Application of Electric Voltages for Improved
Protection of MgO Refractory Materials
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MgO electrodes were polarized at voltages of up to 10 V in a synthetic lime-alumina-silicate slag at 1400 °C and at 5 A in synthetic
fayalite slag at 1250 °C. Cathodic corrosion protection was obtained
in both cases, requiring voltages of min. 8 V and approx. 1 V, respectively. Protection was achieved through rapid migration of mobile
Ca2+ ions and their accumulation at the slag/electrode interface in
the first case and the electrochemical reduction of FeO in the latter
case.

1 Introduction
Refractory products primarily consisting of
MgO are widely used in heavy industries under severe conditions, which curtail the lifetime of these ceramic materials. Often a
combinatory attack of corrosion, mechanical
erosion and thermal loads can be observed.
Refractory wear in metallurgical vessels is
very often found to be the most serious at
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the interfaces of melt wetted lining areas,
where electrochemical corrosion could well
contribute to the overall corrosion extent,
because the latter corrosion type only occurs
at these three-phase boundaries [1–7]. Due
to this, electrochemical corrosion phenomena in the heavy industries were investigated
as early as 1957 by De Jong [8]. Following
research activities demonstrated that the application of electric voltages can potentially
cause a significant reduction of refractory
dissolution at the three-phase boundaries
[1, 4, 9, 10], although the polarity of a protective potential appears to be highly dependent on the particular system. An influence of applied voltages on the threephase boundary phenomenon of Marangoni
convection was assumed by Monaghan et
al. [11]. This local effect was thoroughly investigated [12–17] and is driven by gradients in surface tension due to the dissolution
of ceramic materials. The convective motion
can be either accelerated or counteracted by
electrically induced ion migration, which is
dependent on voltage height and melt composition. Electric voltages can also positively
affect the penetration of melts into refractory matrices by increasing the contact angle
between refractories and melts [9, 10,
12–14, 17–21]. At contact angles > 90° the
wettability of refractories is considerably
lowered resulting in a massive reduction of
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Fig. 1 Scheme of the test furnace

local corrosion. Minimized melt infiltration
depths were thus achieved by the application of applied voltages [9, 10, 22–24].
The ionic nature of melts at processing temperatures [5, 25–29] also allows the migration of charged slag components in electric
fields, which was already used to improve
corrosion protection and slag refinement
[22, 23, 26, 30–33].
The first part of the work presented below
originally expanded on the anodic polarization experiments of Kriksunov et al. [34]
with high-alumina refractories in molten
lime-alumina silicates. The protective effect
was argued to stem from the creation of a
Ca2+ deficient zone, which prevented the
formation of low-melting CAS phases
and considerably slowed refractory dissolution. Due to the fact that Al2O3 shows
a chemically more acidic behavior than
MgO, the cathodic polarization should
prove more beneficial for the basic oxide
MgO. This has already been demonstrated
in an earlier publication by the authors of
this work [35], but here further results
are presented. The second part deals with
electrochemically induced reactions derived
from the results published by Warczok et.
al. [32, 33].
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depth were 3 mm. The voltage was switched
on before insertion to prevent unnecessary
slag infiltration. Due to the small distance
between electrodes and the high electric
slag conductivities at 1400 °C of 0,12 Ω-1
cm-1 for the CAS slag [38] and 2,50 Ω-1
cm-1 for the fayalite slag [39] the iR-drop
was considered to be negligible. A p1050-P
potentiostat from Plating Electronic was
used as power source. The duration of experiments varied, because anodes tended to
dissolve rapidly. After removal and air cooling all samples were prepared for SEM/EDSanalysis by sectioning, grinding and polishing using standard procedures. Experiments
were executed under Ar/4 % H2 atmosphere
at 1400 °C in a self-constructed test furnace
(Fig. 1).
The raw material for MgO electrodes was
Nedmag NM30-fines with > 98 % purity,
which was shaped into a brick with a pressure of 140 MPa and subsequently fired at
1650 °C. After firing an apparent density of
2,65 g/cm3 and an open porosity of 25,3 %
were achieved. Fifty percent of the pores
were < 4,0 µm and 90 % < 6,5 µm. Cylinders with 80 x 10 mm2 were drilled out and
cut into 15-mm samples using a diamond
saw. The face sides were polished with a di-

amond-coated disc. From prior experiments
it was known that drying at 160 °C prior to
drilling a 10 x 4 mm2 blind-hole in one of the
electrode faces prevented bursting. The electrodes were fastened to 4 mm diameter carbon fibre rods from Graphtek by applying a
drop of standard resole resin into the blindhole and hardening at 160 °C. Electric conductivity was achieved by in-situ coking during the exposition in the test furnace.
The CAS-slag with 48,5 % CaO, 40,0 % SiO2
and 11,5 % Al2O3 was composed of CaCO3,
quartz sand and calcined alumina with purities > 98%. This composition resulted in a
low liquidus temperature of approx. 1315 °C
and a slag basicity of CaO/(SiO2 + Al2O3) =
0,94 meaning that the SiO2-rich slag was
prone to solidify in glassy state. Slag preparation commenced with a homogenization
step for 1 h in a ball mill, followed by
overnight calcination at 900 °C. After compaction in a small hydraulic press the pellets
were immediately pre-melted in clay-bound
graphite crucibles (capacity approximately
200 cm3) from Goebel. The homogenized
slag was then used in the same crucibles for
the experimental work. The stoichiometric
fayalite slag was pre-melted in an electric
arc furnace, subsequently crushed and thus

Tab.1 Phase compositions at the reference sample and the cathode after a 3 h polarization in
CAS slag with a voltage of 8 V; the anode was polarized for 1 h only
Al2O3

CaO

MgO

SiO2

C/S

Calc. phase composition

[mass-%] [mass-%] [mass-%] [mass-%]
Fig. 2 BSE-SEM micrographs of the slag-MgO interfacial regions after polarization in CAS slag at 1400 °C
with 8 V for a) 3 h (reference sample), b) 1 h (anode)
and c) 3 h (cathode). Numbers refer to Table 1

In both cases it is demonstrated that the cathodic polarization of MgO electrodes indeed has a protective effect by causing the
formation of solid barrier layers, effectively
preventing corrosion.

2 Experimental procedure
Due to the investigation of the effect of applied voltages on the dissolution behavior of
MgO, a cathode, an anode and an unpolarized reference sample were present in the
experimental setup according to standard
practice [1, 4, 9–11, 24, 31–34, 36, 37]. The
electrodes were lowered into the melt without preheating and the distance between
anode and cathode as well as the immersion
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[mass-%]

Reference
sample
1

-

-

100,0

-

-

100 M

2

-

51,0

12,3

36,7

1,39

100 C3MS2 + 0 C2MS2 + 0 CMS

3

19,9

39,7

3,5

36,9

1,08

65 Mel (65 C2AS, 35 C2MS2) + 20 CS + 15 An

4

10,3

45,9

5,9

37,9

1,21

C3MS2 + Mel (area analysis)

Anode
1

-

-

100,0

-

-

100 M

2

-

51,9

11,5

36,6

1,42

100 C3MS2 + 0 C3S2 + 0 C2S

3

19,7

32,8

9,4

38,1

0,86

65 CS + 25 Sp (95 MA) + 10 CMS2

-

-

100,0

-

-

100 M

2

-

52,2

10,9

36,9

1,42

90 C3MS2 + 5 C3S2 + 5 C2S

3

27,5

42,3

3,1

27,1

1,56

95 Mel (75 C2AS, 25 C2MS2) + 5 C2S

4

-

64,8

-

35,2

1,84

95 C2S + 5 C3S2

Cathode
1
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needed no further preparation. Alumina crucibles were used for those experiments.

3 Results
3.1 CAS slag
A slag basicity of 0,94 is considered to be
very aggressive to basic refractory materials,
but it allowed for short experiments and
thus for a quick assessment of polarization
effects in this electrolyte. A common evaluation procedure is the measurement of infiltration depths or corroded sample areas
[9–11, 24, 34]. In practice, most electrodes
exhibited one or more micro-cracks, which
facilitated melt infiltration into the material.
Consequently, infiltration depths were not
measured. Experiments in CAS slag were
carried out at voltages up to 10 V between
anode and cathode. Below 8 V however,
there was no discernible difference between
the polarized samples and the reference in
terms of appearance and phase composition
as was demonstrated in [35]. The most pronounced material dissolution at lower voltages inevitably occurred at the three-phase
boundary. At the boundary of the unpolarized sample merwinite crystals and melilite
matrices were identified in addition to still
uncorroded MgO grains (Fig. 2a). The dissolution of the reference sample proceeded
along the crystal boundaries of periclase as
cited in [34].
Table 1 demonstrates that the gross slag
composition in the interfacial region of the
reference sample was nearly identical to the
nominal bulk composition.
A further voltage increase from 6 to 8 or
10 V resulted in pronounced differences between all samples, one of which was the utter dissolution of the anode after just 1 h.
EDS analysis of the area depicted in Fig. 2b
confirmed that the slag infiltrated in the anode consisted of merwinite only (Tab. 1). This
phase was again detected in a spinel matrix
with a rather low CaO content. The significant acceleration of anode dissolution was
presumably caused by a decrease of interfacial tension at the slag-refractory boundary
as implicated in [9, 24].
At the cathode, negligible corrosion and infiltration (Fig. 2c) due to the formation of a
solid slag layer was observed (Fig. 3).
This protective layer rapidly disintegrated after cooling, which corresponded to the wellknown decay due to the temperature-dependent modification changes of dicalcium
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Fig. 3 Cathode with adhering CAS slag
immediately after polarization with 8 V
for 3 h, 1400 °C

silicate with an associated volume expansion of 12 % [40]. In the pores at the very
edge of the cathode traces of merwinite
(Tab. 1) were found (Fig. 2c). Moving outwards from the electrode a melilite layer
with a pronounced deficiency in SiO2 and a
very high Al2O3 content followed. The next
layer consisted of a several hundred micron
thick layer consisting of almost pure C2S. Finally, a two phase region made of dicalcium
silicate and melilite made up the rest of the
solidified slag layer. Still farther out the presence of silicon metal was visually determined in the slag.

3.2 Fayalite slag
Whereas polarization experiments in CAS
slag were carried out potentiostatically, this
was not possible with the approx. 20 times
more conductive fayalitic slag system [38,
39]. The observed current easily reached the
maximum output of 5 A of the power source,
which forced a galvanostatic process control. The resulting voltage remained nearly
constant at approx. 1 V throughout the experiments. Despite the low voltage there
was a protective effect similar to the experiments in CAS slags at min. 8 V, although the
consistency of the solidified slag layer varied. Contrary to the complete solidification
described above the fayalitic slag layer retained a certain viscosity resulting in a typical downward facing cone (Fig. 4).
In this instance, absolutely no difference between reference samples and anodes was
discernible; consequently all further elucidations apply to both. The observed interactions between slag and refractory material
were rather similar for all samples, with one

2 (2010) [1]

Fig. 4 Cooled electrodes with adhering
fayalitic slag after polarization with 5 A
for 3 h, 1250 °C (R = reference sample, K
= cathode, A = anode)

noticeable exception in the cathodic boundary layer (Fig. 5).
Some reactions between slag and periclase
were to be expected, e.g. the formation of
olivines or magnesiowustite. Olivines were
predominantly identified as interstitial
phase, whereas magnesiowustite was the
primary phase present at the electrode
boundaries. Additionally, unreacted fayalite
was found alongside pure wustite. The important difference between reference sample and cathode was the full reduction of the
oxidic slag component wustite to metallic
iron (Tab. 2). It was thus a reasonable assumption that this reaction played a crucial
role in the observed minimization of corrosion at the cathodes.

4 Discussion
4.1 CAS slag
The formation of silicon metal at the cathode
was presumably formed through the reduction of silicate complex anions (see ionic theory below) as eq. 1 exemplarily shows.
(1)
Additionally, oxygen ions stemming from
the dissociation of the abundant basic
oxide CaO [29] were also present, so the
predominant anodic reaction supposedly
was the oxidation of oxygen ions according
to eq. 2.
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Fig. 5 BSE-SEM-micrographs of the slag-MgO interfacial regions after a 3 h polarization in fayalite slag at
1250 °C with 5 A (~1 V) with a) reference sample, b)
cathode; numbers refer to Table 2

The partial reduction of silicate anions to silicon partly deprived the surrounding melt of
the oxidic compound, which caused a shift
of the local slag composition towards the
C2S primary phase field and thus increased
the melt’s basicity due to CaO enrichment.
However, the electrochemical silicate reduction made only a minor contribution to the
overall corrosion protection.
According to the ionic theory of melts slags
primarily consist of ions [27]. Therefore, two
additional effects were to be expected from
the application of electric voltages, the first
being the enrichment of Ca2+ ions at the
cathode boundary. Their considerable mobility surpassed those of complex anions by far
and thus resulted in a locally increased CaO
content. An analogue conclusion was that
the directly opposed diffusion of Mg2+ ions
into the bulk of the slag due to electrode dissolution should be prevented. The immobilization of Mg2+ ions should thus quickly result in a local MgO saturation of the melt at
the cathode’s edges. At voltages < 8 V neither effect was discernible, which was sup-

Tab. 2 Phase compositions at the reference sample and the cathode after a 3 h polarization in fayalite slag with a current of 5 A, correspnding to a voltage of 1 V
MgO

SiO2

FeO*

Calc. phase composition

[mass-%]

[mass-%]

[mass-%]

[mass-%]

1

78,9

-

21,1

Mf

2

21,6

-

78,4

Mf

3

39,2

36,6

24,2

95 Ol (75 M2S, 25 f2S) + 5 f

4

-

34,4

65,6

70 f2S + 30 fS

5

13,6

31,2

55,2

95 Ol (75 f2S, 25 M2S) + 5 f

6

-

-

100,0

100 f

1

77,2

-

22,8

Mf

2

24,9

-

75,2

Mf

Cathode

3

11,6

30,8

57,6

95 Ol (80 f2S, 20 M2S) + 5 f

4

-

-

100,0

100 f

5

-

-

100,0

100 metallic Fe
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mass-%

Fig. 6 FactSage calculations for accumulation of Ca2+
ions in MgO-saturated cathodic boundary layer in
CAS slag at 1400 °C

posedly caused by the superposition of ionmigration by convection.
FactSage calculations were carried out for
CaO concentrations from 48,5 % to 100 %
to substantiate the assumptions concerning
Ca2+ enrichment in MgO-saturated boundary layers. First precipitates appeared at CaO
concentrations of app. 49 %, with a gradual
decrease of the amount of liquid phase to nil
(Fig. 6).
For a narrow range of approx. 52–55 % CaO
the complete melt solidification with coexisting merwinite, melilite and C2S was calculated, whereas rather high amounts of liquid
phase were again present at CaO contents
exceeding 55 %. In short, the calculations
mirrored the experiments conducted with 8
and 10 V both.

4.2 Fayalite slag

Reference
sample

*normalized

Phase composition [mass-%]

(2)

A pure fayalite slag as used here, allows for
straightforward interpretations due to the
well documented reactions [32, 33]. The
most obvious effect was the formation of
metallic iron caused by electrochemical reduction of FeO according to eq. 3.
(3)
Again, complete dissociation of oxidic compounds into ions was assumed. Pertaining to
the anodic reactions there were several possible reactions, none of which could safely
be determined.
An obvious reaction again was the already
mentioned oxidation of oxygen ions to molecular oxygen according to eq. 1. Due to the
high silicate content of the fayalitic-slag system another reaction was likely. Eq. 4 describes the polymerization of single silica
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tetrahedrons leading to the formation of
larger anions as well as the evolution of oxygen [32].
(4)
With commonly employed analysis methods
like EDS or XRF it was not possible to detect
this polymerization process, so above reaction remains a possibility. A more interesting
issue was the formation of metallic iron. At
1250 °C all of the formed iron droplets immediately solidified and thereby formed a
loose network, which may have well played
a role in increasing the slag’s viscosity. Appropriate estimations regarding the necessary scope of iron formation are difficult, but
Viswanathan et al. [42] reported a dramatic
viscosity increase in fayalitic slags on reaching a threshold of 7 mass% hematite. Due to
the equally high melting point of hematite it
is a rather safe assumption to draw parallels
to the effect observed in this work.
An additional consideration was the local
and permanent removal of the oxidic component FeO from the fayalitic slag, resulting
in an equally local increase of the silicate
content. From the FeO–SiO2 phase diagram
[41] it can be easily deduced that the removal of wustite from the slag causes a
sharp increase of viscosity owing to the
steep slope of the liquidus curve. It also
means that the protective effect of applied
voltages remains somewhat limited in terms
of temperature.
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