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ARTICLE INFO ABSTRACT

Keywords: Novel manufacturing route for composite inert anodes containing 60:40 of 316 L stainless steel and MgO powder
RecYCli_“g obtained from recycled MgO-C brick material has been developed and evaluated. After burnout of residual
Upcycling carbon from the recycled MgO-C powder, MgO and steel were granulated and pre-sintered in order to generate
Icnrir;li:Ode agglomerates of composite material acting as coarse grains within the composite material, and thus lowering the
Aluminium sintering-related shrinkage. The pre-sintered granules were mixed with raw steel and MgO powder in order to
MgO achieve a high particle packing and subsequently cold isostatically pressed in the form of electrodes. All man-

Steel ceramic composite

ufactured anode samples were subjected to sintering at 1350 °C and pre-oxidation at different temperatures —

800 °C, 900 °C, and 1000 °C. Afterwards, mechanical and electrical properties of the manufactured electrodes
were characterized. The results show that upcycling of the MgO-C material enables manufacturing of sophisti-
cated electrode products, which can be applied in the aluminum industry.

1. Introduction

Refractories are commonly used in high-temperature applications
such as production of metal, cement, glass, and ceramics. Despite sig-
nificant amounts of refractory materials being used every year, recycling
of such products gained attention only in the recent years. In 2019
recycling rate for refractories was estimated to be only 7% of raw ma-
terial demand by Horkmans et al. [1]. Bittencourt expects recycling rate
of refractory materials to have increased up to 10% by 2025 [2]. Apart
from the energy prices, production costs of refractory materials rise
every year. Moreover, necessity of environmental protection is
becoming more and more obvious [3]. Besides recycling of the re-
fractory materials, another possible way to decrease disposal rate of
refractories is to utilize the materials ones that came to the end of their
life cycle, is to produce more profound and complicated functional parts,
specifically, upcycle the refractories.

In metal industry, the largest part of refractories is dolomite, fol-
lowed by magnesite, fireclay and bauxite [3]. MgO-C lining bricks have
been gaining more and more attention over recent decades and nowa-
days they are widely used in basic oxygen furnaces, electric arc furnaces,
and steel ladle furnaces due to their excellent resistance to thermal
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shock, slag penetration, and corrosion; i.e. their outstanding properties
at elevated temperature [4-7]. Global demand for refractory materials
was estimated in 46 million tons for 2016, around 65% of which is
consumed by steel industry. Klages et al. estimated that around 40% of
the original converter lining is wearing out, and approximately 50% of
the remaining material is recyclable refractory material [8]. It ends up in
around 9-10 million tons of recycled refractories per year. Such mate-
rials might be used for land refilling or recycling. European commission
included waste framework directive 2008/98/EC outlining the priority
order for waste management as follows: A) Prevention, B) Reuse, C)
Recycling, D) Recovery, E) Disposal [1]. On the way to Zero waste policy
within industries it is important to use spent materials for recycling,
which will also prevent environmental problems caused by landfill and
toxic materials. According to Moritz et al., MgO-C bricks that contain
recyclate perform similarly good in comparison with the conventional
MgO-C bricks in terms of thermal shock resistance, even with a content
of recyclates up to 80% by mass [9]. However, due to decrease in CMOR
and RUL while containing a high ratio of recyclate, such material could
be suitable for applications with relatively low refractory requirements
[9]. Among the application fields of MgO-containing materials that do
not require outstanding refractoriness, there are composite materials
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Table 1
Chemical composition of the 316 L stainless steel in wt.%.
Element Fe Cr Ni Si Mo Mn Ti Nb S Al
Balance 16.9 10.5 0.1 2.1 0.9 <0.001 0.02 0.01 0.07
applicable: in field of plasma resistance for semiconductors application bl
Table 2

[10]1, and in field of corrosion resistance against molten aluminium al-
loys. According to Malczyk et al., steel-ceramic composite comprising of
316 L stainless steel and of MgO powder exhibited outstanding corrosion
resistance against molten aluminium alloys after particular thermal
treatment [11], due to the formation of MgO-FeO solid solution on their
surface [12]. Weigelt et al. showed that composite based on 316 L steel
and MgO is resistant to molten cryolite [13]. Thus, it might be possible
to utilize spent MgO-C brick material for aluminium production (where
corrosion resistance is of more importance than refractoriness of the
material), e.g. as inert electrodes for the alumina-cryolite electrolytic
cell process.

Haggerty et al. fundamentally investigated materials for inert elec-
trodes in aluminum electrodeposition cells [14]. There are few metal
oxides which do not co-deposit in the aluminum by electrochemical
deposition or chemical displacement, such as: MgO, SrO, LapO3, CaO.
However, such oxides have a significant solubility in cryolite. Therefore,
Haggerty et al. labelled MgO among other materials as “not of great
interest on anode formulations to date” [14]. Nowadays, most
commonly used electrodes for production of aluminum-silicon alloys in
cryolitic melts are consumable graphite anodes [15]. Galasiu and
Thonstad gave a comprehensive overview of inert anodes for electro-
winning of aluminium [16], dividing them into three categories.

1. Ceramic inert anodes, especially based on SnO, doped with CuO and
Sb,03, being prepared from oxides and therefore not oxidizing dur-
ing electrolysis.

2. Cermet inert anodes combining two different phases: ceramic phase
which is resistant to oxidation, however lacks electrical conductivity;
and metallic phase added to increase the electrical conductivity. The
major disadvantage of such materials is the oxidation of the metallic
part during the electrolysis process.

3. Metallic inert anodes utilizing specific alloys that undergo a surface
oxidation during electrolysis, forming oxide layers with low solubi-
lity in the electrolyte. The surface layer of such electrodes has to be
electrically conductive and impermeable to oxygen.

There is an increasing argument that the introduction of inert anodes
would have a little to none environmental benefits due to higher DC
energy consumption with inert anodes [17,18]. However, Kargin et al.
[19] and Zhang et al. [20] studied metal ceramic composites, mostly
based on Fe-Ni, Cu-Ni-Fe, Fe-Ni-Al alloys. Yang et al. showed that inert
anodes based on metal-ceramic composite with NiFe;O4 spinel exhibit
excellent corrosion resistance paired with self-repairing behavior under
oxidation atmosphere [21].

It must be noted that fine-grained metal ceramic composites suffer
from the high shrinkage during sintering process, which drastically
limits dimensions of the manufactured body. A concept of coarse-
grained composite materials (manufacturing and pre-sintering aggre-
gates of desired size from fine powders) was recently introduced [22].
The sintered aggregates have already experienced shrinkage during
pre-sintering process. Therefore, after mixing with fine powders to form
a dense body, they will significantly decrease shrinkage of the manu-
factured composite material [23].

This research focuses on the utilization of the recycled MgO-C lining
bricks to manufacture cermet inert composite anodes for the aluminium
cryolite electrolytic cells. Furthermore, this research studies imple-
mentation of the novel manufacturing process, i.e. pre-sintering of ag-
gregates of composite materials in order to decrease the sintering-
related shrinkage of the products. The manufactured electrode

Manufacturing route of the composite granulate.

Material addition Mixing/granulating parameters

Step 1 Adding raw powders Dry mixing for 120 s at 300 min~!
Step 2 Adding 1 wt% of de-ionized Mixing for 60 s at 300 min~*
water
Steps [Adding 1 wt% of binder Mixing for 60 s at 300 min-1] x7
3-9 material times
Step 10 - Granulating for 100 s at 600 min

samples were characterized of regarding E-modulus, splitting tensile
strength, electrical conductivity at room temperature, as well as
microstructure.

2. Methods and materials
2.1. Materials

Crushed MgO-C bricks were provided by Refratechnik Steel GmbH
with particle size of 0-1 mm. For the manufacturing of the anode sam-
ples as well as for the granulate production, the finest MgO-C fraction —
less than 125 pm — was sieved out and only this fraction was used
throughout the whole research. Carbon content of the powder was
estimated to be approximately 19.3 wt% by means of the oxidation test:
Nabertherm LHT 04/16 S W oven (Nabertherm GmbH, Lilienthal/Bre-
men, Germany) is equipped with weigh that allows to continuously
measure mass of the sample during the heating process to desired tem-
perature. 12.5 g of the sieved fine fraction of MgO-C material were
slowly heated up with heating rate of 2.5 K/min until mass of the sample
stabilizes (approximately 6.5 h, reaching 950 °C). Therefore, 24 h at
1000 °C was chosen as the sufficient thermal treatment to burn out all
the residual carbon (conducted in Nabertherm N 20/14 ventilated oven
under air). The true density of MgO powder was estimated with 3.58 g/
cm?, particle size d90 < 109 pm.

The steel powder of gas-atomized 316 L-FeCr18NilOMo3 stainless
steel (TLS Technik, Bitterfeld-Wolfen, Germany) was used as a metallic
part for metal ceramic composite. Chemical composition of the steel is
provided in Table 1. True density of the 316 L stainless steel is 7.62 g/
cm®, particle size d90 < 51 pm.

Carbonless recyclate powder was then used to produce steel-ceramic
composite material with volumetric ratio 60 vol% 316 L stainless steel
powder +40 vol% carbonless MgO recyclate powder. For the coarse-
grain aggregates manufacturing, granulation process was chosen.
Binder material for the granulation process was water solution of the
fructose syrup 70% (Gellmi, Hanseatische Zuckerraffinerie, Hamburg,
Deutschland) in proportion 30 wt% fructose syrup to 70 wt% deionized
water. Fructose was chosen as environmentally friendly binder material
following the sustainability and upcycling concepts of the Research
Training Group GRK 2802.

2.2. Aggregates manufacturing

Laboratory mixer Eirich EL-1 (Maschinenfabrik Gustav Eirich,
Hardheim) was used to mix and to granulate thw powders of carbonless
MgO-recyclate, 316 L stainless steel, water and binder material. Gran-
ulation process is described in detail in Table 2.

After the granulation, the material was dried at 110 °C for 24 h, with
further debinding at 500 °C under air atmosphere for 30 min in Xerion
Entbinder-und Sinter Sonderofen (XERION ADVANCED HEATING
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Fig. 1. Photograph of specimens prior to oxidation used for electrical con-
ductivity measurement (left) and for tensile spitting test (right).

Ofentechnik GmbH, Freiberg, Germany). Parameters of the debinding
process were: heating rate 2 K/min to 200 °C, 0.5 K/min to 500 °C and
cooling rate 0.5 K/min to 100 °C. After debinding, material was directly
transferred to sintering furnace Xerion XGRAPHIT Hochtemperatur-
Vakuum-Ofensystem (XERION ADVANCED HEATING Ofentechnik
GmbH, Freiberg, Germany), and sintered at 1350 °C for 2 h. Sintering
was conducted under argon atmosphere with heating rate 5 K/min to
1350 °C, cooling rate 5 K/min to 300 °C followed by free cooling to room
temperature.

Pre-sintered granulates of composite material were fractioned by
means of sieves with mesh-sizes 8 mm, 6.3 mm, 3.15 mm, 2 mm, 1 mm,
500 pm, and 250 pm. Small amount of sintered granulate material was
embedded in epoxide and polished in order to conduct XRD analysis.
Results for granulate containing carbonless MgO were then compared to
the results of XRD analysis of granulate prepared with conventional
fused MgO powder (Refratechnik GmbH, d90 < 100 pm).

2.3. Electrodes manufacturing and testing

After sieving, the pre-sintered granulate material was split into three
fractions, coarse particles in range 2-6.3 mm, medium grains in range
0.5-2 mm, and fines containing mixture of 316 L stainless steel powder
with carbonless MgO recyclate powder in a respective volumetric ratio
60:40. Mass ratio coarse:medium:fines was chosen to be 2:1:2 in order to
achieve a high packing density and thus to compact the composite
material during pressing. As a pressing aid, Zusoplast G63 (Zschimmer &
Schwarz GmbH & Co KG Chemische Fabriken, Lahnstein, Germany) in
an amount of 0.5 wt% of the material mixture was added. The composite
material was pressed in a latex mould (with a diameter of 35 mm and a
height of 155 mm) with a 150 MPa pressure using cold isostatic press
EPSI CIP 300-250 x 1000 Y (Engineered Pressure Systems International
NV, Temse, Belgium). After the CIP pressing, the compacts were sub-
jected to the same debinding and sintering procedures as granulated
composite material.

The sintered compacts were cut in four cylindrical specimens with a
height of 70 mm and a diameter of about 35 mm (depending on the
diameter of the parts after pressing) (Fig. 1). The cylindrical specimens
were used for E-modulus acoustic measurement with UltraTest Ultra-
sonic Tester BP-700 (UltraTest GmbH, Achim, Germany). After non-
destructive E-modulus testing, three specimens were pre-oxidized at
800°C, 900°C, and 1000°C and used for acoustic E-modulus test again.
Afterwards, one specimen in as-sintered state (reference) and three pre-
oxidized specimens were tested for tensile splitting strength using Toni
Technik 40-4000 kN testing machine (Toni Technik Baustoffpriifsys-
teme, Berlin, Germany) with speed of 0.06 N/mm?/s according to DIN
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EN 12390-6.

For electrical conductivity measurement, four prisms with dimension
of 8 mm in height and 9 mm x 9 mm in cross-section were cut from the
sintered electrode samples. A set of four prisms was prepared in the same
way - reference prism in as-sintered state and the three other prisms pre-
oxidized at 800 °C, 900 °C, and 1000 °C. Before electrical conductivity
measurement, the surface of the specimens was sputter coated with a
layer of gold using Quorum Q150T ES. To reduce the influence of surface
roughness and to ensure a continuous contacting over the whole sample
surface, an additional layer of Pelco Colloidal Silver (Plano GmbH,
Wetzlar, Germany) was applied. Electrical conductivity was measured
with a Keithley 220 Programmable Current Source (Keithley In-
struments, Cleveland, OH, USA) and a Keithley 2000 Multimeter
(Keithley Instruments, Cleveland, OH, USA) using four-point-
measurement setup by applying electrical currents of 1 mA, 10 mA,
and 100 mA and measuring the resulting voltages.

Due to the fact that new MgO-FeO phases are formed on the surface
of the specimens during pre-oxidation, the grinding or polishing of the
surface should be avoided.

Another set of four disks with a height of 8 mm were cut from the
sintered electrode. Three of the disks were pre-oxidized at 800 °C, 900
°C, and 1000 °C, the fourth served as a reference (as-sintered state).
Afterwards, all four disks were cut in half, embedded into epoxide and
vibro-polished for REM/EDS analyses in order to estimate surface
oxidation depth and rate.

3. Results and discussion
3.1. Aggregates manufacturing

All preliminary burnout treatment tests of recycled MgO-C material
were conducted with thickness of MgO-C layer below 10 mm. However,
taking into consideration high amount of the material needed to produce
the electrodes, the first campaign was carried out with a larger thickness
of approx. 35 mm. After pre-sintering of the granulates based on this
material at 1350 °C under argon atmosphere, it was found that the re-
sidual carbon from the recyclate material led to the carburization of the
stainless steel, hence, lowering its melting point. Droplets of the molten
steel could be detected at the surface of such granulates (Fig. 2).

Therefore, it was decided to further decrease thickness of the layer of

2mm
—

Fig. 2. Steel droplets formed due to carburization of 316 L stainless steel.
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Fig. 3. Pre-sintered granulates with 60 vol% 316 L and 40 vol% carbonless
MgO powder.

the material for the burnout treatment to 5 mm. Subsequent TG analysis
of the material indicated no noticeable change of mass and thus no
presence of carbon.

After adjustment of the manufacturing route, granulate material was
produced in small batches of 800 g to prevent the formation of sintering
necks. An example of pre-sintered 800 g batch can be seen in Fig. 3.

After pre-sintering, the granulate material was sieved, particle size
distributions of three 800 g batches are shown in Fig. 4. Obviously,
particle size distributions naturally varied from batch to batch, however
common trend could be observed. Based on the particle size distribution,
particles between 2 mm and 6.3 mm (marked blue in Fig. 4) were chosen
as a coarse fraction, and 0.5 mm-2 mm - as medium (marked orange in
Fig. 4) for 40:20:40 coarse:medium:fines composition, due to the fact
that cumulative masses of 2 mm-6.3 mm and 0.5 mm-2 mm ranges
relate in a proportion quite close to 2:1. Fines were made up of raw
materials consisting of 60 vol% of 316 L stainless steel and 40 vol% of

100%

90%

80%

70%

60%

50%

40% | /]

Cumulative mass in %

20%

10%

0% &
0 1 2 3 4 5 6 7 8
Particle size in mm

Fig. 4. Particle size distribution of three different batches of the pre-
sintered granulates.
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Fig. 5. XRD analysis of the pre-sintered granulates produced with carbonless
MgO recyclate (top) and granulate with fused MgO (bottom).

carbonless MgO recyclate. The finest sieved fractions (<0.5 mm) were
not used in order to maintain exact volumetric ratio of 316 L to MgO of
60 to 40 (see Fig. 5).

3.2. XRD analysis of the granulate

According to results of XRD analysis, both pre-sintered granulates
show very similar diffraction patterns. The only difference is a broaden
peak in the range of 10-25 2-6 which can be attributed to the compounds
that impregnated MgO grains during metallurgical application.

3.3. Electrodes manufacturing

The dimensions of the compacts were measured after cold isostatic
pressing and after sintering at 1350 °C. Due to the fact that electrode
material contained granules with max size of 6.3 mm, some parts of the
electrode surface featured granular texture as shown in Fig. 6. Initially it

Fig. 6. Cold isostatically pressed electrode samples.
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2cm
——

Fig. 7. X-Ray transmission image of a sintered electrode specimen.

was intended to produce electrodes with a diameter of 15 mm directly.
However, the coarse grain sizes up to 6.3 mm caused an insufficient
compacting, i.e. it was not possible to remove the compact from the late
mould without failure.

The utilization of pre-sintered granulate in cylinder production
resulted in the average sinter shrinkage of 0.75% in length and 2.14% in
diameter, which is significantly lower than shrinkage of fine-grained
316 L-MgO 60-40 composite material (4%) produced by Malczyk
etal. [11]. Such decrease in shrinkage was expected due to the fact that
granulate of composite material, has already experienced shrinkage
during pre-sintering process at the targeted 1350 °C.

After the sintering process, no visible cracks and pores could be
detected, neither on the surface nor inside using X-Ray transmission
imaging of the electrodes (Fig. 7).

3.4. Characterization of the electrode material

After pre-oxidation, new oxidation phases occurred on the surface of
the specimens. Such phases are expected to be corrosion resistant
against molten aluminium [11] as well as cryolitic melts [13]. The most
important requirement is that the electrode specimens remain

Open Ceramics 16 (2023) 100458

electrically conductive after pre-oxidation thermal treatment.

Discs for microscopical analysis, cylinders for splitting tensile
strength, and prisms for electrical conductivity tests after pre-oxidation
noticeably changed their appearance. Surface of the specimens that
were pre-oxidized at 800 °C became darker, having no visual difference
in color between them and the specimens pre-oxidized at 900 °C. On
contrast, specimens pre-oxidized at 1000 °C additionally featured glassy
surface (Fig. 8). After pre-oxidation thermal treatment at 800 °C, 900 °C
and 1000 °C, a mass increase was determined with 0.03%, 0.16%, and
2.49% respectively. High gain of mass for 1000 °C pre-oxidized spec-
imen indicates high rate of oxides formation, influencing both electrical
conductivity and corrosion resistance of the material.

Results of acoustic E-modulus tests on the set of the same specimens
before and after pre-oxidation are represented in Fig. 9. It is noticeable
that E-modulus for specimens pre-oxidized at 800 °C and at 900 °C
significantly increased, whereas for 1000 °C it dropped by almost 8%.
Taking into consideration that only a thin surface layer is exposed to
oxidation, such results may indicate that in case of 800 °C and 900 °C,

E-modulus in length direction

70
+11.01% +12.32%
& -7.65%
& 50
o
£ 40
3 m as-sintered
230 o
g 22 = pre-oidized
& 20
10
0
800 °C 900 °C 1000 °C

Fig. 9. Results of E-modulus acoustic measurements on cylinder specimens:
before pre-oxidation (blue) and after pre-oxidation (orange). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

2.5
cm

Fig. 8. Photograph of the specimens cut from the sintered electrode samples. Left to right: as-sintered, pre-oxidized at 800 °C, at 900 °C, and at 1000 °C specimens.
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Fig. 10. Photographs of specimens after tensile splitting test, as-sintered (left) and pre-oxidized at 900 °C (right).

250 ”
51.56
195.06 7
. - 50 43.71 4247
-2 163.69 As-sintered E a0 36.97
By 142.48 £
2 PO 800°C =
. . =30
i PO 900 °C e
E = PO 1000 °C or?
50 10
. 0

Fig. 11. Results of the tensile splitting test of samples in as-sintered state, pre-oxidized at 800 °C, 900 °C, and 1000 °C.

oxidation reaction formed stronger phases compared to 1000 °C spec-
imen that might have experienced excessive oxidation.

After non-destructive characterization of the specimens, they were
subjected to tensile splitting strength test. In order to ensure a uniform
force distribution, wooden planks were used underneath and on top of
the samples (Fig. 10).

It is noticeable that the as-sintered sample experienced more ductile
fracture compared to the pre-oxidized sample. The thickness of the
oxidation layer of the specimens pre-oxidized at 900 °C was lower than
2.5 mm, and even such thin surface layer, can affect the fracture mode.
Results of splitting tensile strength test are shown in Fig. 11.

In summary, pre-oxidized specimens exhibited lower values for
fracture force and critical stress, which is related to the fact that oxides
newly formed on the surface of the samples are more brittle than metal
matrix composite material of as-sintered samples. Specimens pre-
oxidized at 900 °C performed comparatively better than specimens

pre-oxidized at 800 °C or 1000 °C. Surface oxidation layer formed at
900 °C thus provides promising mechanical properties.

3.5. Electrical conductivity measurements

The electrical conductivity of specimens pre-oxidized at 1000 °C was
below the sensitivity range of the measurement setup. Therefore, such
specimens are considered not having sufficient electrical conductivity.
On the contrary, specimens sintered and the pre-oxidized at 900 °C
exhibited electrical conductivity of almost 150 S/cm at room tempera-
ture, which is comparable to electrical conductivity of carbon. Speci-
mens pre-oxidized at 800 °C specimen showed an electrical conductivity
of approx. 42.2 S/cm. As-sintered specimen exhibited electrical con-
ductivity comparable with graphite at 985 S/cm (Fig. 12). High elec-
trical conductivity of sintered composite material is necessary, while
after pre-oxidation treatment newly formed oxide surface phases always

1.00E+04
IS 9.85E+02 1.25E+03 Grahit
L raphite
%) 1.00E+03 X
K= as-sintered
> 1.49E+02 1.54E+02
I it atatatatat s ettt
*g 1.00E+02 4.22E+01 Po>§00 = = = —Carbon
T X
8 PO 800°C
E 1.00E+01 X Composite material
3
o
Ll
1.00E+00 FAIE-01 SiC, recrystallized
1.00E-01

Fig. 12. Results of the electrical conductivity measurements at room temperature compared with conductivity of graphite, carbon and SiC [24].
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Fig. 14. EDS mapping of Mg, Fe, O elements on the surface of a specimen pre-oxidized at 800 °C.

decrease electrical conductivity of the whole part.

Adler [25] stated that the SnO5 based anode slowly dissolves in
cryolite. Doping SnOy with FeyO3 decelerated the dissolution rate. A
sample with a composition of SnO; with 1 wt% of SbyO3 + 2 wt% of
Fey03 provided an electrical conductivity of 220 S/cm [26]. The highest
electrical conductivity 700 S/cm among inert anodes exhibited complex
Fe-(NiFe;04 + NiO) with composition of 50 wt% NiO, 20 wt% Fe and 30
wt% NiFe;04. However, by reducing the iron from 20 wt% to 7 wt%,
electrical conductivity dropped from 700 S/cm to 19 S/cm [27-29]. In
an aluminium-cryolite cell, anode is not only the electrically conductive

material, but also provides heat to the melt. Therefore, it is important to
adjust electrical conductivity with accordance to the application area,
which will be pursued in further studies. Moreover, due to presence of
the oxides in the surface layer, electrode after pre-oxidation might
exhibit not only electron conductivity in composite material inside, but
also partial semi-conductivity at the interface oxide-composite. At
elevated temperatures, the electrical conductivity of the composite
material decreases, while semi-conductivity increases. This issue will be
studied in future research along with chemical inertness of the oxidized
composite material against cryolite melts.
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2023-06-23-5. Yaroshevskyl-Nr.784 900°C
MAG: 557x HV: 20KV WD: 6,0 mm
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Fig. 16. EDS mapping of Mg, Fe, O elements on the surface of a specimen pre-oxidized at 1000 °C.

3.6. Microstructure analysis

According to the mapping of the Mg, Fe, O elements on the surface
layer acquired with EDS-analysis, the as-sintered composite material
contains MgO grains surrounded by 316 L steel with no indication of
steel grains oxidation (Fig. 13). After pre-oxidation step at 800 °C, ox-
ides of iron are formed on the surface of 316 L grains with thickness up
to 40 pm, Mg is present only in very low amount within such phases
(Fig. 14). After pre-oxidation at 900 °C, new phases including Fe, Mg
and O are formed around former MgO grains. Concurrently, a sufficient

amount of 316 L steel grains is present in order to form the continuous
phase of conductive material. On the outer surface of the discs, a thin
layer of iron oxides is formed (Fig. 15). At 1000 °C, the oxidation of the
outer layer is excessive, almost all MgO grains reacted with Fe from 316
L grains forming Mg-Fe-O phases with higher amount of oxygen
compared to specimen pre-oxidized at 900 °C. The number of 316 L
grains is significantly lower than respective amount for 900 °C pre-
oxidized specimen, clusters of such grains are surrounded by oxides of
Fe and Mg, contributing to the non-conductive behavior of the 1000 °C
specimens (Fig. 16).
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Fig. 17. REM/EDS analysis (BSE mode) of the surface of the specimen pre-oxidized at 900 °C.

In order to evaluate newly formed phases on the specimen pre-
oxidized at 900 °C, showing better results in electrical conductivity
and mechanical properties, REM/EDS analysis was conducted (Fig. 17).

Brighter area A, mostly exposed to the surface oxidation contains
mostly FeO phases. Slightly darker areas B and D are almost identical,
with solid solution of MgO and FeO phases, with higher amount of the
latter. Area E represents 316 L stainless steel grain, area C is the
remaining part of not-reacted MgO grains. Area F is a solid solution of
FeO and MgO phases, with a higher amount of MgO. Alloying elements
of steel and residual elements from recycled MgO are present in all areas.
It should be mentioned that the highest content of such alloying ele-
ments is present in area F surrounding 316 L grains, forming complex
Fe-Mg-Si-Ca-Mn-Cr-O transition phases.

4. Conclusion

Recycled MgO-C lining bricks after burnout of the carbon can be
utilized to produce inert anodes based on metal-ceramic composite with
60 vol% of 316 L stainless steel and 40 vol% of recycled MgO material.
In order to manufacture comparatively large parts with a low shrinkage,
additional step of granulation and sintering of the fine powders has to be
performed. Such step decreases shrinkage caused by sintering from
around 4% for fine powders down to 0.75% in length direction for
mixture of fine-powders (40 wt%) with pre-sintered granulates (60 wt
%).

The developed composite material forms protective layer during the
pre-oxidation thermal treatment. Such protective layer mostly contains
FeO-MgO solid solution phases. The evaluation of the mechanical tests
as well as electrical conductivity measurement showed that the most
suitable pre-oxidation temperature for the material studied is 900 °C.
Anodes pre-oxidized at 900 °C exhibited electrical conductivity of 150
S/cm at the room temperature, comparable with inert anodes for
aluminium-cryolite electrolytic cells. Since the newly formed oxide
phases are semi-conductive while the metal matrix composite inside is

electrically conductive, it is assumed that with increasing temperatures
the overall conductivity of the composite system will decrease less
compared to graphite.

In the further studies, electrical conductivity tests at elevated tem-
peratures and electro-chemical analysis after the corrosion tests will be
performed.
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