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Abstract

The durability and effectiveness of aluminum electrolysis cells heavily depend on the quality of
the refractory materials lining. These materials are crucial for maintaining thermal equilibrium
and shielding insulating bricks from extreme temperatures and chemical assaults. This article
presents an investigation of the composition changes to evaluate the mechanical and thermal
properties of Ordinary Refractory Bricks (ORB) in relation with electrolyte bath contamination
at a laboratory scale. Through comprehensive chemical characterization techniques such as
Thermogravimetry and differential thermal analysis (TG/DTA) and X-ray Powder Diffraction
(XRD), this study quantified the concentration range of contamination experienced by ORB.
Subsequently, ORB samples were exposed to electrolytic bath contamination at different
temperatures (between 700 °C and 960 °C) for one hour. Both uncontaminated and contaminated
samples underwent evaluations of the thermophysical properties. This approach helps to elucidate
how thermal properties are affected by contamination, providing valuable insights into enhancing
cell performance and longevity. By focusing on the thermal aspects alongside chemical
characterization, this study seeks to improve understanding of ORB behavior during its
degradation and contribute to advancements in aluminum reduction cell technology.

Keywords: Ordinary refractory bricks, Contamination, Aluminum reduction cells, Thermal
properties.

1. Introduction

Due to the long lifespan of aluminum reduction cells, it is impractical to base the selection of
refractories exclusively on in-service cell tests or autopsies of tap out cells. Hence, several
laboratory-scale tests have been developed. The two main challenges in the laboratory study of
the degradation process in ordinary refractory bricks (ORBs) are: 1) understanding the
degradation phenomena under specific physical and chemical conditions, and 2) determining the
reaction kinetics and rate of degradation. Although significant efforts have been made to
understand these phenomena, less work has been done to develop new, more representative
degradation tests. A thorough understanding of the chemical reactions occurring within the ORBs,
especially concerning the aggressiveness of the electrolyte bath, is vital for extending the lifespan
of aluminum reduction cells. This knowledge is essential for reducing environmental impact and
improving the economic sustainability of aluminum production.
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The ORBs will be directly exposed to the electrolytic bath, the primary source of contamination
for cell refractories. By exposing samples to this substance, the test accurately simulates the
conditions the refractories will face in their actual operational environment. This allows for a
precise assessment of the material's resistance to this specific form of degradation, providing
crucial data on its effectiveness in real industrial conditions.

Additionally, degradation tests conducted in the presence of nitrogen gas in the new method offer
a holistic approach to evaluating refractories resistance to real operating conditions. This approach
allows researchers to assess not only resistance to contaminants but also the structural stability of
the material in the absence of significant oxidation. This combination of tests enables a more
comprehensive evaluation of refractory performance while ensuring a cost-effective and easy-to-
implement approach.

2.  State of the Art

Researchers in aluminum production have extensively studied refractory materials used in
aluminum reduction cells. Siljan et al. [1] provided a comprehensive review of alumino-silicate
refractories, detailing advancements, and their performance in the challenging conditions of
aluminum production. In 2001, Pelletier and Allaire [2] proposed a unified approach to thoroughly
understand the corrosion mechanisms in potlining refractories. Building on this work, Pelletier
and Allaire [3] continued their investigation in 2003, examining the impact of different cathode
materials on potlining refractory corrosion. In 2016, Tschope et al. [4] pioneered the development
of chemical degradation maps, offering a holistic view of sodium attack in refractory linings.
Most recently, in 2024, Ben Salem et al. [5] conducted an on-field investigation of cell lining
materials, performing a detailed autopsy of a high-amperage cell to identify the probable causes
of reduced cell life.

3. Methodology
3.1 Description

Six contamination tests will be conducted on ORBs at varying bath temperatures: 700, 760, 875,
900, 930, and 960 °C. ORBs with dimensions of 50 x 20 mm will be used, placed in a small
graphite crucible. The crucible will be filled with electrolytic bath up to 20 mm from the bottom,
the ORB will then be immersed and covered with an additional 20 mm of the bath as mentioned
in Figurel.

This setup is designed to expose the cylindrical brick sample to a unidirectional flow of the
corrosive electrolytic bath. The sample will be directly exposed to the bath’s species. Each test
will last for one hour at the specified temperatures.

Figure 1. ORB bath assembly: A) ORB, B) bath, C) crucible.
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3.2 Procedure

Thermal treatment experiments were carried out in the experimental setup shown in Figure 2.
Once the crucible filled with bath and ORB sample is prepared, it is placed inside an inconel
chamber, which is then inserted into the Pyradia furnace. The inconel crucible, with a diameter
of 34 cm, is covered with a lid pierced with chimneys for the passage of 24-inch K-type
thermocouples to control both the crucible and bath temperature. Data acquisition is performed
using LabVIEW software, allowing for temperature monitoring during the 1-hour contamination
period. Data is recorded every 5 seconds. An example of collected data during the contamination
at 700 °C of the ORB with the bath is illustrated in Figure 3 (heating of the furnace, stabilization
for one hour at the required temperature, and furnace cooling). The furnace has a diameter of
48 cm. The experiment takes place in a nitrogen inert atmosphere.

Figure 2. Thermal treatment experimental setup.
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Figure 3. Temperature profile contamination at 700 °C.

After completion of the experiment and cooling down of the furnace, the contaminated ORBs is
carefully removed from the crucible. The weight loss of the samples post-exposure to the
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electrolytic bath is then precisely measured. Subsequently, a longitudinal cut is made using a
diamond saw to assess the depth of penetration of the bath. Any dimensional changes of the
samples (e.g., size reduction, formation of cracks) are observed, and the thickness of the corroded
layer on the refractory bricks is measured. Subsequently, a section of the contaminated part was
cut, and X-ray diffraction (XRD) was conducted to identify the new phases formed after
contamination.

3.3 Analytical Methods
Thermogravimetry and Differential Thermal Analysis (TG/DTA)

Tests were conducted using a Setaram Setsys 2400 instrument, equipped with a measuring head
capable of reaching temperatures up to 1600 °C. The heating rates were precisely controlled at
10 °C/min. To minimize oxidation, the reaction chamber was filled with argon. An uncovered
crucible made of platinum with 10 % rhodium was used, and typically, 20 mg of the reactant was
placed in the crucible before each test.

X-Ray Diffraction (XRD)

Before conducting analysis, the samples underwent grinding, and XRD was employed to ascertain
their chemical composition. The XRD characterization was performed using a PANalytical X'Pert
PRO MPD diffractometer, with data collected by a PIXcel1D detector. The sample holder rotated
at a speed of 1 s7'. The diffraction profile was recorded over a 20 angle range from 10° to 74°
using Cu Ka radiation.

Degradation Rate

To evaluate the corrosion rate, a direct measurement of weight loss is used. The sample is weighed
before and after exposure to the corrosive environment. The difference in weight gives the
material loss due to corrosion. Divide this weight loss by the sample surface area (corrosion rate:
weight loss per unit area (g or mg/cm?)) and then by the exposure duration to obtain the corrosion
rate, typically expressed in milligrams per square centimeter per hour (mg/(cm?-h)). By
combining these data with different temperatures, the corrosion rate of the aluminum electrolysis
bath on refractory bricks can be determined under various experimental conditions.

4. Explanation for the Temperature Choices

Gathering information from a) Figure 4, which delineates the temperature ranges around the
ORBs between 750 °C and 935 °C (obtained from calibration on in sifu measurments on
Aluminerie Alouette Inc. reduction cell), b) the solidus and liquidus curve of the industrial bath,
with the solidus at 890 °C and the liquidus at 950 °C, and c) a comprehensive TG/DTA analysis
of the bath as mentioned in Figure 5, will determine the contamination temperatures of the ORBs
in the bath.
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Figure 4. Temperature range in the refractory layers.

The TG/DTA curve of the bath provides three endothermic peaks:

e Peak at 527°C: In line with the transition from a-NasAlFs to [B-NazAlFs.
Thermodynamic calculations indicate that this reaction occurs at 563°C with pure
cryolite. Thus, the CaF, content decreased the transition temperature from a-Na3AlFg to
B-NasAlFs [6].

e Peak at 730 °C: The melting of the bath started at a temperature near the second
endothermic peak. This temperature was 730 °C. The solidus of the acidic electrolytic
bath is around 730 °C. This low solidus temperature is caused by the presence of chiolite
(NasAl3F14) and calcium cryolite (Na,Ca3AlFi4 and NaCaAlFs) in the electrolytic bath.
These compounds lower the melting point of the bath, allowing it to fuse at a relatively
low temperature of 730 °C. Thus, there is a temperature range, between 730 and 930 °C
approximately, where the electrolytic bath is in a solid-liquid state [6].

e Peak at 952 °C: The solid solution NasAlFs completely melted at 952 °C.

Based on the collected information, the following tests will be completed:
e Testat 700 °C: evaluate the reactivity of the solid bath on the ORBs.
e Test at 760 °C: investigate the reactivity of chiolite (NasAl3Fi4) and calcium cryolite
(Na,CasAlFi4 and NaCaAlFs) on the ORBs (1% liquid phase).
Test at 875 °C: This temperature satisfies the following criteria:
- The solidus is at 890 °C (to observe the effect of the solid bath before it begins to melt).
- The eutectic of the ternary system: NaF + Na3;AlF¢ + NaAlSiOs, T =873 °C.
- The eutectic of the binary system: NaF-NaAlSi;Os, T = 868 °C.
Test at 900 °C: Examine the reactions mentioned in part 5.2. of the: reactivity of NaF,
Na(g), A1F3, NaA1F4 (2)s and SiF4 (2)-
Test at 930 °C: Between the solidus and liquidus: assess the reactivity of the partially
liquid bath on the ORBs.
Test at 960 °C: Investigate the reactivity of the fully liquid bath on the ORBs.
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Figure 5. TG/DTA analysis of electrolyte bath.
5. Results
5.1 Visual Observations

Visual observations at 700 °C indicated the onset of ORB degradation in the bath, which
continued to progress up to 960 °C, as shown in Figure 6.

Figure 6. ORBs fully submerged in electrolytic bath for 1h from 700 to 960 °C.
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Starting at 875 °C, bubbles began to appear in the bath due to the reaction between the ORB and
the bath: fine bubbles merged into larger ones by coalescence at the surface of the bath in contact
with the ORB, as illustrated in Figure 7. It is also noted that the bubble size increases with rising
temperature, as the electrolyte bath becomes increasingly fluid. This indicates the release of gas
during ORB contamination beginning at this temperature. Additionally, there was more
significant ORB degradation in the bath at 960 °C: a 3 cm layer comprised of three distinct layers,
easily discernible to the naked eye. Figure 8 provides examples of these layers. The upper part of
the contaminated bath line exhibited infiltration of the ORB, characterized by a thin black layer.
This penetration zone was situated between the ORB and the contact bath. Below this layer was
an irregular region with a brown hue. The crystalline structures in this area displayed porosity
characterized by numerous voids and gaps, which correlates with the previously mentioned
bubble formation. The subsequent layer had a white-greyish appearance as mentioned in Figure 8,
which was no longer observed at higher contamination temperatures. At 930 °C and 960 °C, the
lower part of the bath becomes smaller, and the upper part expands as the bath begins to liquefy.

ORB/bath
contact

_.-.._.. A 2t e %

Figure 7. Cross section of bottom contaminated bath from 875 to 930 °C.
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T

Figure 8. Cross Section of top contaminated bath at 960 °C.
Left: A) external view, Right: B) internal view.

5.2 Discussion

5.2.1 ORBs

X-ray diffraction tests conducted on the black-greyish areas of the ORBs, as indicated in Figure 6,
reveal the phases formed during the reaction between the ORBs and the bath at 960 °C, which
includes chiolite (NasAlsFi4), cryolite (NaszAlFs), and nepheline (NaAlSiO4) as described in
Figure 9.

The main phases formed in the reaction between ORBs and NaF are nepheline and cryolite
according to the following reaction:
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6 NaF + 3 SiO; + 2 Al,O3 = 3 NaAlISiO4 + NazAlFs 0]

The observed contamination of the bath results in the same major phases as those found in
industrial autopsies and previous work [5], despite only a 1-hour exposure time.

5.2.2 Electrolytic Bath

The three layers of the contaminated electrolytic bath at 960 °C were analyzed, and the XRD
results indicate the presence of aluminum fluoride (AlF3), sodium tetrafluoroaluminate (NaAlFs),
potassium iron oxide (KFeQ,), and sodium peroxide (NaO,) as described in Figure 10. As is
known, among the fluorinated gaseous species that could be involved, NaAlF, is expected to be
the main fluorinated gaseous species due to the dissociation reaction of cryolite:

NasAlFs = NaAlF; (g) + 2NaF (s) )
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Figure 9. XRD diffractogram of the laboratory-contaminated vs origin ORBs at 960 °C.

Explanation: As it is widely recognized, the volatility of fluorine-containing materials varies
significantly. The vapor pressure of NaAlF, reaches 3 kPa at around 960 °C, whereas that of AlF3
and Na3AlFs does not exceed 0.5 kPa at the same temperature. Particularly noteworthy is the
highest partial pressure, which increases notably above 900 °C, predominantly of sodium
tetrafluoroaluminate (NaAlF4) [7].

Factsage results showed that sodium tetrafluoroaluminate (NaAlF4) most likely reacts with
sodium vapor and aluminosilicate refractories to form metallic silicon (Si), nepheline (NaAlSiOs),

and gaseous silicon tetrafluoride (SiF4) through a reversible reaction:

4Na @t 2NaAlF, @1 2A1,0; + 9 Si0, = 6NaAlSiO4 + 2Si + SiF4(g) (3)
AG 1173k 900°c) = - 503 kJ.
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Although the partial pressure of NaAlF, is quite low, this gaseous species can diffuse into the
refractory lining due to its porosity and react with the refractories and NaF according to the
following reaction:

2NaAlF )+ 2A1,03() + 9Si10x) + 4NaF pamy = 6NaAlSiO4) + 3SiFy (g “4)
This reaction is favored by the presence of free silica and results in the formation of SiF4. Another
likely reaction:
4Na(g) + SiF4(g) = 4NaF + Si (5)
AG® 1173k (900°c) = - 355 kJ

2NaF + 2NaAlF4(g) = NazAlFs (6)
AG° 1173k 900 °c) = - 108 kJ

That explains why cryolite (Na3AlFs) and metallic silicon (Si) are found in the ORBs.
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Figure 10. XRD diffractogram of the three layers ORBs at 960 °C.

5.3 Degradation Rate

All the virgin ORBs have the same dimensions: 50 x 20 mm, with an approximate surface area
of 47 cm?. Table 1 represents the weight loss of each ORB at each contamination temperature.
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Table 1. Weight loss and degradation rate of ORBs from 700 to 960 °C.

Temperature (°C)
ORBs 700 760 875 900 930 960
Weight loss (g) 0.2 0.4 3.6 5 6.5 7.4
Degradation rate 0.004 0.008 0.076 0.11 0.14 0.16
(g/cm? h)

The degradation of the ORBs increases with the exposure temperature from 700 to 960 °C for a
contamination duration of 1 hour, as shown in Figure 11. Previous tests indicate that after an
exposure time of 5 hours, one of the samples was completely dissolved in the bath. Thus,
demonstrating the high aggressiveness of the bath.

. 02
= 0,15
23 01
= 500,05
=1
S 0
700 800 900 1000

Temperature (°C)
Figure 11. Degradation rate as a function of contamination temperature.
6. Conclusions

The degradation of the ORBs occurs as the bath attacks them. This attack begins at 700 °C and
continues up to 960 °C, which closely aligns with the actual temperatures of the refractory layers
in the aluminum electrolysis cell (ranging from 666 °C to 935 °C). During contamination, the
appearance of bubbles was observed. Our findings suggest that what is observed in autopsies post-
mortem is not true ORBs impregnated with bath and vaporized sodium, but rather a mixture of
dissolved ORBs within the bath, exhibiting similar layers to those observed in industrial
contaminated ORBs. Thus, at the temperature of sodium vaporization, the effect of vaporized
sodium opens the cathode pores, allowing the passage of the bath. At lower temperatures, only
the bath attacks the ORBs. Its passage occurs through the fissures that have appeared in the cells
since their commissioning. Future endeavors will involve examining the mechanical and thermal
properties of contaminated ORBs to achieve a more comprehensive understanding of the
degradation phenomenon.
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