to the anode 

where the current is bei ng tr ansferred between t he el ectrode and el ectrolyte. 

One difference was observed bet ween t he cathode attacked by K2S04 and that 
subj ected to K2C03: the port i on of t he cathode immersed in molten K2S04 
was often covered wi t h a r eddi sh deposit, whereas no deposit was observed on 

MELT LEVEL 

0.2 mm 

2 mm 

FIGUR E 11. Optical Mi crograph of t he Cathode Af ter an Elec t rochemical Test 
in K2S04 at 1423K (Experiment 28) 
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the electrode immersed in K2C03. Although the mode of charge transfer (e.g., 
the transfer of electrons from the cathode to the potassium ion) is probably 
the same, the red deposit may be caused by the oxidation of iron metal result­
ing from the exsolution of iron in the FMAS. This metal oxidized when exposed 
to air. The solubility of iron is higher in molten K2C03; consequently, 
although formed at the surface, the iron dissolved and no red deposit formed. 

In general, electrochemical corrosion in molten K2S04 is more severe than 
in K2C03• However, direct comparisons of the extent of corrosion between the 
two potassium salts are difficult, because the tests of sulfates are conducted 
at temperatures between lOOK and 150K higher than the carbonate tests. In the 
vapor phase, K2C03 is more reactive than is K2S04, presumably because of the 
higher vapor pressure of the K2C03. Potassium vapor interactions are more 
severe on the cathodes than on the anodes, as is expected, since the potassium 
may concentrate in the vapor near the cathode because of the electric 
potenti al. 

On long-term experiments, potassium interactions with the platinum cur­
rent leadouts were also observed. These interactions were possibly the result 
of the electrochemical reduction of the potassium ion at the cathode-platinum 
interface (forming potassium metal) and of the diffusion and alloying of the 
potassium metal with the platinum. Potassium metal begins to attack platinum 
at 673K (Hansen and Anderko 1958). 

Two possible electrochemical reactions at the cathode result in the for­
mation of free iron metal. In the first reaction, iron from the iron-contain­
ing spinel is directly reduced: 

(3) 

Alternatively, since potassium ions are involved in the electrical transport 

in the electrolyte and in the charge transfer to the cathode, electrolysis of 
potassium ions to potassium metal can occur. The potassium metal (a strong 
reducing agent) then reduces the iron being exsoluted from the FMAS: 
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K+ - -+ K + e + 

or 

Anodes 

Bloating of the anodes did not occur during tests in either K2S04 (Fig­
ure 12) or K2C03 (Figure 13). However, the anodes below the melt level were 
white, compared to the originally black color. This whiteness extended into 
the sample to the same depth as the potassium and is associated with iron 
depletion. 

(4) 

(5) 

In contrast to the cathode in the sulfate tests, relatively little K2S04 
was found along the grain boundaries. The electrochemical reactions are with 
the grains. As shown in Figure 12, the surface exposed to the K2S04 melt had 
reacted to depths of from 0.1 to 0.3 mm. 

The several features in the micrograph in Figure 12 were analzyed using 
the SEM-EDX. The results of the quantitative analysis are listed in Table A.3. 
The compositions subsequently referred to are determined by the relative con­
centrations of the elements in the quantitative analysis and are rounded to 
whole integers of the analyzed cations and anions. 

The unreacted matrix even as close as 50 ~m from the reaction zone (Fig­
ure 12) has the same composition as does the bulk matrix. The reaction zone 
contains acicular grains of an Fe203oA1203 solid solution (1:1 ratio) contain­
ing some potassium and sulfur. Phase-equilibrium data for the Fe203oA1203 sys­
tem (Levin, Robbins and McMurdie 1969) show that at temperatures above 1591K, 
Fe203oA1203 (a 1:1 ratio) forms a single-phase solid solution in an air atmo­
sphere. In an aluminum-rich composition the single phase is in equilibrium 
with iron-rich A1 203. Below this temperature the phase equilibrium consists 
of two solid-solution phases: 1) Fe203 (hematite) with up to 15% A1 203, and 

2) A1 203 with up to 25% Fe203. This lower-temperature, two-phase equilibrium 
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FIGUR E 13. Opt i cal Micrograph of Anode Af ter an Electrochemical Test 
in K2C03 at 1273K (Exper iment 20) 

is not f ou nd in the reaction zone of the anode. In stead, an acicular phase of 
Fe203oA1203 solid solu tion (1 :1 rat i o) is found growing into the matrix. 
Between the acicu l ar phase t he ma t ri x is high in aluminum and low in iron. 
These two phases are simi l ar t o t he ph ase equilibrium above 1591K for an alu­
minum-ri ch composition. The magne sium i n the matrix complicates the compari­
son of t he phases in the anode to t hat predict able by the equilibrium-phase 
data for t he Fe203 oA1203 system. The elec trolyte in the reaction zone is K2S04 
t hat contains sma l l amounts of the matrix mat erial. In general, Fe and Mg are 
r emoved f rom the matrix , leaving a white-colored (visual examination) surface 
layer . Iron is not as soluble i n K2S04 as is Mg; consequently, an iron-rich 
deposit is found in the electro lyte . Magnesium probably forms soluble magne­
sium su lfat e and disperses into the el ectrol yt e. 
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The charge transfer at the anode in molten K2S04 is postulated to 
result from the reduction of the sulfate ions--generating sulfur-oxide and/or 
oxygen gas, e.g., 

(6) 

The stresses developed due to nucleation-cavitation of the gas can add to the 
anode loss as a result of mechanical erosion. 

#+ The electrons from the reaction in Equation 6 could reduce the Fe to 
# 

Fe • The sulfur-oxide gas can then react with the reduced iron ions, form-
ing iron-sulfur compounds; for example: 

(7) 

or 

(8) 

It is therefore possible that the iron is leached from the FMAS anode, forming 
iron sulfate or an iron-potassium compound found in the surface deposits above 
the electrolyte level. These surface deposits form a reddish brown-black (like 
hematite) crust (visual) that contained a lath-shaped phase of iron oxide with 
some aluminum. The phase boundary for maximum solubility of alumina in iron 
is around 9 at% (Levin, Robbins and McMurdie 1969), as found in this deposit. 

In contrast with K2S04, the potassium in molten K2C03 penetrates along 
the grain boundaries, attacking the grain boundaries and weakening the struc­
ture (Figure 13). 

In studies with platinum electrodes (Smirnov, Tsiovkina and Olienikova 
1966), four mechanisms of charge-transfer between the platinum and molten 
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K2C03 electrolyte have been proposed. The reactions are given in order of 
increased electric potential and consequent current density (Table 5). The 
current density and electric potential are only relative and will not neces­
sarily apply to the test configuration used for the FMAS test. The reactions 
identified for platinum electrodes may be similar to those for FMAS, since 
FMAS is an electronic conductor with little oxygen permeability. Some oxygen 
may be pulled from compounds in the lattice, thereby increasing the lower cur­
rent density reactions. For the FMAS, the electrochemical charge transfer 
reaction is probably 

(9) 

The product gas (especially CO or CO2) is less reactive than are the 
gases of sulfur and neither CO nor CO2 form new compounds with iron or mag­
nesium, leading to selective leaching from the sample. The iron is not leached 
from the grains. No acicular phase of A1 203oFe203 is found at the reaction 
zone as it was in the K2S04 tests. The material losses at the anodes are 
mostly at the reaction interface, where the stresses caused by gas nucleation­
cavitation or even gravity lead to the erosion and removal of the grains 
weakened by grain-boundary attack of the K2C03o The SEM-EDX does not detect 

TABLE 5. Mechanisms of Charge Transfer Between Potassium Carbonate and 
Platinum 

Current 
Density Electric 

Reacti on Range 2 A/cm2 Potential! V 

o + 2e - -+- O~~ It <10-3 <1.46 

CO 2- + 4e - -+- C 2- 10-3 to 10-2 1.48-1.88 3 s + 30melt 

CO 2- + 2e - -+- CO 2- 10-2 to 10-1 1.88 - 2.4 3 + 20melt 

+ -
K +e -+-K 0.4-1 >2.4 
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carbon; consequently, the chemical form of the potassium along the grain 
boundaries cannot be determined. 

ELECTROCHEMICAL TESTING IN COAL SLAGS 

Overa 11 

Evaluation of the electrochemical tests shows relationships between cor­
rosion rate and the experimental parameters of 1) time, 2) current density, 
3) temperature, 4) slag-iron content, and 5) slag-potassium content. The 
relationships are summarized below--followed by a review of possible slag 
reactions. Details concerning microstructural and chemical composition 
changes are then described for various test conditions. 

Effect of Time 

The corrosion at 1723K in MR-1 slag increased with time at constant cur­
rent density (1 A/cm2), as is shown in Figure 14. The percent of corrosion, 
when compared with the initial amount of material present, is shown as a func­
tion of time. The rate of corrosion, not shown in this figure but related to 
the corrosion percentage, was initially greater for the anode than for the 
cathode; however, as the time increased, the corrosion rate for the anode 
remained approximately constant, while that of the cathode increased, then 
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decreased. The decrease may be due to the buildup of reaction products at the 
cathode. At the anode the reaction products are generally swept away by the 
motion of the slag caused by gas bubble generation and migration. 

Effect of Current Density 

The corrosion rate in MR-1 slag at 1723K increased with current density, 
as shown in Figure 15; at 1 A/cm2 it was approximately the same for both 
electrodes. The corrosion rate of the anode increased much more rapidly than 
did that of the cathode as the current density increased to 3 A/cm2. How­
ever, part of the corrosion rate increase for the anodes may be affected by 
the corrosion of the A1 203 sleeve and the subsequent interaction of the sleeve 
and anode at current densities of between 2 and 3 A/cm2. 

Effect of Temperature 

The rate of corrosion increased with temperature (Figure 16), with a very 
rapid increase between 1723K and 1773K. The samples were tested in MR-1 coal 
slag with a current density of 1 A/cm2• Both the anode and cathode exhibit 
similar temperature effects. 

Effect of Slag/Iron Content 

The rate of corrosion decreased as the iron content of the slag (expressed 
as Fe203) increased (Figure 17). An addition of 10-mol% Fe203 decreased the 
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corrosion rate by a factor of 5 to 7. This decrease appeared to be indepen­
dent of other variations (except potassium seed) in slag composition since an 
Illinois No.6 and Montana Rosebud coal slag with similar iron concentrations 
corroded at about the same rate. The corrosion rate as a function of iron 
content for the anodes and cathodes was nearly the same, although the anode 
corrosion rate was generally lower. 

Effect of Slag/Potassium Content 

The corrosion rate of both anodes and cathodes decrease with the addition 
of potassium to the slag (Figure 18). The decrease in corrosion rates cannot 
be explained. The addition of up to lO-mo1% potassium, either as K2S04 or 
K2C03, resulted in a decrease. 

Sulfur was not detected in the slag seeded with K2S04. The sulfur was 
probably driven off on heating. This would explain the equal laboratory 
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corrosion rates for slag seeded with K2C03 or K2S04. The effect of the seed 
anion may be different in an MHO channel, for in a channel the anion overpres­
sure may be sufficient to keep the anions in solution in the coal slag. In 
the laboratory tests the sulfur overpressure is low, resulting in the evapora­
tion of sulfur compounds. 

The increased electrochemical corrosion appears to be complex, with dif­
ferent processes occurring at the anode and cathode. Increased corrosion of 
and differences between the cathode, anodes and controls caused by electro­
chemical effects are listed in Table 6 and can be seen in Figure 19. The iron 
metal (a), the bubbles (b), the Fe203-MgO phase (c), and the slag phases (d) 
are shown. Details concerning the chemical analysis of the phases will be 
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given later in the report as the several tests are described. Analysis of the 
test results have led to hypothesizing slag reactions that may be occurring. 

Based upon the results summarized in Figures 13 through 17, in Table 6, 
and from the characterization of electrodes and slag from a number of electro­
chemical tests, some possible reactions can be postulated. These reactions 
are discussed in the next section. 

Overall Reactions 

In the low-iron-containing slags, metallic iron is found at cathode/slag 
interfaces, along grain boundaries, and in pores. The iron is formed by 
reduction reactions at the interface. The quantity of metallic iron produced 
is related to the total amount of current transferred and to the rate of cur­
rent transfer. However, the amount of iron remaining at the end of the test 
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TABLE 6. Observations and Explanations of Features Found in the Cathode 
and Anode During Electrochemical Testing in Coal Slags 

Observati ons 

Iron metal detected 

Slag penetration 
of the grain 
boundaries 

Cathode 
Explanations 

- Reducing conditions 
- Low P02 

- Reaction with impurities 
- Enhanced by dc field 
- Possibly: 

- wetting affect 
- viscosity affect 
- greater chemical 

reactivity at the 
grain boundaries 

Fe-Mg phase - Precipitated on cooling 
Fe depletion of FMAS - Diffusion into the slag 

electrochemically 
increased 

Two slag phases 
high Ca, high K 

Bubbles 

- Cations migrate towards 
cathode 

- Reduction of iron oxide 
- Migration from a high 

P02 (anode) to low P02 

Observations 

No metal detected 

Less slag penetration 
of grain boundaries 
than cathode 

Anode 
Explanations 

- Oxidizing conditions 
- High P02 

- Cations repelled by 
anode, therefore 
less cation reaction 
with impurities 

No 2nd-phase formation - Different reactions 
No Fe depletion occurring at the 

anode vs cathode 

One slag phase: 
slight Ca depletion 
and no K depletion 
of the slag 

Bubbles 

- Mixing action from 
bubble generation 

- Oxidation - 02 gas 
generation 
Si04= .... Si02 + °2(9) 
+ 4e-

may be considerably less than that produced during the test, since the tests 
are run in air and reoxidation of the iron will occur--especially if long 
annealing periods are allowed between metal formation and quenching. The rate 
of reoxidation depends upon a variety of conditions including test geometry, 
distance between metal and slag/air interface, and the amount of movement of 
the slag. Consequently, other test conditions may not result in post-test 
metallic iron, even though iron was formed during the test. The same reduc­
tion reactions may occur with other elements, but the reoxidation may be so 
rapid that the metallic specie is not observed--as may be the case with potas­
sium or sodium. 

The source of the metallic iron appears to be both the FMAS and the slag. 
The relative amounts from each source depend upon such variables as 1) rela­
tive iron activity in the slag and FMAS, 2) relative electrical conductivity 
of slag and FMAS, 3) the degree of ionic and electronic conduction of the 
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slag, 4) the difference in the ionic and electronic conductivi ty of the slag 
compared to the cathode, and 5) potassium content of the slag . 
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In an electrochemical test in an iron-free slag, the metallic iron that 
formed came solely from the FMAS. In this test, iron was only found along the 
cathode grain boundaries, where iron had leached from the matrix. Possibly 
potassium concentrating at the cathode due to the current transport may have 
contributed to the leaching of the iron. Greater amounts of metallic iron 
were found in this test than in the tests with the iron-containing coal slags. 

The charge transfer from the cathode to the slag takes place electro­
chemically by the reduction of chemical specie(s) in the electrolyte. The 
electrochemical series does not exist for coal slags; the closest data is for 
single solid and molten oxides (H~ler 1965) and lead silicates (Didtschenko 
and Rochow 1954). Use of the aqueous electrochemical potentials (Latiner 
1952) represents a severe approximation. 

From the experimental results (i.e., the formation of metallic iron) a 
favorable reduction species is the Fe+3 or Fe+2 ion. The ions could be reduced 
directly by the equations 

F 3+ - F 2+ e + e = e (10) 

and 

Fe2+ + 2e = Fe • (11) 

The ions could also be reduced by reaction with another specie that was 
reduced and has a stronger electrochemical potential to oxidize. For instance, 
part of the electron transfer from the FMAS to the slag may be accomplished 
through the reduction of alkali ions--i.e., potassium or sodium ions. Reduc­
tion of potassium ion to potassium metal would result in a very strong reduc­
ing agent. The potassium metal could immediately reduce the iron ions, as 
shown in the reactions 

(12) 

and 
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(13 ) 

Consequently, reduced potassium is not found in the microstructure--only the 
reduced iron. Without further experimentation it is not possible to determine 
the mode of charge transfer between the slag and the cathode, nor to identify 
the actual reducti on reacti ons. 

In the electrochemical tests a fixed amount of current needs to be trans­
ferred between the cathode and slag. If sufficient Fe3+ ions exist at the 
interface, the charge transfer will mainly be by reduction of the iron ions. 
If insufficient Fe3+ exists, other reduction reactions must occur, as pro­
posed in Equations 12 and 13. 

The absence of iron metal in high-iron slags suggests that sufficient 
Fe3+ ions are available to handle the current transfer by Equation 10. Fur­
thermore, the slag conduction was more electronic. Consequently, the current 
transport in the slag is mostly by the electron transfer identified in Equa­
tion 10. The electronic conductivity of coal slags has been observed to 
increase as the iron content increases (Simnad, Oerge and George 1954; Yen 
1977). The higher the electronic transference, the fewer the cations pulled 
to the cathode. If potassium reduction is required to initiate Fe formation 
Equations 12 and 13), then less iron metal will form at the cathode, since 
less potassium will be reduced in the electronic conducting slag. 

A few bubbles were observed in the slag near the cathode and at the grain 
boundaries of the cathode. These bubbles are probably oxygen gas, possibly 
resulting from the reduction of iron compounds in the slag: 

Fe203 ::: 2FeO + 1/2 02(g) 

FeO ::: Fe + 1/2 02(g) 

(14) 

(15) 

The mechanism of corrosion at the cathode appears to be a combination of 
grain-boundary penetration by the slag and the electrochemical formation of 
the iron metal, iron-magnesium compounds, and gas bubbles. As the slag 
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penetrates the cathode and reacts with the surfaces of the grains, the 
strengths of the grain boundaries are reduced. The grain boundaries may also 
be widened by the increased volume required for some reaction products, making 
the grain boundaries more susceptible to further grain-boundary penetration 
and chemical reaction. Finally, the grain erodes easily away due to the 
weakened intergrain bonds and is incorporated into the slag. If slag pene­
tration of the grain boundaries within the cathode can be minimized (e.g., by 
removing reactive impurities, increasing the intergranular bonding, or by add­
ing material to those grain boundaries whose reaction products restrict further 
slag penetration), the life of the cathode in an MHD channel could be 
prolonged. 

Slag/Anode 

The anode was not depleted in iron, as was found in the cathode. Although 
slag had penetrated the anode along the grain boundaries, the anode remained 
single-phase. Increased amounts of iron found in the slag below the anode are 
presumably the result of solution of the anode. There was a lack of corrosion 
products at the anode surfaces because the reaction products were gases, were 
easily dissolved in the slag, or were moved by slag motion caused by the gen­
eration and migration of gas bubbles. The lack of corrosion products made it 
difficult to evaluate the corrosion process. 

Gas bubbles were often observed at the anode surfaces. During testing, 
gas bubbles would escape from the anode surface and boil out of the slag. The 
number of bubbles generated depended on the current density and the degree of 
ionic conductivity in the slag. These bubbles are believed to be oxygen gas 
generated by the charge transfer from the slag to the anode by 

(16) 

or 

(17) 
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The generation of oxygen created a region of high oxygen pressure around the 
anode. The source of the 0 in Equation 16 is probably Si04= (Simnad, Derge 
and George 1954), instead of C03= or S04=. The latter two anions probably 
vaporized as the slag was heated to 1723K. 

From Faraday·s Law (Latiner 1952), the amount of oxygen generated at the 
cathode is proportional to the quantity of ionic charge being transferred. 
The high-iron slags have a higher electronic transference than do the low-iron 
slags; consequently, more electric current can be passed electronically with­
out causing gas bubbles to form. The greater proportion of electronic conduc­
tion leads to less oxygen-gas generation, less erosion caused by bubble forma­
tion and migration, and subsequently a lower corrosion rate for the anode. 

Although the corrosion rates of the cathode and anode are approximately 
equal at low current densities (~1 A/cm2), the anode appears to retain its 
integrity better than does the cathode. At higher current densities (>1 AI 
cm2), the rate of generation of oxygen gas increases. This increased genera­
tion rate may cause the slag to uboil,u thereby increasing the mechanical ero­
sion and resulting in the increased anode corrosion rates at high temperatures. 

ELECTROCHEMICAL CORROSION 

The remainder of the report summarizes the microstructural analysis and 
the phase chemical analysis by SEM-EDX for several of the tests. Also included 
are comparisons between the tests. 

Electrochemical Corrosion in MR-1 at 1723K 

Experiment 21 represents the reference electrochemical corrosion test-­
i.e., MR-1 electrolyte at 1723K and an electrode current density of approxi­
mately 1 A/cm2. The control was run separately to eliminate the effects of 

the electric fields. The control results are discussed first, followed by 
those obtained from the cathode and anode. 
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Control 

The control was partially submerged in the electrolyte for 24 h. The 
polished cross section in Figure 20 shows the generally uniform corrosion­
erosion of the sample as evidenced by the reduced cross section. From Table 4, 
the corrosion rate is about an order of magnitude lower than either the anode 
or cathode. The SEM-EDX analysis of several features in the figure is given 
in Table A.4 of the Appendix. Overall, both the FMAS and the slag remain 
single-phase. The reference area (approximately 1.7 cm above the electrolyte 
level) did not have slag components along the grain boundary. No reaction 
zone was observed on the control surface above the obvious reaction zone that 
lies immediately above the slag level. No iron depletion of the electrode 
surface in the reaction-free area was measured due to exposure to air at 1723K 
for 24 h. 

Included in Figure 20 is a micrograph of the polished area in the reac­
tion zone. The slag next to the reaction zone has not changed from the bulk 
slag. The FMAS material that dissolved into the slag is removed from the 
interface both by chemical diffusion and by the bulk migration resulting from 
slag convection currents. 

Although slag penetration is found along the grain boundaries near the 
immediate interface, the corrosion reaction appears to be at the grain/slag 
interface. The interface consists of rough, angular protrusions; these pro­
trusions indicate varied reaction rates along differing crystallographic orien­
tations. The composition of the FMAS at the interface shows a leaching of the 
iron and a small amount of silicon and calcium incorporation. The effect of 
the diffusion of iron can be seen further into the grain (~130 ~m) by the 
small depletion of iron. Silicon and calcium impurities have also diffused 
into the FMAS to this distance. At a distance of ~520 ~m from the reaction 
zone no iron depletion (and hence no diffusion) has occurred. Some calcium 
and potassium impurity has migrated into the FMAS in this area. 

Cathode/Slag 

The post-test microstructure of cathode and anode (Figure 21) show several 
phases in the cathode that are not in the anode. The slag at the cathode is 
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multiphase, as compared to the single-phase slag at the anode and in the bulk 
slag away from either the anode or cathode. The SEM-EDX chemical composition 
of various features of Figure 21 is given in Table A.5. 

The degree of accuracy obtained with the SEM-EDX quantitative analysis is 
illustrated by comparing the composition of the slag calculated by using the 
initial mixing of components (Item 1, Table A.5) to the SEM-EDX analysis (Item 
2). 

The slag composition at the cathode-slag interface had altered because of 
the migration of the doubly charged magnesium and calcium cations. The con­
centration of calcium and magnesium was 84% and 81%, respectively, greater 
than the respective concentrations in the bulk. (Increase in concentration 
cannot be fully determined from Table A.5, since the table is expressed in 
atom% and not absolute amounts of each atomic specie). Both of these ions, 
being doubly charged, migrated more slowly than did the singly charged potas­
sium and were consequently not as likely to redistribute as rapidly during 
cooldown after the electric fields are removed. The potassium decrease may be 
due to vaporization. The iron-oxide content in the area of the slag had 
decreased, but the decrease appeared to be the result of metallic iron pre­
cipitate formations not included in the area analysis. The overall iron con­
tent of the slag, including precipitates, probably increased slightly. 

The small amounts of magnesium and aluminum in the metallic iron found in 
the slag near the cathode/slag interface and along grain boundaries where slag 
is analytically insignificant (Items 9 and 10, Table A.5). In contrast to the 
particles along grain boundaries, the metallic particles in the slag were par­
tially oxidized. As expected. the metallic iron is only found in the slag 
where current is being transferred between cathode and slag. Of course, this 
transfer will occur at grain boundaries filled with slag. Consequently, any 
degrading reactions occurring via current transfer will only be increased by 
slag penetration along grain boundaries. 

The slag along the grain boundaries was also multiphase, as was the slag 
near the slag interface. The multiphases are due to excess concentration of 
cation species. A granular oxide phase was found intermixed in the cathode in 
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t hat portion of the sample immersed in t he electro lyte and involved in current 
transport. The second phase was always f ound in areas of s l ag/ electrode 
i nterfaces-- i .e., at grain boundaries and amid porosity. This oxide phase 
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(Item 11, Table A.S) is probably FeO-MgO solid solution. The reduced oxide 
state is assumed, since the oxygen content determined by differences in the 
SEM-EDX analysis is lower in this phase than the oxygen content in the FMAS 
matrix. Equilibrium phase relations show that FeO-MgO form a complete solid 
solution (commonly called magnesiowustite). If the iron is in the oxidized 
state (Fe203) as expected in an air environment, the equilibrium phase rela­
tionship is a two-phase mixture of magnesiowustite and magnesioferrite 
(MgO·Fe203). This two-phase equilibrium was not observed. 

The matrix grains next to the magnesiowustite second phase are partially 
depleted in iron and magnesium. The slag (along grain boundaries and pores) 
adjacent to the metal precipitate and the magnesiowustite has an iron content 
similar to that of the untested slag. Therefore, the iron in both the metal­
lic and magnesiowustite phase appears to come mainly from the spinel and not 
from the slags, even though these phases appear to be growing in the slag. 
Part of the electrochemical degradation of the electrode seems to include dis­
solution of magnesium and iron from the FMAS, leaving the more resistant A1 203• 
Perhaps the reduced iron in the spinel does not have as high a solubility and 
is exsoluted from the matrix. The iron then reacts with the reduced cations 
formed from current transport and further reduces to the metallic state. Some 
of the exsoluted FeO may also react with the spinel matrix, forming the mag­
nesiowustite. The resulting high-alumina-containing grain may further degrade 
because of its higher electrical resistivity (joule heating). The high resis­
tivity may also force more current to channel along grain boundaries than 
through the grains. 

As expected, the aluminum, potassium and magnesium concentrations in the 
grain boundary slag are higher. These slag components are driven into the 
cathode via elecric fields. The effect of the elecric field is greatest on 
potassium and magnesium, for they are more mobile and consequently will con­
tribute more to the conductivity than will silicon or even aluminum. There­
fore, potassium and magnesium are expected to be found concentrated in the 
grain-boundary slag. The effect of the additional cation concentration on 
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the wetting behavior or viscosity is unknown, although additional cations prob­
ably should decrease the viscosity by breaking up the larger Si-O bonding 
chains in,the slag. 

Anode/Slag 

The slag at the anode/slag interface (Item 4, Table A.5), unlike that at 
the cathode/slag interface, is single-phase. The concentration of calcium had 
decreased by 34 wt%, with the magnesium and potassium concentration remaining 
nearly constant. However, the compositional analysis of the slag at the 
interface may be misleading, due to the continual agitation and motion of the 
slag along the electrode/slag interface caused by the formation and migration 
of gas bubbles. The motion and agitation will lead to mixing with the bulk 
slag. Also, potassium diffuses rapidly in the slag and may have re-equili­
brated during cool down after the electric current was eliminated. The slag 
found in internal pores may better reflect the slag composition at the slag/ 
anode interface, for this slag was at the immediate interface during current 
transport prior to migrating into the pores. The slag composition inside the 
pores (Item 5; Table A.5) exhibited the following decreases over the bulk slag 
composition: 69 wt% magnesium, 43 wt% potassium, and 23 wt% calcium. The 
iron content has not changed. 

The anode composition near the slag interface is single-phase and is simi­
lar to the composition before testing (compare Item 7 to Item 6, Table A.5). 
The anode surface appears to be corroding/eroding uniformly, with only minor 
penetration of slag along grain boundaries. The corrosion/erosion mechanisms 
may be due to arcing between slag and electrode and to erosion caused by bub­
ble formation and migration during current transport. 

Electrochemical Corrosion in 111-6-1 at 1723K 

Experiment 33 is representative of tests in 111-6-1 coal slag. The elec­
trochemical corrosion rate in this slag was less than in MR-1. This coal slag 
has a higher iron content and lower calcium content than does MR-l. The inside 
surfaces of the alumina crucibles above the bulk level are wetted by the 
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· Ill-6-1 slag. This extensive wetting is not found in MR-l slag. On coo1down 
the slag always appeared polyphase, with crystalline phases nucleating and 
growing throughout the slag. The control was run separately to eliminate the 
effects of the electric field. The control results will be reviewed first, 
then the cathode and anode data will be discussed. 

Control 

The control was partially submerged in the electrolyte for 24 h. The con­
trol corroded uniformly in the slag. The slag also penetrated along the grain 
boundaries. This penetration is more extensive than in the control sample 
tested in MR-1 slag. The microstructure of the control-slag interface and 
inside the control is shown in Figure 22. The SEM-EDX analysis of the several 
features in Figures 22 is given in Table A.6 of the Appendix. 

The slag along the grain boundaries has reacted with the grains, as is 
evidenced by the widened grain boundaries. The slag is enriched in magnesium 
and partially depleted in both iron and potassium as compared to the composi­
tion of the bulk slag away from the control samples. The potassium and iron 
are probably migrating into the grains. The small amount of material migrat­
ing into the matrix from the grain boundary is probably less than can be 
detected in the matrix by the SEM-EDX analysis. The matrix next to the grain 
boundary does not show an increase in either the iron or potassium content. 

The extent of iron depletion in the slag is determined by the time the 
slag is at the grain boundaries. The slag found at grain boundaries ~1.2 mm 
from the slag-control interface contains ~10 atom% iron compound to slag 
0.5 mm for the interface, which contains 3 atom% iron. 

At the slag-control interface, both the slag and the matrix are altered. 
The slag is devoid of second phase and is partially depleted of iron. The 
second phase is an iron-rich precipitate. The low iron content may be close 
to the equilibrium concentration between the slag and the control. The con­
trol matrix next to the slag is enriched in iron and contains small amounts of 
silicon, calcium, and potassium. The grains at the interface are separating 
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f rom t he control due to grain-boundary i nt eract ions. Al so, the grains are 
being uniformly corroded, as is s hown by the corrosion region on t he surface 
of t he gra ins . 

Si nce external electric fiel ds are no t present during the control test, 
the migr ation of cations and the reduct ion of cat ions at t he el ectrode-slag 
int erf aces are not observed. The control remai ned si ngle-phase during the 
corrosion. The change in composi t ion of t he sl ag i s due to diff usion of 
species i nto the matrix and the dissol ut i on of the matrix into the slag. 

Cathode/Sl ag 

The post-test cathode and anode mi crostructures are shown in Fi gure 23. 
The SEM-EDX-determined chemical comp osi t ions f or the several fe atures of the 

. f igure are in Table A.7 . 

The slag at the cathode/s l ag interface was two-phase, wi t h dendritic 
crystalline growth surrounded by the glassy matrix . The growth occurred 
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during cooldown. The glassy slag matrix (Item 4, Table A.7) was slightly 
higher in silicon, aluminum and calcium and lower in potassium and iron con­
centrations than was the overall slag. The slag immediately inside the cathode 
at an area where grains are separated from the cathode had a decrease only in 
iron. The dendritic crystalline oxide phase in the slag was iron-rich, con­
taining additional magnesium (Item 5, Table A.7). Since the phase is small, 
the SEM-EDX analysis may also contain components of the surrounding slag 
matrix, resulting in the high values of aluminum, silicon, etc. 

The cathode grains at the slag/cathode interface (Item 12, Table A.7) 
were slightly depleted in magnesium and iron, resulting in an increase in the 
aluminum content. It appears that the magnesium and iron had been dissolved 
by the sl ago 

The interior of the cathode was multiphase, but did not contain the metal­
lic iron found in the cathode tested in MR-l slag. The four phases are I} the 
matrix (Item 14, Table A.7) slightly depleted of iron, 2) a granular phase 
thought to be an FeO-MgO (magnesiowustite) solid solution (Item 15, Table A.7), 
3} a granular phase (probably a spinel [Item 16, Table A.7]), and 4} a magne­
sium-iran-silicate phase (Item 17, Table A.7). 

Slag is found along the grain boundaries and has partially reacted with 
the matrix. The magnesiowustite and the magnesium-iron-silicate are found in 
the slag along the grain boundaries. 

Examination of the phase equilibria data (Levin and McMurdie 1975) for 
the three-component system FeO-MgO-Si02 shows that at 1473K (a reasonable 
temperature for I1 so lidification l1 of the silicates) two phases are in equili­
brium: I} olivine [2(Mg,Fe)O·Si02], and 2)magnesiowustite [(Mg,Fe)OJ. The 
compositions shown by the tie lines at 1473K are very close to the two phases 
described in Items 15 and 17 of Table A.7. Silica from the slag is reacting 
with the cathode matrix to form these two equilibrium compositions. 

Neither potassium nor calcium are found incorporated into the matrix of 
the two compounds or in any of the multiphase grains. These two elements do 
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not appear to be part of the silica reaction process. Calcium remains in the 
grain boundary, resulting in concentrations greater than those in the bulk 
slag. 

Perhaps the small amount of slag penetration along the grain boundary is 
due to the lower amounts of cations in the slag than were found in MR-l. 
Another parameter that may influence grain-boundary penetration is the degree 
of ionic conductivity which is lower in the Ill-6-1 slag than the MR-l slag. 
The highly ionic slags require ionic movement for the conduction of current. 
Therefore, as current is being conducted along grain boundaries, ions are con­
tinually being forced to move in the direction of current flow. Of course, 
the amount of current being transported by each component is dependent upon 
the volume and the relative electrical conductivity of that component (slag, 
matrix, grain-boundary region). 

Anode/Slag 

The slag near the anode/slag interface of Figure 23 was two-phase. The 
dendritic phase was differently shaped (more feather-like) than was the den­
dritic shape found in the bulk slag. This anode dendritic growth (Item 7, 
Table A.7) was higher in iron and lower in aluminum, silicon and potassium 
than was the phase at the cathode. The slag matrix between the dendrites was 
depleted of iron, but contained additional silicon and aluminum. Fewer den­
dritic growths are found at the immediate anode/slag interface because of the 
lower iron content of the slag. 

To evaluate the effect of slag circulation caused by bubble formation and 
migration, the slag at the exterior of the anode was c~mpared to that which 
migrated into the anode through the open porosity. In a pore inside the anode 
the slag is single-phase and shows iron depletion (Item 8, Table A.7). The 
resulting concentration is close to that found in the control in the slag at 
the immediate control-slag interface and along grain boundaries. The feathery 
iron-rich precipitates are not found. The composition of the slag in the 
porosity is probably closer to the slag at the anode/slag interface than that 
measured at the interface. The movement of slag due to the bubble formation 
did affect the exterior slag composition. 
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Iron is diffusing from the slag into the anode matrix grains. The grains 
next to the slag are enriched in iron (Item 10, Table A.7). The additional 
iron in the matrix is only found to a depth of 100 ~m. 

COMPARISON OF CORROSION BETWEEN MR-1 AND 111-6-1 

The corrosion rates are significantly less in 111-6-1 than in MR-1. Part 
of the reduced corrosion rate is attributed to the decrease in the slag pene­
tration along grain boundaries. In 111-6-1 slag the corrosion was more uni­
form, with less weakening of grain boundaries resulting in the removal of 
grains from the matrix. Iron is leached from the cathode in MR-1 slag but not 
in 111-6-1 slag. The leaching of iron resulted in an area of lower electrical 
conductivity and consequently higher electric potential difference--a differ­
ence that may lead to increased electrochemical breakdown of the surface 
layers. The migration of other cations is greater in MR-1 slag, resulting in 
a cation-rich slag at the cathodes. The super-saturation of cations at the 
cation interface resulted in a two-phase MR-1 slag. The slag in 111-6-1 is 
also two-phase as a result of the super-saturation of iron. 

The cathode in 111-6-1 contains four phases with two FeO-MgO-Si02 com­
positions that appear to be tie-line compositions on an equilibrium diagram. 
The other two phases are iron-rich and iron spinel (slightly depleted). The 
excess iron perhaps helped in the formation of their compositions. In MR-1 
these compositions do not exist; the two-phase areas consist of MgO-FeO solid 
solution and a somewhat depleted matrix. 

The anode in both slags remained single-phase. The 111-6-1 anode con­
tained additional iron in the matrix at the slag interface, whereas the MR-1 
anode was partially leached of iron. 

ELECTROCHEMICAL CORROSION IN MR-1 + Fe2Q3 (MR-1-Fe) AT 1723K 

The electrochemical corrosion rates were less in high-iron slags like 
111-6-1 and the slag in this test (which consists of MR-1 with enough Fe203 
added to make the concentration equivalent to Fe203 content of 111-6-1) than 
in MR-1 slags. The additional iron increased the iron activity and electronic 
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conductivity of the slag, requiring both less cation migration for a given 
quantity of current transfer and fewer oxidation-reduction reactions with 
species other than the Fe3+_Fe2+ ions. The SEM microstructure of both the 
anode and cathode is shown in Figure 24, and the SEM-EDX analysis of several 
features in the micrograph ~egiven in Table A.B. More iron reacted with the 
A1 203 crucible in this test than in the normal MR-l slag. 

Cathode/Slag 

The slag near the cathode was changed in composition from that of the 
bulk composition and contained oxide dendritic growths. These growths were 
not found in the slag near the anode. The composition of the dendrite (Item 4, 
Table A.B) was similar to the overall slag at the cathode, except for increased 
magnesium (+74%) and aluminum (+25%). Since the dendrites are small, the elec­
tron beam may have penetrated through to the surrounding slag matrix, and the 
analysis may include elements of the surrounding matrix. The slag around the 
denritic growths has a 34% decrease in magnesium and a 64% decrease in iron. 
This two-phase slag showed an overall net decrease in iron. No metallic iron 
precipitates were found in the slag. 

The slag penetrated into the cathode along the grain boundaries. The 
grain boundary enlargement and attack was not as severe in this slag as with 
MR-l. The major degradation reaction appears to be grain-boundary attack, 
with resulting loss of individual grains. The slag in the grain boundaries 
may be multiphase, but could not be determined with the SEM. In the slag at 
the grain boundary (Item 14, Table A.B), the magnesium, calcium and iron con­
centrations were higher than in the bulk slag, while the aluminum, silicon and 
potassium concentrations were lower. Part of the decrease in the silica along 
the grain boundaries is due to silicon migration into the grains. The cathode 
adjacent to the slag/cathode interface contained some silica, 21% more iron 
and 17% less aluminum than did the original electrode (Item 12, Table A.B). 
Immediately below this surface reaction zone (~6 ~m), the cathode matrix was 
iron-depleted by 25% and aluminum-enriched by 2B% (Item 13, Table A.8). As in 
MR-l, the granular second phase (Item 15, Table A.8) was an iron-magnesium 
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compound (probably magnesiowustite MgO-FeO solid solution). The matrix in the 
multiphase area condensed 20% less in iron and 20% less in aluminum (Item 16, 
Table A.S) than did the initial spinel. The decrease in iron was not as great 
as was found in MR-1. 

Anode/Slag 

Unlike the cathode, the slag near the anode was single-phase. However, 
the slag (Item 6, Table A.S) contained 4S% less magnesium, 33% less calcium, 
29% less iron, and 22% more aluminum than did the bulk slag. The decrease in 
iron was not due to iron migration into the anode. Slag that had penetrated 
along some of the anode grain boundaries and open porosity (Item 7, Table A.S) 
was different from the slag at the surface, with even larger decreases in the 
iron and magnesium contents, and also had decreases in potassium and calcium. 

The anode is single-phase with the composition at the anode-slag interface 
unchanged from that in the bulk. The anodes, like those tested in MR-1, were 
uniformly corroded/eroded at the surface and not degraded by grain-boundary 
corrosion. However, the corrosion/erosion was less at this anode than for the 
MR-1 anode. Less bubble formation is expected in this slag than in MR-1 due 
to the higher electronic conduction. 

COMPARISON OF TESTS IN MR SLAG WITH AND WITHOUT ADDITIONAL IRON 

The electrochemical corrosion rates of FMAS in molten coal slag were 5 to 
7 times lower when 10% iron was added to the slag. In 111-6 slag with an iron 
content similar to MR-1-Fe, the corrosion rates are similar. The additional 
iron in the slag increased the amount of current transported electronically, 
therefore decreasing the number of ions transported by the passage of current. 
Consequently, the increased cation concentration at the cathode and cation 
depletion at the anode is less in the slag in MR-1 without additional iron. 

The increase in electrical conductivity caused by the addition of iron 
also decreases the electric potential drop through the slag required to main­
tain a constant electric current, hence decreasing the probability of 
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electrolysis, and may consequently reduce the amount of metal formation. The 
increased iron activity at the slag/electrode interfaces reduced the exsolution 
of iron from the electrode and increased the iron content of the cathode. 

For comparison, Table 7 summarizes several features on the anodes, 
cathodes and slag for tests conducted in MR-1 and MR-1-Fe. No major differ­
ences were found at the anodes. The slag at the anodes remain single-phase, 
with depletion in some cations. Iron depletion was greatest in the MR-1-Fe 
slag. At the cathode, no metallic iron phase was found in high-iron MR-1-Fe 
slag, and less of the FeO-MgO phase had formed. Iron enrichment occurred in 
the MR-1-Fe slag, whereas in the MR-1 slag, iron was leached from the cathode. 
The potassium content of the MR-1-Fe slag was less along the grain boundaries 
than in the bulk. This potassium may have been a factor in the formation of 
metallic iron and part of the degradation mechanism. The potassium also may 
be a reactive specie for other electrochemical interactions. Therefore, the 
decrease in potassium reduced some electrochemical interactions and may be the 
reason for the lower corrosion rates in the high-potassium slags. 

COMPARISON OF TESTS BETWEEN MR-1-Fe AND 111-6-1 

The electrochemical corrosion results of FMAS in MR-1-Fe and 111-6-1 show 
some similarity. A comparison of several test features in the two slags are 
presented in Table 8. Even though the iron content is the same, the iron 
activities are not, as is evidenced by 1) the diffusion of iron into the anode 
matrix in 111-6-1 and not in MR-1-Fe, 2) the extra iron-containing phases in 
the 111-6-1 cathode, and 3) the higher iron content of the 111-6-1 slag den­
drites. Slag penetration in the cathode and anode in 111-6-1 slag is less 
than in MR-1-Fe, which may be partially due to a decrease in the calcium con­
tent that would increase viscosity. The chemical properties of iron is dif­
ferent in the two slags. In the MR-1-Fe slag, iron diffused into the cathode. 
In 111-6-1, the iron remained in the slag and partially precipitated into a 
dendritic phase. At the anodes, iron diffused into the anode in 111-6-1 and 
not in MR-1-Fe. More iron migrated toward the cathode in the MR-1-Fe tests 
than in the 111-6-1 tests. 
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TABLE 7. Comparison Summary Between Tests in MR-1 and MR-1-Fe 

Cathode Slag. MR-1 

1. Metallic Fe phase 

2. Two-phase slag 
Ca concentration increased 

3. Green-yellow precipitate 

Anode Slag, MR-1 

1. Single-phase 

2. Composition decrease in Ca, K 
and Mg 

Sl ag 

Cathode 
MR-1 

1. Fe leaching at slag/cathode 
i nterf ace 

2. Interior region polyphase: 
Fe meta 11 ic 
MgO-FeO solid solution 
Matrix decrease in Fe 

3. Slag penetration along grain 
boundary--wide grain boundaries, 
polyphase slag 
Increase in Mg, Al and K 

MR-1 

1. No Fe leaching at anode/slag 
interface 

2. Si ngl e-pha5e 
3. Little grain-boundary penetra­

ti on of 51 ag 

Anode 
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Cathode Slag, MR-1-Fe 

1. No metallic phase 

2. Two-phase slag 
Glassy matrix decrease in Fe and 
Mg 
Dendrites increase in Mg and Al 

Anode Slag, MR-1-Fe 

1. Single-phase 

2. Composition decrease in Fe, Ca, 
Mg and K 

MR-I-Fe 

1. Fe enrichment at immediate slag/ 
cathode interface 

2. Interior region polyphase: 
No metallic Fe 
MgO-FeO solid solution 
Matrix decrease in Fe (less 

(than that in MR-1) 

3. Slag penetration along grain 
boundary single-phase slag (not 
as much grain boundary attack as 
in MR-1) 
Increased Mg, Ca and Fe 

MR-I-Fe 

1. No Fe leaching at anode/slag 
interface 

2. Single-phase 
3. Little grain-boundary penetra­

ti on of slag 



TABLE 8. Comparison Summary Between Tests in MR-1-Fe and 111-6-1 

Cathode Slag. MR-1-Fe 

1. No metallic Fe phase 

2. Two-phase slag (dendrites in 
matri x): 

glassy matrix decrease in Mg 
and Fe 

Sl ag 

dendrites increased in Mg and Al 

Anode slag, MR-1-Fe 

1. Single-phase decrease in Mg, Ca, 
K and Fe 

Cathode 
MR-1-Fe 

1. Fe enrichment at immediate slag/ 
cathode interface 

2. Interior polyphase: 
matrix decrease in Fe 
MgO-FeO solid solution 

(magnesiowustite) 

3. Slag penetration along grain 
boundary, increase in Mg, Ca and 
Fe 

Anode 
MR-1-Fe 

1. No Fe leaching at anode/slag 
interface 

2. Single-phase 

3. Little grain-boundary penetration 
of sl ag 
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Cathode Slag, 111-6 

1. No metallic Fe phase 

2. Two-phase slag (dendrites in 
matrix): 

matrix decrease in K and Fe 
dendrites increased in Fe and 
Mg (contains more Fe than do 
dendrites in MR-I-Fe) 

Anode Slag. 111-6 

1. Single-phase, slightly depleted 
in Fe 

2. Slag penetrated along grain 
boundary more than in MR-1-Fe 

111-6 

1. Fe and Mg depletion at immediate 
slag/cathode interface 

2. Interior polyphase: 
matrix decrease in Fe 
MgO-FeO (magnesiowustite) 
Spinel rich in Fe 
2(MgO Fe)0·Si02 (Olivine) 

3. Slag penetration along grain 
boundary (less than in MR-1-Fe) 

111-6 

1. Fe enrichment at anode/slag 
interface 

2. Single-phase 
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ELECTROCHEMICAL CORROSION IN MR-1 AT 1573K 

The electrochemical testing in MR-1 slag at 1573K poses several problems: 
1) the viscosity of the slag is high, 2) the electrical conductivity is low, 
and 3) precipitation of additional phases is increased because of the decreased 
solubility of the slag. For initial homogenization the slag was first held at 
1723K for several hours before the test specimen was inserted and cooled to the 
test temperature of 1573K. After testing, small precipitates were uniformly 
distributed through the slag except at the immediate location of the anode and 
cathode. Larger brown precipitates were found to be distributed non-uniformly 
on the surface of the slag. The greatest concentration of the precipitate was 
near the cathode. Also, immediately around the cathode to a distance of ~2 mm 
was green-yellow precipitate. Evidence of bubbles was detected around the 
anode. The SEM microstructures of the anode and cathode are shown in Fig-
ure 25. The SEM-EDX compositional analysis is given in Table A.9. 

Cathode/Slag 

The slag near the cathode had been significantly altered. Instead of a 
slag with small second-phase precipitates, as was found in the bulk slag, the 
slag consisted of two polyphase regions, as shown in Figure 25. The first 
polyphase region extended ~O.23 mm from the cathode. The second polyphase 
region extended ~O.4 mm out from the first region and consisted of large pre­
cipitate grewth in the glass matrix. The crystallite growth (Item 6, 
Table A.9)--the same composition as the growth found near the anode (Item 5, 
Table A.9}--has a composition close to that of K20-A1 20302Si02. The 
slag matrix surrounding the precipitation is depleted of aluminum and potassium 
and has increased concentrations of SOdium, magnesium, calcium and iron when 
compared to the overall slag composition. The large amount of high-potassium 
second phase indicates potassium concentration near the cathode. 

The first polyphase region is the reaction product zone between the slag 
and the cathode and it contains three phases. The first is metallic iron 
(Item 8, Table A.9). The metal in this reaction zone contains less magnesium 
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than do the metallic deposits inside the sample (Item 12, Table A.9). The 
second phase is granular and is intermixed with the third phase. Both phases 
are found in areas like feature f in Figure 25. This second phase (Item 9, 
Table A.9) contains magnesium, silicon and calcium with atomic ratios close to 
that of merwinite [Ca3Mg(Si04)2] (melting point ~1623K). The third phase is 
the potassium-aluminum silicate (K20-A1 203-2Si02) found in the slag in the 
second polyphase area in the cathode slag. 

Two phases are found in the cathode near the reaction interface. The 
first phase is the FMAS matrix depleted of iron. The second phase is the 
metallic iron deposit containing magnesium (Item 12, Table A.9). The matrix 
phase surrounds each of the isolated grains of metal; consequently, current 
must pass through the more resistive matrix (due to the iron depletion) as it 
passes between metal grains. Localized heating may occur, which could have 
increased the local temperature and the reaction rates. 

Farther into the sample, in the area above the electrode/slag interface, 
calcium and potassium are found along the grain boundary. The potassium 
interacted with the cathode, resulting in the formation of two potassium­
aluminates that have precipitated at the grain boundaries (Items 14, 15 in 
Table A.9). One of the potassium-alumina compounds has a composition ratio 
(Item 15, Table A.9) close to that found for S-aluminas. 

Anode/Slag 

The slag near the anode interface is mostly single-phase. The small pre­
cipitates found in the bulk slag are not found within a distance of 1 mm from 
the anode. The large crystalline second phase found in abundance at the 
cathode interface is found in much smaller concentrations at the anode, and 
most of these are located at least 0.5 mm from the anode, with the notable 
exception of the feature shown in Figure 25. The slag composition near the 
anode has not changed from the bulk except for the isolated large crystalline 
second-phase growth. The lack of the small precipitates and the second-phase 
growths indicate a depletion in cations. The large second-phase precipitates 
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located at a distance from the anode could give an indication of the beginning 
of the cation-enriched regions due to cation repulsion caused by the electric 
fields at the anode. 

The anode is generally single-phase, with little penetration of slag along 
the grain boundaries. In some locations, though, greater amounts of slag pene­
tration and interaction are found. The slag composition (Item 17, Table A.9) 
is high in magnesium and aluminum and low in iron, potassium and calcium. The 
accuracy of the analysis is questionable because of the size of the second­
phase deposits and the possibility of the SEM-EDX electron beam penetration 
through the slag layer. 

COMPARISONS OF TESTS IN MR-1 AT 1723K AND 1573K 

Comparing the tests in MR-1 at the two tempertures show the temperature 
effects. At lower temperatures the corrosion rate is less. The lower corro­
sion rate is not always expected, since a bulk of the corrosion is caused by 
the passage of current. The slag at this lower temperature was more viscous 
and tended to have some phase separation using the same cooling rate as on the 
higher-temperature tests. The lower-temperature slag will have a greater tend­
ency to become inhomogeneous by precipitation of second phases, etc., at the 
test temperature than will the higher-temperature slag. With the increased 
viscosity, the reaction products may not migrate away from the reaction zone 
as rapidly. Keeping the reaction products near the reaction zone can reduce 
the reaction rates. 

The lower-temperature slag did have a phase separation upon quenching. 
It is not known if the slag was homogeneous at the test temperature. It was 
homogeneous immediately prior to the test because the slag was heated to 1773K, 
after which the samples were inserted and the slag was cooled to the test 
temperature. 

The electrical conductivity of the coal slag at 1573K is about one order 
of magnitude less than at 1723K (Figure 7). The relative decrease in the elec­
trical conductivity of the electrode is less; consequently, the differences in 
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the electrical conductivity of the slag and the electrode is greater at the 
low temperatures. The lower conductivity requires a greater electrical poten­
tial to pass the same electric current. This greater electric potential can 
result in a greater possibility of electrolysis of various components. The 
mode of conductivity can change--i.e., the lower the temperature, the less the 
mobility of the ions and the greater the conductance by electronic mechanisms. 

A summary of several comparisons between the two tests is found in 
Table 9. The quenched slag was different between the two tests. The low­
temperature slag had a fine, uniformly dispersed second phase. The uniformly 
dispersed second phase found in the bulk slag was not found near the anode 
interface. The higher-temperature slag was single-phase at the anode with a 
compositional change due to a decrease in the cation concentration. Also at 
the anode, the low-temperature slag was multiphase and the higher-temperature 
slag was single-phase. The multiple phases result from large islands of 
potassium alumina silicate. 

The cathode/slag interface in the lower-temperature slag contained several 
more phases than were found in the high temperature test. Both of the slags 
contained the yellow-green precipitate--a potassium alumina-silicate. The 
lower-temperature slag contained the additional compound of a calcium-magnesium 
silicate (merwinite). The metallic deposits in the cooler slag were generally 
smaller in size than were those in th~ hotter slag. 

Within the cathode, less slag penetration was found in the cooler slag. 
Also, no MgO-FeO solid solution was found in the cooler slag test. The forma­
tion of the solid solution may be the result of slag along the grain bound­
aries, which is less prevalent in the low-temperature slag. Also, sufficient 
temperature may be needed for cation diffusion and second-phase growth. 

ELECTROCHEMICAL CORROSION IN MR AT 1476K 

Test 44 is a test in MR slag at 1476K. The MR slag does not contain 
additional potassium. The test was conducted at 97K below that of the coolest 
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TABLE 9. Comparison Summary Between Tests in MR-l at 1723K and 1573K 

Cathode Sl ag. MR-1 
1723K 1573K 

1. Metallic Fe phase 1. Metallic Fe phase 

2. Two-phase slag; Ca concentration 2. Two areas of different multi-
increased phase slag: 

outer area 
3. Green-yellow precipitate slag increase in Na, Mg, Ca 

and Fe 
K20·AlzOrSiOz 

preclpltate 
inner area 

metallic Fe 
Catg(Si04)2 

merwinlte) 
K20·A1203·Si02 

3. Green-yellow precipitate 

Anode Sl a!l. MR-1 
1723K 1573K 

1. Single-phase 1. Polyphase 

2. Compos it i on decrease in Ca, K No small precipitates 
and Mg Crystalline second phase occa-

s i ona 11 y found. 
A1203·Si02 

Cathode, MR-1 
1723K 

1. Fe leaching at cathode/slag 
interface 

2. Interior region polyphase 
Metall i c Fe 
MgO·FeO solid solution 
Matrix decrease in Fe 

3. Slag penetration along grain 
boundary 

Wide grain boundaries 
Polyphase slag 
Increase in Mg, Al and K 

4. No compounds above slag line 

1573K 

1. Fe leached from matrix to form 
metallic Fe precipitate 

2. Interior region multiphase 
Metall ic Fe 
No FeO·MgO solid solution 
Matrix Fe depletion 

less Fe depletion than at 
1723K 

3. Slag penetration along grain 
boundary less than at 1723K 

4. Potassium reactions along grain 
boundaries above slag line: 

Potassium 8-alumina 
Potassium aluminate 

Anode, MR-1 
1723K 

1. No Fe leaching at anode/slag 
interface 

2. Si ngle-phase 

3. Little grain-boundary penetra­
ti on of sl ag 
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1573K 

1. No Fe leaching at anode/slag 
interface 

2. Single-phase 

3. Grain-boundary slag phase: 
Decrease Fe. K and C a 
Increase in Mg, Al 
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test in MR containing additional potassium. The lower temperature may lead to 
additional phase separation. The electrical conductivity of the slag is lower 
than in MR-l at 1573K; therefore, a higher electric potential is required for 
electric current conduction and a greater possibility for electrolysis can 
occur. Both low temperature and low concentration of potassium results in 
lower electrical conduction. The test also differs from other tests, in that 
the electrodes were removed from the slag after testing. To facilitate the 
removal, the slag was briefly heated to l723K. The electrodes remained sus­
pended in air during the quench. Not being quenched in the slag may result in 
the oxidation of metallic precipitates. The precipitate in the center of the 
electrode may not be as affected by the air due to the diffusion distance and 
the limited length of time the sample was at high temperature. Metal precipi­
tates remained in the slag surrounding the cathode; consequently, the oxida­
tion of the slag after testing and during cooldown was not complete. 

The representative microstructures are shown in Figure 26. The composi­
tions of several features on the micrographs are in Table A.lO. Flake-shaped 
precipitates in the slag are found near both the anodes and cathodes, except 
at the immediate anode interface. The precipitate (Item 2, Table A.lO) ana­
lyzed near the cathode (no anode analysis was performed) is a calcium-aluminum­
magnesium silicate. Examination of phase equilibrium diagrams from these com­
ponents shows that the composition is located in a multiphase area containing 
anorthite (CaA1 2Si 208), diopside (CaMgSi 206), forsterite (Mg2Si04), and 
melilite, which is a solid solution containing calcium, magnesium, aluminum 
and silicon. The solid temperature is 1498K. This compo~ition is only found 
in this test. The matrix around the second phase is a calcium-aluminum sili­
cate. The overall calcium content near the cathode appears to be greater in 
the bulk. The amount metallic iron precipitate found in the slag at the 
cathode is approximately the same as was found in MR-l at 1573K. 

Cathode/Slag 

The cathode is polyphase at the reaction zone. Several of the phases are 
found in the slag along the grain boundaries. The slag had penetrated along 
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1476K (E xperiment 44) 

the grain bound ari es and widened the grain boundari es i n some areas. A widened 
grain bou ndary is s hown i n Figure 26 . On ly two of t he f our phases found in 
the grai n boundari es were analyzed . The firs t phase is a sodium aluminate 
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(Item 5, Table A.10). These high-sodium phases are only found in the cathode. 
Apparently, large amounts of sodium are being pulled from the slag by the pas­
sage of electric current. In this slag the potassium concentration is only 
slightly greater than that for the sodium. For the MR-1 slag, in which the 
potassium concentration is much greater than the sodium concentration, the 
effects of sodium are overshadowed by the effects of potassium. The conduc­
tion of a low-iron slag is mostly ionic, with the mobile cations, i.e., potas­
sium, sodium and calcium, carrying the bulk of the current. Sodium is a more 
mobile specie; therefore, sodium migration and interaction will be more preva­
lent. The potassium content has also increased in the grain-boundary deposits. 
The slag around the cathode has sodium depletion. 

The second phase along the grain boundary is a magnesium ferrite. The 
oxygen ratio estimated by difference in the SEM-EDX analysis appears to be too 
high to be the MgO-FeO solid solution. Farther in from the reaction interface, 
the cathode is polyphase with three distinct phases: 1) metallic iron (Item 8, 
Table A.10), 2) MgO-Fe203 (Item 9, Table A.10), and 3) FMAS (Item 10, 
Table A.10) with some iron depletion. 

Anode/Slag 

Not enough slag remained at the anode to allow a reliable analysis of the 
composition. The slag is single-phase within 20 ~m of the interface. The 
anode is also single-phase except for slag penetration along the grain bound­
aries near the reaction interface. This slag is high in aluminum and iron and 
lower in calcium, potassium, and silicon than is the overall slag (Item 12, 
Table A.10). The matrix next to the grain boundary containing slag does not 
have any compositional changes. 

COMPARISON BETWEEN TESTS IN MR AT 1476K AND MR-1 SLAGS AT 1573K 

A summary of the comparison between testing in MR at 1476K and MR-1 at 
1573K is given in Table 10. The major difference is the increased amount of 
cations (sodium, calcium and magnesium) found at the cathode tested in MR. 
The polyphase nature of the cathode slag consists of two phases containing 
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TABLE 10. Comparision Summary of Tests in MR at 14760K and MR-1 at 1573K 

Cathode Sl ag 
MR at 1476K 

1. No metallic Fe phase 

2. Polyphase 
Precipitate MgOoA120302CaOo 

4Si02 
Slag matrix with depleted Ca, 

Si 

3. No green-yellow precipitate 

MR-1 at 1573K 

1. Metallic Fe phase 

2. Two areas of different poly­
phase slag: 
Outer area 

Slag increase in Na, Mg, Ca 
and Fe 

K20oA1203oSi02 precipitate 
Inner area 

Metallic Fe 
Ca3M9 (Si04)2 (merwinite) 
K20oA1203oSi02 

3. Green-yellow precipitate of 
K20oA1203°Si02 

Anode Slag 
MR at 1476K 

1. Single-phase 

Cathode 
MR at 1476K 

1. Fe partially leached from 
matrix around metallic precipi-
tate 

2. Interior region polyphase 
Meta 11 ic Fe 
MgOoFe203 (magnesioferrite) 
Matrix decrease in Fe less than 

that at 1573K 

3. Slag penetration along grain 
boundary 

sodium-aluminate 
MgO- Fe203 
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MR-1 at 1573K 

1. Polyphase 

1. 

2. 

3. 

no small precipitate 
crystallize second phase 

K20oA120302Si02 

MR-1 at 1573K 

Fe partially leached from 
matrix to form metallic Fe 
precipitate 

Interio~ region polyphased 
Metallic Fe containing Mg 
No FeO-MgO solid solution 
Matrix decrease in Fe 

Slag penetration along grain 
boundary 

4. Above slag line 
Potassium K-S-alumina 
Potassium aluminate 



TABLE 10. (contd) 

MRC 1476K 

1. No Fe leaching 

2. Single-phase 

3. Grain-boundary slag phase; 
decrease in Ca, K and Si 

Anode 
MR-1 at 1573K 

1. No Fe leaching at anode/slag 
interface 

2. Single-phase 

3. Grain-boundary slag phase; 
decrease in Fe, K and Ca; 
increase in Mg, Al 

high calcium concentrations. Large amounts of sodium have migrated from the 
slag into the grain-boundary region of the cathode. Potassium has also been 
removed from the slag near the cathode. 

No potassium-aluminum silicate is found as a precipitate in the MR slag 
either at the cathode or anode as found in MR-1. The anode slag remains 
single-phase in the MR test. Both slags penetrated along the anode grain 
boundaries and both slags had decreases in the concentration of some cations. 

CHEMICAL CORROSION IN MR SLAG AT 1723K 

Only a control was tested in MR slag at 1723K. The sample was tested for 
only 7 h, since the 24-h test resulted in the complete loss of the sample. 
The corrosion rate (Table 4) is about four times that in MR-1 slag. The SEM 
microstructure is shown in Figure 27. The SEM-EDX compositional analysis if 
given in Table A.11 of the Appendix. 

The slag penetrated the grain boundaries and reacted with the grains. 
Both magnesium and iron from the FMAS matrix appears to selectively dissolved 
in the slag. The matrix in the reaction zone is partially depleted in both 
magnesium and iron (Item 6, Table A.11). With continued depletion, the FMAS 
eventually becomes an iron-containing aluminum oxide. The composition of this 
phase is close to that predicted for the aluminum-rich side of the A1 203-Fe203 
phase equilibrium in an air atmosphere (Levin, Robbins and McMurdie 1969). 
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The dis solved magnesium from the FMAS dis tr ibut es uniformly about the 
slag, as is shown by t he slag compositions from several locati on s. The iron 
f rom t he FMAS does not seem to uniformly distribute i n the slag, as the slag's 
iron content remai ns constant. The iron preci pi tates as a third phase along 

the exter ior of t he al uminum-rich second phase. Thi s iron-rich phase appears 
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only as a growth around the second-phase particles and is not found near the 
FMAS. This iron-rich phase contains more aluminum than predicted for phase 
equilibrium with the aluminum-rich phase. 

PLATINUM PROBE RESULTS 

In several tests, a platinum probe was inserted into the slag at fixed 
equidistances from the anode and cathode. Electric potentials between both 
the anode and cathode and the platinum probe were monitored during the test. 
Since constant current is maintained during the test, the electric potential 
changes indicated changes in resistivity in both the slag and the electrode 
materials. 

A summary of electric potential measurements are given in Table 11. The 
anode-to-cathode separation is about 2 cm. The electric potential increases 
during the test. The bulk of the increase is due to increases in resistance 
at the anode. In all the slags, the cathode does not have a large increase in 
electrical potential. The increase observed in the MR slags may be due to 
both corrosion-product buildup and the leaching of iron from the electrode. 
The removal of iron increases the resistivity of the FMAS. This increase is 
not found in the 111-6 slag; little corrosion-product buildup occurred and 
iron was not leached from the FMAS. 

Included in the table is a statement about electric potential instabili­
ties. The tests are run in galvanostatic mode (i.e., constant current); con­
sequently, the electric potential fluctuates to maintain the current. The 
fluctuations are greatest with MR and MR-1 slags. The two main phenomena that 
lead to potential fluctuations are 1) bubble generation and migration and 
2) arcing across the resistive slag layer. The more ionic slags have the 
greatest numbers of bubbles produced per unit of current transported. Bubbles 
on the surface of the anode are electrical insulators and reduce the area 
available for current transport--hence increasing the effective resistance. 
Of course, as the bubbles enlarge they reach a size at which they migrate to 
the surface of the slag. The migration removes the insulating barrier and 

replaces the area with fresh slag, thereby reducing the resistance. A 
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TABLE II. Surrmary of Platinum Electric Potential Probe Data 

Electrical Potentials, V 
[juri n9 Final 

Initial Time 
Anode! Anode/ Cathode/ Into Anode/ Anode Cathode/ Anode/ Anode/ Cathode/ 

Test Cathode Platinum Platinum Test, h Cathode Pl at inurn Platinum Cathode Platinum Platinum Comments 

MR. 1723K 11. 9 6.9 5.0 37.1 30.0 7.1 Max. Elec. Pot. 
Fluctuations = ±8 V 

'-l MR-l. 1723K 8.3 4.3 4.0 0.03 16.5 11.8 4.7 26.9 19.0 7.9 Max. Elec. Pot. 
~ Fluctuations = ~5 V 

I11-6. 1723K 7.2 4.0 3.2 47.0 44.5 2.5 Max. Elec. Pot. 
Fluctuations = ±3 V 

111-6-1. 1723K 8.5 5.0 3.5 0.02 23.5 19.0 4.5 34.0 30.0 4.0 Max. Elec. Pot. 
Fluctuations = ±2 V 



resistive layer also develops at the anode due to the migration of cations. 
This resistive layer grows to an equilibrium condition, depending on back dif­

fusion along concentration gradients and the forward diffusion due to the pas­
sage of current. The resistive layer is essentially a relatively high-purity 
alumina-silicate, with most of the mobile cations removed. Adequate electric 
potential is required to pass current through the resistive layer. Instabili­
ties in the electrical conductivity of the slag and in the electric potential 
in the anode can lead to current channelling and arcing. The phenomena is 
somewhat like dielectric breakdown in solid materials. The arcing is a rapid 
activity and general will not be seen on the strip-chart record, but can be 
seen on an oscilloscope. An oscilloscope was used in an MR-l test at 1723K, 
during which evidence of arcing was seen. The arcing generally occurred at 
the higher electric potentials during the potential instabilities. Arcing can 
lead to increased corrosion of the anode due to locally high current and con­
sequent temperature changes. 

Arcing has not been observed on the cathode. Current transfer on the 
cathode should not be through a resistive layer, since cations should concen­
trate at the cathode interface. Very little instability is observed for cur­
rent transfer at the cathode. For example, in 111-6 the maximum instabilities 

for the cathode-platinum is ±O.5 V compared to ±3 V for the anode. 
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CONCLUSIONS/RECOMMENDATIONS 

1. Iron-doped magnesium-alumina spinel (FMAS) is easily fabricated and 
results in a material that has adequate electrical conductivity for use 
in an MHO electrode over a temperature range from 400K to 1900K. Anoma­
lies in the thermal conductivity and electrical conductivity data at 
temperatures above 1400K indicate some phase instabilities probably asso­
ciated with the exsolution of iron. Hysteresis in the data during tem­
perature cycles indicate that the exsolution is reversible. 

2. Electrochemical corrosion rates induced by an external electric field and 
the consequent passage of electric current are greater in both anodes and 
cathodes than are the corrosion rates without the external electric field. 
These electrochemical corrosion rates can be as much as two orders of 
magnitude greater than corrosion rates without the external electric 
field. 

3. Cations such as K+, Ca++ and Na+ subjected to a direct electrical 

field in coal slags migrate to the cathode, causing a depletion of cations 
in the slag at the anode and a concentration of cations in the slag at 
the cathode. 

4. Cation diffusion to the cathode and from the anode results in electric 
potential changes between the anode and cathode. Electric potential mea­
surements between a neutral platinum probe and the anode or the cathode 
show that during an electrochemical corrosion test, increases in electric 
potential between the anode and the probe are greater than increases 
between the cathode and probe. In the Illinois No.6 slags the electric 
potential decreases between the cathode and probe. For the Montana 
Rosebud slags, the electric potential can increase by a factor of 5 over 
the life of the test. 

5. Fluctuations in electric potential occur during the test due to changes 
in electrical resistivity in either the slag or the electrodes. The 

largest fluctuations occur between the platinum and anode and are 
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partially due to the generation of gas bubbles at the anode. Greater 
fluctuations occur in Montana Rosebud slag than in Illinois No.6 slag. 

6. Penetration of the slag into the cathode is much greater than into the 
anode in both Illinois No.6 slag and Montana Rosebud slag. 

7. The anode corrosion/erosion in coal slag is more uniform than in the 
cathode. Part of the erosion is the result of cavitation stress at the 
formation and coalescence of bubbles; part is due to current channelling 
because of the electrical insulating properties of the bubble. 

8. The corrosion rates of both anodes and cathodes are lower in Illinois 
No.6 slag than in Montana rosebud slag. 

9. The corrosion rates decrease as the iron content of the slag increases. 
This decrease is attributed to the higher activity of iron in the slag, 
higher electrical conductivity of the slag, and lower ionic/higher elec­
tronic conductivity of the slag. The corrosion rates are lower for 
Illinois No.6 slag than for Montana Rosebud slag with equivalent iron 
content. 

10. The corrosion rate in Montana Rosebud coal slag increases as the tempera­
ture increases. 

11. In Montana Rosebud coal slag an increase of potassium in the slag 
decreases the corrosion rates. 

12. In Montana Rosebud coal slag the corrosion rates increase with increasing 
current density. 

13. In both Illinois No.6 and Montana Rosebud coal slags, the cathodes become 
multiphase. In Montana Rosebud slag, the slag contains such phases as 
metallic iron and magnesiowustite solid solutions. Metallic iron is not 
found in the cathode in Illinois No.6 slag. In general, the anodes 
remain single-phase, except for slag penetration along the grain 
boundaries. 

14. Potassium sulfate is more electrochemically reactive than is potassium 

carbonate at the cathode in the potassium salt tests. At the anode, 
potassium carbonate is more reactive. 
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15. In both potassium salts, grain-boundary penetration and interaction is 
more extensive in the cathodes than in the anodes. The cathodes are 
generally multiphase (compared to essentially single-phase anodes). In 
the anodes, where grain-boundary penetration is not as extensive, potas­
sium carbonate penetrates more than potassium sulfate. 

16. FMAS has too-high an electrochemical corrosion rate to be considered as 
MHO electrodes when Montana Rosebud slag or only molten potassium salts 
are present. 

17. Even though the electrochemical corrosion rates are high, FMAS may be 
considered as an MHO electrode in high-iron-containing slag such as 
Illinois No.6. 
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APPENDIX 

QUANTITATIVE ANALYSIS RESULTS FROM THE SEM-EDX 

The results of the SEM-EDX are presented in the following tables. The 
results are expressed as the atomic percent of the respective element. Since 
only elements with atomic numbers >10 can be identified, only these elements 
are included in the tables. The oxidation state of these elements can, in 
some cases, be estimated by the measured concentration of the elemental spe­
cies in the features of interest. The difference between this measured con­
centration and the measured concentration for both metal and oxide standards 
(of known oxidation states) is used as the amount of oxygen present. This 
difference method of determining the amount of oxygen present and consequently 
the oxidation state of the elemental species is a good method as long as car­
bides, nitrides, etc. are not present. It is assumed that all elemental spe­
cies are either metallic or oxides. In the tables of SEM-EDX compositional 
analysis, all the elements are assumed to be oxides unless identified as being 
metallic. 

The relative accuracy of the atomic concentrations is generally better 
than 10% of the amount present (e.g., 13 ± 1.3%). The detection limit is 
~O.l wt% for the elemental species listed in the tables. The data is listed 
in the tables as relative proportions of only those elements detected and does 
not include the oxygen content determined by the difference method. 

The atomic concentrations are generally accurate to +1 atom%. In general, 
the sensitivity is ~O.l wt%. The atomic concentrations are rounded to the 
nearest unit percent except with those quantities less than one unit. The sum 
of the atomic concentrations might not be equal to 100 because of either round­
ing errors or trace amounts of elements not listed in the tables. 

In each table, the identifying feature on the micrograph is included. 
Some analyses are included in the table that have a written description but 
not an identification on the micrograph. 

Each feature identified generally represents a number of similar features 
on the micrograph and is so listed to show general trends. 
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TABLE A.1. Atomic Composition of Features in Figure 8 (Experiment 314 
Control jn)K2C03 at 1273K) in Atom% of Elemental Species 
Detectedt a 

Item No. and Description 
1. Matrix--interior, feature a 

2. Grain boundary in interior, 
feature b 

3. Matrix at reaction zone, 
feature c 

4. Reaction zone, feature d 

Na !i9. 
Element, atom% 
Al Si K Ca Ti Fe 

26 49 0.2 24 

19 55 0.4 5 21 

27 48 0.7 0.6 23 

7 19 3 6 61 

(a) Includes only elements with atomic numbers greater than 10. 

TABLE A.2. Atomic Composition of Features in Figure 9 (Experiment 315 
Control jn K2S04 at 1373K) in Atom% of Elemental Species 
Detec ted t a) 

Item No. and Description 
1. Matrix 

2. Matrix at reaction zone, 
feature a 

3. Second phase in matrix 
at reaction zone, 
feature b 

4. Reaction product, 
feature c 

5. Third phase in matrix, 
feature d 

7. Grain boundary, 
feature e 

Na 
E1 ement, atom% 

!i9. 
27 

A1 
49 

Si K Ca 

26 47 1 3 

27 41 1 1 

4 14 3 1 0.2 

13 65 1 8 

19 33 1 12 (b) 

(a) Includes only elements with atomic numbers greater than 10. 
(b) 9 atom% sulfur detected but not included. 
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Ti Fe 
23 

23 

31 
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TABLE A.3. Atomic Compositions of Features in Figure 12 (Anode Tested 
in K2S04 at 1423K, Experiment 28) in Atom% of Elemental 
Species Detected(a) 

Element 2 atom% 
Item No. and Description !:!.9. Al Si S K Ca Fe -
1. Overall composition 27 47 0.8 0.3 0.4 24 

away from reaction 
zone, feature a 

2. Overall composition 26 49 0.6 0.2 0.1 25 
near reacti on zone, 
feature b 

3. E1 ectro lyte at 1 3 35 58 1 1 
reacti on zone, 
feature c 

4. Light-colored 4 45 2 2 5 0.3 42 
aci cu1 ar growth, 
feature d 

5. Matrix between 19 63 0.4 0.1 17 
acicular growths, 
feature e 

6. Electrolyte away 1 2 0.4 36 60 1 0.3 
from reacti on zone 
and above me 1 t 
level, feature f 

7. Light-colored lath 10 3 6 7 0.2 75 
phase in electro-
lyte, above melt 
level, feature g 

( a) Includes only elements with atomic numbers greater than 10. 
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TABLE A.4. Atomic Compositions of Features in Figure 20 (Experiment 303 
Control (n)MR-1 Slag at 1723K) in Atom% of Element Species 
Detected a 

Item No. and Descri~tion Na t19. Al 
Element 2 atom% 

$; K Ca Ti Fe 

1. Reference area, 27 48 25 
feature a 

2. Slag away from con- 4 26 40 14 11 0.5 5 
trol, feature b 

3. Slag next to reaction 3 27 40 15 10 0.5 5 
zone, feature c 

4. Matrix of reaction 32 50 0.3 0.1 18 
interface, feature d 

5. Matrix ",130 ]Jm from 31 47 0.2 0.1 23 
reacti on zone, 
feature e 

6. Matrix ",520 ]Jm from 27 49 0.1 0.1 25 
reacti on zone 

7 . Slag in porosity near 31 36 12 15 0.5 5 
reaction zone, fea-
ture f 

( a) Includes only elements with atomic numbers greater than 10. 
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TABLE A.S. Atomic Composition of Features in Figure 21 (Experiment 21 in 
MR-1 at 1723K) in Atom% of Elemental Species Detected(a) 

Element, atom% 
Item No. and DescriEtion Na ~ Al Si K Ca Ti Fe 

ili9. 
1. Slag--overall calcu- 0.6 6 21 39 16 13 0.5 5 

lated by mixtures of 
initial components 

2. Slag--overall by SEM- 6 22 39 16 13 0.1 4 
EDX 

3. Slag (two-phase) at 10 23 31 13 22 
cathode interface, 
feature a 

4. Slag at anode inter- S 23 43 16 9 4 
face, feature b 

5. Slag in pore in 2 29 46 9 10 0.1 4 
anode, feature c 

Anode 

6 Overall (both anode 27 46 0.2 26 
and cathode) 

7. Matr i x at e l.ectrode/ 25 48 0.6 0.2 27 
sl ag interface, 
feature d 

Cathode 

8. Matrix at electrode/ 29 63 1 0.1 0.2 7 
slag i nterf ace, 
feature e 

9. Metallic phase 4 2 0.3 94 
cathode/slag inter-
face, feature f 

10. Meta 11 i c phase 4 3 0.5 0.6 91 
inside cathode, 
feature g 

II. Granul ar oxi de 42 2 0.1 0.3 0.1 54 
phase, feature h 

12. Matrix in polyphase 26 62 0.1 11 
area, feature i 

13. Slag in polyphase 9 49 13 23 3 5 
area, feature j 

( a) Includes only elements with atomic numbers greater than 10. 
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TABLE A.6. Atomic Composition of Features in Figure 22 (Experiment 308 
Control in 111-6-1 Slag at 1723K) in Atom% of Elemental 
Species Detected(a) 

Item No. and DescriQtion Na !1g Al 
Element 2 atom% 

Si K Ca Ti Fe 
1. Matrix, 'V1.2 mm from 26 49 25 

slag/control inter-
face, feature a 

2. Slag in grain boundary 7 32 38 9 4 10 
'V1.2 mm from slag/con-
trol interface, fea-
ture b 

3. Slag bulk away from 30 39 12 5 0.7 14 
control 

4. Slag at slag/control 30 44 14 6 0.5 5 
interface, feature c 

5. Matrix at slag/control 14 29 1 0.1 56 
interface, feature d 

6. Matrix 0.05 mm from 14 32 1 53 
slag/control inter-
face, feature e 

7. Matrix 0.1 mm from 15 37 1 0.2 0.2 0.1 47 
slag/control inter-
face, feature f 

8. Slag in grain bound- 31 46 13 6 0.2 3 
ar y 'V 0 . 5 mm from 
slag/control inter-
face 

( a) Includes only elements with atomic numbers greater than 10. 
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TABLE A.7. Atomic Composition of Features in Figure 23 (Experiment (3)in 
111-6-1 at 1723K) in Atom% of Elemental Species Detected a 

Element 2 atom% 
Item No. and Descril2tion Na .J19.... Al Si K Ca Ti Fe 

~ 

1. Overal1--by mixture 1 2 21 39 15 5 0.6 16 

2. Overa 11-- anode 1 26 40 13 5 0.5 15 

3. Overal1--cathode 1.8 25 39 13 5 0.5 16 

4. Slag matrix at 3 28 43 10 9 0.5 6 
cathode interface, 
feature a 

5. Dendritic phase in 6 28 32 7 3 0.5 25 
slag at cathode, 
feature b 

6. Sl ag matri x at 2 28 45 14 6 0.4 5 
anode interface, 
feature c 

7. Dendrit i c phase in 2 18 23 7 2 1 48 
sl ag at anode, 
feature d 

8. Open porosity in 1 29 43 17 5 0.4 5 
anode, feature e 

Anode --
9. Overall 25 48 0.4 25 

10. Anode/slag inter- 17 41 40 
face, feature f 

Cathode 

11. Overa 11 26 48 0.7 26 

12. Cathode/slag 20 57 0.9 0.1 0.1 0.1 22 
interface, 
feature 9 

13. Cathode 0.2 nm 23 57 1 0.1 0.1 19 
from i nterf ace, 
feature h 

A.7 



TABLE A.7. (contd) 

Element 2 atom% 
Item No. and DescriQtion Na .J1 Al Si K Ca Ti Fe 
14. Matrix in poly- 27 51 1 0.1 0.1 21 

phase area, 
feature i 

15. Second phase in 26 2 2 0.1 0.1 69 
po 1 yphase area, 
feature j 

16. Third phase in 23 42 2 0.1 0.1 33 
po 1 yphase area, 
feature k 

17. Fourth phase in 46 5 28 0.6 2 19 
polyphase area, 
feature 1 

18. Slag in center of 2 21 41 7 10 0.1 19 
cathode on grain 
boundary 

19. Slag at interface, 2 32 41 11 7 1 a 
feature m 

( a) Includes only elements with atomic numbers greater than 10. 

A.a 



TABLE A.8. Atomic Concentrations of Features in Figure 24 (Experiment 39 
MR-1-Fe at 1723K) in Atom% of Elemental Species Detected(a) 

in 

Element! atom% 
Item No. and DescriJ:!tion Na !19. Al Si k Ca Ti Fe 

lli.9. 
1. Overall--by mixtures 1 5 18 34 14 11 0.4 16 

2. Overall--cathode 5 21 36 12 12 0.5 14 

3. Overa 11-- anode 20 6 21 35 13 11 0.5 13 

4. Dendritic growths 8 25 35 9 11 0.5 13 
at cathode/slag 
interface, fea-
ture a 

5. Slag between den- 3 26 35 13 13 0.4 5 
dritic growth, fea-
ture b 

6. Slag at anode 3 26 40 13 8 0.5 9 
i nterf ace, f ea-
ture c 

7. Slag in open pore 1 31 42 12 8 0.5 5 
near i nterf ace 
anode, feature d 

Anode --
8. Overall 26 48 0.7 25 

9. Matrix at anode/ 29 43 2 0.1 0.1 0.1 26 
slag interface, 
feature e 

10. Sl ag in center of 3 34 37 10 8 0.1 9 
anode 

Cathode 

II. Overall 26 47 0.7 26 

12. Matrix at cathode/ 25 39 2.5 0.5 0.3 0.1 33 
slag i nterf ace, 
feature f 

A.9 



TABLE A.8. (contd) 

El ement 2 atom% 
Item No. and Descri~tion Na ~ Al Si K Ca Ti Fe 
13. Matrix at slag 26 55 1 0.1 0.1 17 

interface, feature g 

14. Slag along grain 28 12 26 2 17 17 
boundaries, fea-
h 

15. Second phase, fea- 24 5 2 0.3 70 
ture i 

16. Matrix in poly- 28 52 1 0.1 0.1 19 
phase area, fea-
ture j 

( a) Includes only elements with atomic numbers greater than 10. 

A.10 



TABLE A.9. Atomic Composition of Features in Figure 25 (Experime(t 38 
MR-1 at 1573K) in Atom% of Elemental Species Detected a) . 

in 

El ement 2 atom% 
Item No. and DescriQtion Na ~ Al Si K Ca Ti Fe 

~ 

1. Overall--bY mixture 1 6 21 39 16 13 0.5 5 

2. avera 11-- anode 3 6 22 38 13 12 0.4 5 

3. Overall--cathode 6 21 39 15 13 0.5 6 

4. Near anode interface 5 22 41 14 12 0.4 6 
single-phase, fea-
ture a 

5. Crystallite growth 33 36 29 0.1 2 
po 1 yphase area 
anode, feature b 

6. Crystallite growth 2 32 36 28 0.5 2 
po 1 yphase area 
cathode, feature c 

7. Matrix polyphase 3 12 15 39 5 17 1 8 
area cathode, fea-
ture d 

8. Metal polyphase area 2 2 0.3 0.4 94 
cathode, feature e 

9. Granular second-phase 3 18 2 32 44 0.2 
cathode, feature f 

10. Sl ag at cathode 4 34 28 31 2 0.1 0.1 
interface, feature 9 

Cathode 

1I. avera 11--near top 3 44 0.2 3 26 
surf ace 

12. Metallic deposits at 13 3 1 0.2 0.2 82 
reaction zone, fea-
ture h 

13. Matrix next to reac- 4 28 45 9 4 8 1 1 
tion zone, feature i 

A.l1 



TABLE A.9. (contd) 

El ement 2 atom% 
Item No. and Description Na ~ Al Si K Ca Ti Fe -

14. Grain boundary reac- 8 3 50 22 2 14 
tion product 

15. Grain-boundary reac- 3 2 85 8 0.3 1 
tion product 

Anode 

16. Overa" --near top 25 47 1 1 0.1 26 
surf ace 

17. Phase along grain 12 57 1 8 22 
boundary 

18. Matrix 0.7 mm from 3 26 47 1 0.1 23 
reaction interface, 
feature j 

19. Matrix 0.05 mm from 26 49 1 24 
reaction interface, 
feature k 

( a) Includes only elements with atomic numbers greater than 10. 

A .12 



TABLE A.lO. Atomic Concentration of Features in Figure 26 (Experimfnj 44 
in MR at 1476K) in Atom% of Elemental Species Detected a 

Element 2 atom% 
Item No. and DescriQtion Na ~ Al $i K Ca Ti Fe 
1. Overall--by mixtures 1 7 24 46 1 15 1 6 

2. Flake precipitate 
in slag (cathode) 13 18 41 0.1 21 1 7 

3. Slag matrix around 
flakes (cathode) 4 34 42 0.2 18 0.1 2 

4. Metallic precipitate 
(cathode) 2 3 2 0.6 92 

5. Phase in slag on 
cathode grain bound-
ary, feature a 22 54 5 3 13 4 

6. Phase in slag on 
cathode grain bound-
ary, feature b 17 6 2 0.2 2 73 

Cathode 

7. Over a 11 25 45 0.9 29 

8. Metallic precipitate, 
feature c 1 3 2 0.5 94 

9. Granul ar deposit, 
feature d 26 3 2 1 68 

10. Matrix, feature e 31 42 1 0.1 0.6 25 

Anode 

11. Overall 25 45 1 30 

12. Phase along grain 
boundary, feature f 6 36 35 0.1 8 15 

13. Matrix by grai n 
boundary, feature g 26 45 0.4 0.1 29 

( a) Includes only elements with atomic numbers greater than 10. 

A .13 



TABLE A.ll. Atomic Composition of Features in Figure 27 (Experiment 318 
Control (n)MR Slag at 1723K) in Atom% of Elemental Species 
Detected a 

Element 2 atom% 
Item No. and Descri~tion Na fu Al Si K Ca Ti Fe 

1. Slag--away from sample 1 37 43 1 12 0.6 5 
(single-phase) 

2. Slag near second- 6 29 45 0.7 13 0.4 6 
phase growth, fea-
ture a 

3. Slag along widened 3 33 44 0.7 13 0.5 6 
grain boundary, fea-
ture b 

4. Slag along narrow 3 31 47 0.5 14 0.4 5 
grain boundary in 
interior of sample 

5. Matrix away from 21 57 1 20 
react i on zone 

6. Matrix in reaction 13 73 1 13 
zone, feature c 

7. Second phase growing 1 94 5 
from matrix, feature d 

8. Third phase growing 4 25 16 0.3 3 2 50 
by second phase, fea-
ture e 

( a) Includes only elements with atomic numbers greater than 10. 

A.14 
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