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Preface

The idea of this book came during the organization of the seminars “Refractories

and Carbon Cathode Materials for Aluminium Industry” that were held in 2001,

2002, 2003, and 2004 in Samara, Sayanogorsk, Novokuznetsk, and Bratsk (Russia).

The hosts of these seminars were smelters and secondary aluminium plants, and

that enabled people directly involved in refractories and carbon cathode materials

and the service life of metallurgical devices to be invited.

We tried to plan the seminar programs so that the invited lectures from academic

science were followed by the applied science papers, which in turn were followed

by the papers and presentations of leading producers of materials used in the

aluminium industry. It seems to me it helped to speak one language among the

people involved in R&D of materials science, in reduction and casting of alumin-

ium, in problems of service life, sometimes in connection with procurement issues.

At that time, in the course of preparatory work for these seminars and the

invitation of the key lectures, from one side, and in preparation for the proceedings,

from another, the understanding was growing that the theme “Refractories and

Carbon Cathode Materials for Aluminium Industry” is a multidisciplinary sphere,

where one meets people with different educations and different understandings of

the processes.

Probably the key issue there is that the reduction of aluminium (as a part of the

metallurgy of aluminium) is actually high-temperature electrochemistry, which is a

sufficiently more peculiar sphere than ferrous metallurgy. Peculiarity number one is

that the reduction of aluminium is an electrochemical reaction giving heat, and this

heat should dissipate, while the temperature range of the processing of this reaction

is very narrow — only 25–30�. Both freezing of electrolyte and overheating of

electrolyte will stop the reduction process. Peculiarity number two is that the main

constituent of electrolyte for the reduction of aluminium is cryolite, which is a

substance that dissolves alumina in the best possible way. Certainly, it will dissolve

all other oxides, and not only oxides. Peculiarity number three is that the producers

of carbon materials (and carbon cathode refractory materials as well) try to set

themselves a little bit apart from refractory society, speak a slightly different
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language, and use special terminology and testing methods. Probably peculiarity

number four is that in contrast with traditional metallurgy (where also something

may be improved anytime), the construction of reduction cells for the electrolysis of

aluminium is still under development, and at least for some 20 years this process

will continue.

Probably one more peculiarity is that “refractories for aluminium” is a rather

young branch, because initially aluminium producers used refractories that were

made for ferrous metallurgy. It was only in the 1980s and 1990s that special

research and development together with industrial trials outlined “refractories for

aluminium” as a special branch.

The main materials for the lining of the reduction cells:

– carbon cathode blocks and carbon ramming pastes;

– carbon and silicon carbide side lining materials and ramming pastes, concretes

and mortars for the installation of them;

– refractory barrier layer bricks and dry barrier mixtures;

– heat insulation materials

are described in the following sequence:

– the purpose of the material and its basic properties, grades of materials;

– raw materials for processing;

– installation in the reduction cell;

– elements of technology and processing, processing equipment, structure of the

materials;

– the typical defects of materials;

– testing and characterization.

– the behavior in reduction cell during the service in connection with physical

changes and chemical interactions.

Critical pore sizes for the penetration of corrosive liquids in refractory materials

are discussed for every specific material.

The casting of aluminium is a traditional process, but the interesting point in the

cast house is how the materials that cannot be considered optimal refractory

materials from the viewpoint of physical chemistry were worked out and adjusted

in the course of R&D in a way that can be considered quite satisfactory for service

life and economics of processing.

Currently, it is possible to say that for the existing Hall–Heroult process of

aluminium reduction, the service life of the metallurgical equipment has reached a

certain satisfactory level, and significant investments in R&D of refractory mate-

rials for aluminium are not likely. The exception is the materials science of carbon

cathode materials, where certain efforts could be made.

Yet to implement the technology of inert anode for the reduction of aluminium

(and most probably in combination with drained cathode design), profound mate-

rials science R&D will be required.

The book is addressed to the people working at aluminium smelters and at the

secondary aluminium plants and to the people producing refractories and heat
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insulation materials. The designers and specialists in construction of metallurgical

devices may also find something useful by looking through the material. I tried to

compose the book’s material in such a way that it may cover the interests of people

from R&D and to the persons in charge of service life. Even procurement people

might look through selected pages. I hope that both undergraduate and postgraduate

students will also find something interesting by reading this text in the course of

specialization.

The figures and illustrations for this book were made by Dr. Dmitry Ivanov, to

whom I’m very grateful. Special words of gratitude go to Prof. Vasily Kryukovsky

for his consultations in reduction technology and to Prof. Dick Bradt for his

permanent warm words of encouragement toward the project; the consultations of

Prof. Peter Polyakov and the team of “Light Metals” from Krasnoyarsk are also

appreciated. Special thanks to Vasily Borisov for his consultations on constructions

of reduction cells and dry autopsies and for his assistance in our joint investigations,

and special thanks to Dr. Sergey Hramenko, with whom we tried to find answers to

many questions that are in our joint publications. Thanks and words of gratitude to

all participants and co-organizers of the seminars of “Refractories for Aluminium”

in Samara, Novokuznetsk, Sayanogorsk, and Bratsk.

Moscow, Russia Andrey Yurkov
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Chapter 1

The Properties of Refractory and Heat
Insulation Materials

1.1 Classifications and SomeWords About Quality Control

Refractories are the construction materials used for the lining of furnaces or some

parts of furnaces in ferrous and nonferrous metallurgy, in the metallurgy of alu-

minium, in particular, in the glass and concrete industry, in chemistry, and in power

generation. The selection of refractories is determined by specific conditions of the

service of the furnace – the temperature, working cycle, interaction with aggressive

melts and gases, mechanical interaction of the material in the furnace, and so forth.

Nonoptimal selection of refractories leads to a decrease in the furnace’s service life,

to an increased consumption of the refractories, to an increased time of furnace

repairs, to a deterioration in the production quality, and poor economical charac-

teristics of the industrial process. Sometimes poor-quality refractories may lead to

emergency breakdowns of furnaces and accidents.

There are small differences in different classifications of refractory materials

among ISO, DIN, and ASTM standards [1–4]. The most common definition is that

refractories are shaped and unshaped materials that are durable at high temperature

(>1,500 �C). Usually, heat refractory insulation materials have a service tempera-

ture of 800–1,100 �C.
The melting point of aluminium (Al) is 660 �C, the smelting of Al-based alloys

takes place at 700–800 �C, and the temperature in an Al reduction cell is about 950–

970 �C. The linings in the coke calcining furnaces, alumina calcining furnaces, and

anode baking furnaces really require a relatively high refractoriness of materials.

We shall use the term “refractories” for all high-temperature construction materials

used in the Al industry that meet the classifications of the standards [1–4], but we’ll

take into account high-temperature heat insulation materials with a service temper-

ature above 800 �C.
The term “refractories for Al industry” is relatively young. Initially, Al pro-

ducers didn’t pay much attention to special requirements of refractories. The

exceptions were carbon cathode materials, which should be electroconductive.

© Springer International Publishing Switzerland 2015
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But in all other applications, Al producers used the refractories for ferrous metal-

lurgy. The first attempts to increase the service life of high-temperature devices for

the production of Al and additional requirements appeared in the 1970s. The first

refractories, specially designed for the applications in the metallurgy of Al,

appeared in the 1980s. Since then, there has been a small applied segment of

R&D, design, and production, known as “refractories for the aluminium industry.”

One characteristic of a refractory is the mineral composition. In the Al industry,

the most common are alumina silica refractories, carbon, and silicon carbide

refractories.

Some words about carbon materials. Historically, the production of carbon

materials has stood apart from the refractory industry, having many commonalities.

The producers and researchers of carbon materials introduced several characteris-

tics specific for the refractory industry and do not like the use of term “carbon

refractories” when one refers to carbon cathode materials. Yet we will use the term

“carbon refractories,” taking into account the peculiarities of carbon materials,

because it is a material for refractory application, as it can withstand the corrosive

interaction of liquid media at high temperatures over a long period.

Refractories can be classified according to porosity. The influence of pores is

sufficient on any property of refractories.

The classification of refractory heat-insulating materials is based on the density

and temperature interval within which the maximum shrinkage does not exceed 2 %

[5, 6]. It is necessary to keep in mind that the classification temperature according to

ASTM 155 [5] and ISO-2245 [6] does not correspond to the safe temperature of

refractory application, which we will discuss later.

Refractories may be shaped or unshaped (monolithics, castables). Unshaped

refractories have appeared in the Al industry although they are not gaining popu-

larity as quickly as in ferrous metallurgy. Dry barrier mixtures are commonly used

now in reduction cells, and monolithic refractories have found their place in holding

and melting furnaces of the cast house, ladles, and launders. In a limited amount,

monolithics are used for coke calcining furnaces and for anode baking furnaces.

Depending on technology, refractories may be fired, unfired, and heat-treated

(fused refractories are not used in the Al industry). Fired refractories go through

high-temperature long-term firing (with temperatures up to 1,900 �C), which gives

stability during service. Unfired refractories are subjected to heat treating at tem-

peratures not exceeding 250 �C. These materials get their properties in high-

temperature service. Their properties change during this heat treatment, which

should be taken into account. Usually, the temperature of firing for heat-treated

refractories is above 860 �C.
This classification is rather tentative, as the final heat treatment of calcium

silicate heat insulation refractory materials is about 180 �C, while the service

temperature is above 800 �C. The exfoliation of vermiculite grains takes place at

650–800 �C, but the heat treatment of vermiculite heat insulation slabs takes place

at 250–280 �C, with a service temperature above 800 �C.
The properties of refractory materials are determined by the refractory

producer– the refractory maker – and the refractory user – the metallurgist. Rather
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frequently, between those two is the engineering company that makes the furnace or

reduction cell. The producer of raw materials for the production of refractories

controls the process and finished products and gives certificates of quality for the

refractory producer. The refractory producer controls the quality of raw materials

for refractory fabrication, the refractory fabrication itself, and the finished refrac-

tory products and gives quality certificates for the metallurgist. Still, metallurgists

often take control of the refractory materials that they receive. The regulations

about sampling of raw materials and unshaped refractory products and the accep-

tance of refractories are according to standards [7, 8], and they are valid for cathode

carbon blocks [9–11]. Sometimes the customer makes only an outer external

inspection (the condition of edges, corners, and cracks, if any). However, some-

times the customer performs a random selected check of the quality in an indepen-

dent laboratory or in the customer’s laboratory.

Some time ago, certain refractory producers started making statistical measure-

ments of quality control. The idea of statistical quality control was developed in the

automobile industry [12–15]. At present, it is not very common for the refractory

producer to give the customer the quality control data in the form of Shewhart

charts [15], yet this trend looks promising for customers (Figs. 1.1 and 1.2).

Fig. 1.1 The records of (a) open porosity of nitride-bonded silicon carbide side lining refractories
(in the customer’s specification, the open porosity should be below 18 %); (b) the cold crushing

strength of nitride-bonded silicon carbide side lining refractories (in the customer’s specification,

the cold crushing strength should be above 150 Mpa)

1.1 Classifications and Some Words About Quality Control 3



If the customer requires the lowest or highest acceptable limit of a property (e.g.,

bending strength above 150 MPa or porosity below 15 %), then the Cpк index is

calculated:

Cpk
¼ xmax minð Þ � xav:

� �
= 3σ ð1:1Þ

where xav. is the average value of the quality.
If the customer requires the property to be in an interval of values (e.g., cold

crushing strength not lower than 45 MPa and not higher than 80 MPa), then the Cp

index is calculated:

Cp ¼ xmax � xminð Þ= 6σ ð1:2Þ

where xmax, and xmin are the maximum and minimum values of the quality,

respectively, and σ is the root-mean-square deviation.

Ср or Срк values <1 reflect a poor fabrication control ( e.g., Ср or Срк ¼ 0.33

suggest that 32.2 % of the products do not meet the specification’s requirements),

Ср or Срк values> 1 reflect a normal level of quality control (fewer than 0.27 % of

products do not meet the requirements), Ср or Срк > 1.33 suggests a very good

fabrication control (fewer than 0.0066 % of products do not meet the requirements).

Fig. 1.2 The records of the cold crushing strength of (a) vermiculite heat insulation materials

(in the customer’s specification, the CCS should be above 1 MPa); (b) carbon (30 % graphite)

cathode materials (in the customer’s specification, the CCS should be in the range 25–50 MPa)
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Even if the refractory product is not subjected to critical applications, a quality

record in the form of Shewhart charts will give the customer a sense of confidence,

but it may tell the producer about the tendency for quality to diminish (probably due

to some minor changes in raw materials or the occasional lack of temperature

control, etc.).

Without a doubt, cathode carbon blocks in the reduction cell have a critical

application. One crack in the cathode carbon block may shut down the reduction

cell within 10 days of startup. Of course, it is impossible to “measure” a crack

(at least if one isn’t using nondestructive quality control, which we will briefly

discuss in Sect. 2.3, devoted to carbon cathode blocks). However, it is possible to

keep a continuous record on strength, and excessive strength may push you to start

thinking about possible tensions (and a consequent crack) due to an unexpected

increase in the strength (in comparison with regular values; see Fig. 1.2b).

Another example is the strength of vermiculite slabs (Fig. 1.2a). Certainly, the

probability of a shutdown of the reduction cell due to low strength of vermiculite

heat insulation slabs in the bottom part of the reduction cell is very low (and

probably close to zero). However, this graph may give the producer of these slabs

initial information in order to understand of the following issues:

• What’s wrong with the processing, and where are the problems?

• Is the problem in the decay of the quality of vermiculite ore?

• Is the problem with the temperature of exfoliation of the vermiculite?

• Is the problem with the quality of the sodium/potassium silicate for the binder,

supplied by another company?

• Or is the problem simply with the quality of water during the spring overflow of

the local river?

With critical applications of refractories, statistical quality control might become

the link for long-term relationships between the customer and the producer of

refractory materials.

In the ferrous industry, the characteristic “specific consumption of refractory per

ton of the metal” is now being replaced by the characteristic “refractory consump-

tion in money equivalent.” However, in Al production, neither the first nor the

second characteristic attracts big attention. Aluminium producers usually calculate

the cost of production for the high-temperature device itself, not differentiating to

construction or refractories. It is probably a question to be addressed in the future.

1.2 Density, Porosity, and Related Characteristics

Porosity and density are very important characteristics of refractory materials.

Almost all refractory materials are porous. The pores may occupy 1–80 % of the

material. The majority of the mechanical, thermal, and other characteristics of

refractories depends on the density and porosity.

1.2 Density, Porosity, and Related Characteristics 5
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In refractory materials, the pores may be open (having a connection with the

atmosphere and each other) or closed (separated from the atmosphere and each

other). Most pores are open and may be filled with water or another liquid. Closed

pores cannot be filled with liquid. The schematic diagram of pores and an illustra-

tion of pores and porosity appear in Fig. 1.3(a, b). There are three main kinds of

porosity: open porosity Po, closed porosity Pc, and total porosity Pt.

The total porosity is a sum of the open and closed porosity:

Pt ¼ Po þ Pc ð1:3Þ

where

Total porosity, % (Pt – sometimes written simply as P) – is the ratio of the total

volume of open and closed pores to the total volume of the material, including

the volume of the pores and the solid matter;

Open porosity, Po, % – is the ratio of the volume of open pores to the volume of the

material, including the volume of the pores and the solid matter;

Closed porosity, Pc % – is the ratio of the volume of closed pores to the volume of

the material, including the volume of the pores and the solid matter.

The pore structure of refractories has many variations (Fig. 1.3a, b).

In carbon materials, almost all the porosity is open. The number of closed pores

is small, especially in graphitic materials. The exception is the closed porosity in

anthracite grains, which are used for the production of semigraphitic carbon

cathode materials. In semigraphitic carbon blocks, there is a certain portion

(<5 %) of closed pores.

Refractory materials always contain some number of closed pores. Usually,

closed pores inside grains have small dimensions; on the contrary, closed pores at

the joints of three- to five grains may be big.

Total (true) porosity

Closed

a b

Open

Permeable Impermeable
(dead end pores)

Capillary (permeable for
the liquid with certain
viscosity)

non capillary (impermeable
for the liquid with certain
viscosity)

Fig. 1.3 (a) Schematic illustration and (b) diagram of types of porosity
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The ratio of open and closed porosity to some extent is a characterization of the

sintering process in ceramics and refractories. According to the theory of sintering,

the porosity of the ceramic body, consisting of nonporous starting grains, remains

open until the relative density won’t reach 83–85 %. During the sintering process, if

a relative density of 85 % is reached, the closed porosity will appear in the course of

the sintering. At a relative density of 95 %, almost all the porosity is closed.

Open pores have connections with each other and form the channels of compli-

cated shapes with dead-end branches, widened and narrowed parts. Open pores also

may be at the joints of three or more grains, but open pores may exist inside the

grains as well. Inside the grains, the pores have small dimensions. Some of the open

pores are dead-end pores, but some of them (called tunnel pores) may be permeable.

Water absorption, %, is the ratio of the weight of the water that occupies the

volume of open pores to the weight of the dry material:

B ¼ a2 � a1ð Þ=a1½ �100; ð1:4Þ

where a1 is the weight of the dry sample, and a2 is the weight of the sample with

absorbed water.

There are two methods to determine the water absorption of the refractories: the

boiling method and the vacuum method. The boiling method is used to classify the

ceramic tiles and involves drying the tiles out and then boiling them in water for 2 h,

followed by cooling to room temperature over a 4-h period. The tiles are weighed

both before and after the water immersion to determine the percentage of water

absorption. The vacuum method evacuates the air from a chamber with the tiles

inside and then immerses the tiles in water. Once again, the tiles are weighed before

and after water immersion to determine the apparent porosity, apparent relative

density, and bulk density.

The open porosity is determined by the volume of the liquid (water) that entered

the pores upon boiling or after vacuum:

Po ¼ a2 � a1ð Þ=V½ � � 100; ð1:5Þ

where V is the volume of the sample, and a1 and a2 are the respective weights of the
dry sample and the sample with saturated water (liquid).

The determination of porosity by the hydrostatic method comprises a determi-

nation of the weight and saturation of it by boiling in water or saturation in vacuum

by another liquid that does not interact with the refractory (in the case of materials

that can react with water) [16, 17]. Then the saturated sample is weighed in the

liquid (water) and in air. If the tested sample may react with water, the determina-

tion of apparent, real, and open porosities is performed in vacuum and then

absorbed by kerosene, xylol, and ethyl or butyl alcohol according to ASTM

C830-00 [18]. The application of melted paraffin or wax for the determination of

the apparent, real, and open porosities is made according to ASTM C914-95

(1999) [19].
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The true density is the ratio of the mass of material to its volume without pores

(true volume); it is measured in g/sm3 or kg/m3. The true density is a constant

for every specific substance and depends on the crystal structure and the packing

density of atoms. It is determined according to ISO 5018 and DIN EN 993-2/A1,

and 215 ASTM C135 [16, 17,20, 29]. The true (real) density of cathode carbon

blocks and the carbon ramming paste is determined according to ISO 9088 and BS

ISO 21687 [21, 22]. All methods use a pycnometric technique, when the tested

material is finely ground, so that almost all closed pores are crushed, and thus the

liquid may penetrate open and closed pores as well. It is possible to calculate the

true density of crystalline materials using the data of X-ray crystallography. Usu-

ally, the X-ray density is higher (within a level of 1 %) because in the pycnometric

technique, it is impossible to crush submicron pores.

The apparent (bulk) density is the ratio of the mass of material to its volume,

which takes into account the volume of the pores. The terms “bulk density” and

“apparent density” are very close; the dimension is g/sm3 or kg/m3. The apparent

density is calculated as

ρ ¼ m=v ð1:6Þ

where m is mass and v is volume.

In industrial practice, it is widely accepted to determine the bulk density by the

dimension method – dividing the weight of a rectangular brick by its volume. The

length, width, and height are measured by a ruler in several places and the average

value is taken [23–26]. Of course, this determination is less accurate due to the

possible warpage of the bricks and blocks (Fig. 1.5) but quite effective for the

technological control of production. The bulk (apparent density) of cathode carbon

materials is determined according to ISO 12985-1:2000 [27].

More precisely, the apparent density is determined by the hydrostatic (buoy-

ancy) method according to standards ASTM-C-20-00, DIN EN 993-1, and ISO

5017 [16, 25, 26]. The apparent density is calculated according to

ρ ¼ m1= m3 � m2ð Þ ð1:7Þ

where m1 is the dry mass, m3 is the immersed mass after saturation by boiling or

another method, and m2 is an immersed mass.

The determination of the apparent density and open porosity of carbon cathode

materials is made according to ISO 12985-2:2000 [28].

In industrial practice, the structure of refractories is characterized by the appar-

ent density and open porosity, and, usually, the real density and closed porosity and

not used. The exception is the quality of carbon cathode blocks, where the real

(true) density is taken into account not only in research, but in industrial practice as

well (because it characterizes the ratio of graphitation). Water absorption is not

used frequently. In research, the real density and closed porosity are important. In

several cases, it is important to know the gas permeability of the material and the
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ratio of permeable and dead-end pores. For research practice, it is very useful to

know the sizes of open pores (pore size distribution), determined by porometry.

Permeability is the ability of the refractory material to transmit the gas or liquid.

The permeable porosity is a part of the capillary porosity. The permeability of the

material may aid in understanding the corrosion resistance, the resistance to infil-

tration of metal, slag, or electrolyte, although there is no direct consequence.

According to ASTM C-577-99 [30] and ISO 8841-1991 [31], the gas perme-

ability is determined in samples 50 mm high and 50 mm in diameter at the pressure

of compressed air or nitrogen by comparing the pressure difference at least at three

different rates of flow. One perm is a unit of gas permeability, when within 1 s the

gas flow of 1 cm3 with viscosity 1 Pz takes place through the cross section of a

square centimeter at the pressure drop 1 din/cm2. ASTM C-577-99 [30] uses the

unit of permeability darcy or senty darcy, while the SI system recommends μm2;

1 nanoperm¼ 0.1 μm2¼ 0.1013 darcy.

The values of gas permeability usually differ, depending on the measurement in

the direction of pressing and perpendicular to the direction of pressing. The value of

the gas permeability may differ two times and even more at room temperature and

at a temperature of 1,000–1,200 �C. Sometimes for research needs, in order to

describe the pore structure, researchers use the labyrinth factor or coefficient of

tortuosity for tunnel pores.

The tortuosity coefficient [33] is the ratio of open porosity to permeable

porosity:

B ¼ Po=Pper:

� �0:5 ð1:8Þ

According to data of (Table 1.1) [32, 33], the ratio of permeable porosity to

general porosity is usually 15 % in shamotte alumina silica refractories, about 40 %

in silica refractories, and about 30 % in magnesia refractories.

Generally speaking, the pore size characteristics are close within one type of

refractory and differ for different types of refractories.

The dimensions of pores may differ from millimeters to nanometers. The most

universal method for the determination of pore dimensions is a mercury

porosimetry ASTM C-493-98 [34]. It gives the pore size distribution. Sample

one-mode, bi-mode, and nonmode pore sizes appear in Fig. 1.4. Forty to fifty

years ago, limited attention was paid to the sizes of pores. The main criterion for

the optimization of refractory properties was low porosity. Now people from

research and industry have come to the conclusion that in many applications, the

pore size should be taken into account. Of course, the Andreasen equation [35] for

the optimization of grain size composition, with the aim to diminish the porosity of

the material, as well as variants of the Andreasen equation [36] are valid in R&D

practice, yet the pore size distribution (Fig. 1.5) is being taken into account more

and more frequently.

The specific inner surface of refractories can be calculated from the open

porosity and gas permeability [31]. It can be determined by the low-temperature
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absorption of nitrogen (BET method) and according to the integral curve of

mercury porosimetry.

Different refractory materials may have approximately equal values of porosity

but an absolutely different ratio of permeable pores, a different pore size distribu-

tion, and a different pore structure.

In general, the porosity of traditional fireclay refractories (Table 1.2) is 22–25 %,

while modern alumina silica materials reach 13–15 %, silicon carbide refractories

have porosity 12–18 %, cathode carbon refractories have porosity 15–22 %, while

almost all the pores are open and permeable. The porosity of low-cement and

ultralow-cement castables is 12–15 %, while the ratio of permeable pores is very

low (the permeability is 0.1–0.4 μm2).

1.3 Mechanical Characteristics

Mechanical characteristics should be taken into account in the selection of the

refractory material for specific conditions of the service or for the construction

design of the furnace or part of the furnace. Mechanical characteristics are also used

for production quality control.

Usually for the estimation of the mechanical properties of the refractories,

specialists use cold crushing strength (CCS; or compressive strength), (flexural)

bending strength (modulus of rapture, MOR), and elastic modulus (or Young’s

modulus). In the specification of refractory materials that will be subjected to

abrasion, erosion, and wear, usually the characteristics of wear resistance are

included. In research practice, the hardness, fracture toughness, and some other

characteristics may be taken into account.

The compressive strength is a maximum compression tension that the material

can withstand without breaking down:

Fig. 1.4 Possible shapes of

rectangular samples

Fig. 1.5 The types of pore size distribution: (a) monomodal; (b) bimodal; (c) disordered (chaotic)
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σ ¼ P=S; ð1:9Þ

where Р is the load of the failure, and S is a surface of the cross section of the tested
sample.

The CCS of refractories can be determined on cubic or cylindrical shapes

(Fig. 1.6) having equal height and diameter (length) 50 mm [37, 38] or on half-

bricks 114 mm� 114 mm� 68 mm or 114 mm� 114 mm� 76 mm. The compres-

sive strength of carbon materials is determined according to ISO 18515 [39] and

ASTM C695-91(2010) [40]. The ISO standard recommends isometric cylinders

(the height is equal to the diameter), while the ASTM standard recommends the

ratio of length to diameter L/D¼ 2. This should be at least remembered, because

usually uniaxial samples demonstrate a bigger compressive strength comparing

with samples having L/D¼ 2.

On the one hand, compressive strength is a simple and convenient method of

estimating the mechanical strength of refractories, and to some extent it reveals the

degree of the sintering process in refractories. On the other hand, the level of

compressive strength may be critical for refractory shapes if they are layered in

the bottom of a 50-m-tall furnace.

The level of smoothness of the surfaces and the degree of parallelism may

considerably influence the results. Refractories are brittle, and even in case of

small deviations in the flatness of the surface, the applied local pressure may

increase several times, giving conelike cracking. For semigraphitic carbon mate-

rials, according to ASTM C 695 [40], there is a limitation on the number of grains

on the surface; it should be below 10 (however, in semigraphitic materials, the

coarse anthracite fraction of grains may be above 10 mm).

Table 1.2 Porosity of refractory and heat insulation materials, used in aluminium industry

Material

Porosity, %

Open Total

Fireclay Traditional brick 18–20 22–28

Medium-cement castable with fire-

clay filler

16–20 22–28

Low-cement castable with fireclay

filler

10–13 13–15

Nitride-bonded silicon carbide 10–16 12–19

Carbon cathode materials Semigraphitic 14–19 18–23

Graphitic 22–25 18–22

Graphitized 26–28 21–23

Graphitized impregnated 13–17 20–22

Diatomaceous (moler) 50–60 60–70

Vermiculite 60–70 60–70

Calcium silicate heat insulation 70–80 70–80

Calcium silicate (vollastonite) for

launders

25–35 45–55
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For easily deformed heat insulation materials, according to standards [41–43],

the compressive strength is determined on the samples with flat surfaces, and the

load, corresponding to 10 % of compression, is taken for the calculation.

The tensile strength is the maximum tensile force applied to the square of the

cross section. Due to the difficulties of making the shapes for the testing (Fig. 1.6b),

the tensile strength is rarely determined. These shapes may be made by a monolithic

technique for ceramic materials or by machining of the shapes for carbon materials,

which is done sometimes. There is no special standard for refractory testing; for

research needs, it is possible to use the standard for the testing of tensile strength for

structural monolithic ceramics [44].

The bending strength, also known as the flexural strength or modulus of rapture

(MOR), is also a characteristic that is determined on refractories very frequently,

probably as frequently as the compression strength.

The determination of the bending strength combines the compressive and tensile

stresses, which probably gives a more advanced picture of the material’s properties.

Bending strength may be determined at rods or at rectangular bars by three- and

four-point bending (Fig. 1.6c) [45–50]. The bending strength at three-point bending

is calculated according to the formula

σ ¼ 3PL=2bd2 ð1:10Þ

and at four-point bending (Fig. 1.7) by

σ ¼ 3P L� 1ð Þ=2bd2 ð1:11Þ

where Р is a maximum load at rupture of the test piece, d is a thickness of the test

piece, b is the width of the test piece, L is the distance between the outer supporting

points, and l is the distance between the inner supporting points.

Usually, a three-point measurement gives 20–25 % values compared with four-

point bending. It is determined in accordance with standards [38, 46]. For carbon

cathode materials, it is also possible to measure flexural strength using three- and

Fig. 1.6 Types of strength testing: compression, tensile, and three-point bending strength
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four-point bending techniques according to standards [47–50]. Also, it is necessary

to remember that the lower flat surface of the tested piece is subjected to tensile

stress, and the smoothness of the surface may play a certain role. The grinding and

polishing of this surface might remove the surface cracks; thus, the value of the

flexural strength may increase by 10–30 %.

As mentioned in Sect. 1.2, porosity influences all properties of refractories.

Usually, there is a rule: “The bigger the porosity, the lower the strength.” In

textbooks and in technical literature, there are at least 50 formulas giving a link

between the strength and the porosity. Probably the most well-known was given by

D. P. H. Hasselman [51]:

σp ¼ σo 1� κPð Þ ð1:12Þ

Also, there is an expression by Ryshkevitch [52]:

σp ¼ σoexp �κPð Þ ð1:13Þ

where in both formulas к is a coefficient, P is the total porosity, and σо is the

strength of nonporous material.

There is an approximate ratio for the values of tensile strength, bending strength,

and compression strength for refractory and carbon materials:

σcompression: ¼ 2� 5σflexural: ¼ 6� 10σtensile ð1:14Þ

The strength of refractory materials is a statistical characteristic. It should be

determined on a group of samples. Sometimes the strength is not critical for the

evaluation of the probable service life, but sometimes it is (e.g., for carbon cathode

blocks). For correct evaluation of the strength of a material, it is probably good to

give not only the strength with the average deviation, but also the dispersion. In

some cases, material with a strength of 20� 2МPаmight be better compared with a

Fig. 1.7 Types of strength

testing: four-point bending

strength
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material having a strength of 25� 7МPа, because a bigger variation gives evidence
on the micro-cracked structure and inhomogeneity. Table 1.3 contains the values of

the strength of several materials used in the Al industry.

1.3.1 Compressive and Bending Strength

The elastic modulus, or Young’s modulus, is a coefficient of proportionality (elastic

strain constant) between the stress and deformation below the elastic limit of the

material (Fig. 1.8). The elastic modulus is an important mechanical characteristic of

structural materials; it is closely related to strength, hardness, and abrasion resis-

tance. Materials with a high elastic modulus value have high values of strength and

hardness.

The static (mechanical) elastic modulus is determined in the linear part of the

elastic deformation at the “strain-deformation” diagram of the sample at static load.

The difficulty in determining the static elastic modulus is in the fact that the

deformation before the fracture is only microns and a precise apparatus is required.

The static elastic modulus may be measured at strength tests (compression, bend-

ing, tensile), and, of course, the sample will be broken. In reality, the measurement

of the dynamic elastic modulus is more popular.

Table 1.3 Average values of bending strength and compression strength at room temperature for

materials, used in Al industry

Material

Compression

strength, MPa

Bending strength,

MPa

Diatomaceous brick (moler) (density 0.4 g/sm3) 0.8–1.2 0.1–0.2

Fireclay (density 0.4 g/sm3) 1.0 0.3

Calcium silicate heat insulation (P¼ 80 %) 2.0–2.5 0.8

Fireclay brick 20 5–9

Alumina brick 35–50 10–15

High-alumina brick 200 30–50

Calcium silicate (vollastonite) for launders

P¼ 45–55 %

10–15 7–8

Medium-cement castable 30–50 3–5

Low-cement castable 90–160 8–10

Nitride-bonded silicon carbide 150–200 30–40

Carbon cathode semigraphitic material (30 %

graphite, GCA)

35–50 8–12

Carbon cathode semigraphitic material (30 %

graphite, ECA)

25–45 7–9

Graphitized carbone cathode material 20–25 9–11
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The dynamic elastic modulus is determined by measuring the wave propagation

velocity of ultrasonic pulses in the material. It is a nondestructive method, based on

the dependence between the elastic modulus and the velocity of the propagation of

the sonic or ultrasonic waves (mechanical vibrations). The method is very precise.

The apparatus is not complicated, and it is possible to measure the dynamic elastic

modulus at high temperatures. It is measured according to the standards ASTM C

1198-01 [53] and ISO 3312:1987 [54], and the elastic modulus of carbon materials

is measured according to ASTM standard C747 [55].

It is necessary to remember that at dynamic elastic modulus determination, only

separate grains (and the defects inside grains) are subjected to deformation, while at

static elastic modulus determination, the whole sample deforms. For structural

ceramics, the difference in the values of the elastic modulus, determined by static

and dynamic methods, is within several percent. For refractory materials, the values

of the dynamic elastic modulus are always bigger than those of static elastic

modulus values, and for carbon materials the difference is big. The static elastic

modulus better reflects the mechanical behavior at service for refractories. Mea-

suring the dynamic elastic modulus is rather simple and is good for quality control.

For structural design of the components, the static elastic modulus is preferable. For

carbon materials, a certain level of the elastic modulus (determined by the dynamic

method) may be considered upper level in order to avoid a strained brittle structure

of the material (due to the chilling tensions because of the rapid cooling). Some

values of the elastic modulus appear in Table 1.4.

As the material is elongated upon extension (during the mechanical loading), its

width diminishes. The ratio of the relative diminishing of the width at deformation

to the Δd/d to the relative elongation Δl/l is a Poisson ratio μ:

μ ¼ Δd=d=Δl=l; ð1:15Þ

which is in connection with elastic modulus:

Fig. 1.8 Stress–strain

dependencies for brittle and

semibrittle material
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μ ¼ E=2G� l ð1:16Þ

where G is a shear modulus.

For the majority of refractory materials, the value of Poisson’s ratio is 0.25–0.3.

The elastic modulus depends on the porosity of the materials [51]:

E ¼ Eo 1� 1:95 P� 0:9 P2
� � ð1:17Þ

where Ео is the elastic modulus on nonporous material.

Wear resistance (including abrasion resistance) sometimes is included in the

specification to refractory materials. Wear resistance depends on the hardness, but

also it depends on the grain dimensions, the porosity, the binders, and so on.

In the Al industry, wear resistance should be taken into account in sidewall

lining of the cells, in the launders for liquid Al, in ladles, in the feeding holes of the

melting furnaces, in coke calcining furnaces, and in anode baking furnaces. In some

cases, it might be the key characteristic of the material. The wear resistance of

carbon cathode blocks is described in Sect. 2.3.

The wear resistance of refractories is determined according to ASTM C-704-01

[56]. This test method measures the relative abrasion resistance of various refrac-

tory samples under standard conditions at room temperature. The abrasion resis-

tance of a refractory material provides an indication of its suitability for service in

abrasion or erosive environments.

One kilogram of the size-graded silicon carbide grain is blasted by air to a flat

surface of the refractory material through a nozzle. The tested sample is weighed

before and after the abrasion test; the relative abrasion is a ratio of the weight loss of

the material to its bulk density (the amount of refractory lost from the specimen by

abrasion). This method is valid for shaped and for the monolithic (castable)

refractories. The results of wear resistance according to ASTM C-704-01 [56] are

in Table 1.5.

For structural ceramics, there is a big number of the tribological wear resistance

tests, where the tested sample may contact the moving flat surface, while the tested

Table 1.4 Values of elastic modulus for materials

Material

Elastic modulus, GPa

Static Dynamic

Fireclay brick 60–100

Alumina brick 150–200

High-alumina brick 200–250

Medium-cement castable 100–150 150–200

Nitride-bonded silicon carbide 250–350 230–250

Carbon cathode anthracitic graphitic material (30 % graphite, GCA) 10–15 20–30

Carbon cathode anthracitic graphitic material (30 % graphite, ECA) 3–9 8–12

Graphitized carbon cathode material 3–7 10–14
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sample might be a ball (JIS R1613-1993 [57]) or a pin (ASTM G99-04 [58]). Also,

a big number of nonstandard tests, using sand-blasting apparatus, using a rotating

iron wheel, sometimes instead of silicon carbide grain silica grain are used.

1.3.2 Modulus of Elastic, Hardness and Weibull Modulus

For structural materials, the hardness is connected with the wear and abrasion

resistance, which is why it might be useful for research and lab testing. Rockwell

and Brinell hardness values are not used for the characterization of ceramics. The

hardness values, determined by Vickers (square pyramid), Knoop (rhombic pyra-

mid), and Berkovich (triangle pyramid) indenters, which have physical values, have

a dimension of gigapascals (GPa) and may be used for the characterization of

ceramics and refractories.

The hardness determination of refractories is limited by its heterogeneous

coarse-grained structure. The hardness values characterize small volumes of the

material. There is no standard for the determination of the hardness for refractories;

for research purposes, it is possible to use ASTM C1327-08 [59] and ASTM

C1326-13 [60] for structural ceramics. Many publications describe the determina-

tion of the fracture toughness of ceramics by measurement of cracks around the

indented areas during hardness testing [61–63].

Micro-hardness measurement of ceramics may also be used for research pur-

poses and the laboratory estimation of phases in refractory material, because

usually the grain size of refractory materials is bigger than the indented area.

Hardness testing of the refractories is not an everyday procedure, yet it is very

useful to remember that the hardness of self-bonded silicon carbide ceramics is in

the range of 20–25 GPa, the hardness of nitride-bonded silicon carbide refractories

is 16–20 GPa, and the hardness of alumina ceramics is 12–16 GPa, which is three to

four times higher than with dense alumina silica dense refractories.

The Weibull statistical theory of brittle materials is applied for structural

ceramics [64], but sometimes the strength distribution is measured on refractory

materials and the Weibull distribution graph is plotted. According to the Weibull

Table 1.5 Abrasion resistance of materials (ASTM C-704-01 [49])

Material Abrasion resistance (average volume loss, cm3)

Silica brick 22

Alumina brick 4

Glass 9

Medium-cement castable 9–10

Low-cement castable 5–8

Andalusite low-cement castable 4–6

N-SiC 1–1.5
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statistical theory of brittle materials, the probability of cracks in the material

depends on its volume. The failure probability of a stressed material depends on

the volume and the “coefficient of homogeneity” – which is the Weibull modulus:

m ¼ log V1=V2ð Þ=log σ1=σ2ð Þ; ð1:18Þ

where m is the Weibull modulus, and V1, V2, σ1, and σ2 are the volumes and

strengths of the samples, respectively, made from one material. Usually, the

samples are tested for compression strength or flexural strength. Generally speak-

ing, the larger the Weibull modulus is, the less variable the strength of the material.

For different classes of materials, the values of Weibull modulus fluctuate: For

structural ceramics, the material is considered to be homogeneous if the Weibull

modulus is above 15–20; for itride-bonded silicon carbide, it is 15; for alumina

brick, it is 6; for porcelain tableware, it is in the range 4–11; baked carbon anodes

are considered to be homogeneous if the Weibull modulus is 6–9. We haven’t found

the values of the Weibull modulus for cathode carbon blocks.

1.3.3 Elements of Fracture Mechanics

Cracklike defects always exist in refractory and carbon cathode materials. They

may be technological and structural defects, but they may also appear during

service. As refractories are coarse-grained materials, every grain boundary of

relatively coarse grain may be considered a crack. On cooling, the small grains of

a binder contacting the coarse grain shrink, causing a cracklike defect to appear. In

stressed materials, these cracks are the defects causing the material failure. The

strength of the material depends on a defect dimension. The stress intensity factor

K1C is proportional to the square root of the critical crack length [65]:

K1c ¼ σYa0:5; ð1:19Þ

where σ is the critical stress, Y is a coefficient, а is the critical crack length, and K1c

is the stress intensity factor.

For refractories, there is no standard for determining the stress intensity factor;

for research needs, it is possible to use the standards for determining the stress

intensity factor for ceramics. In ceramics, the stress intensity factor is determined

by testing the bending strength (Fig. 1.10) of a sample with a notch (which imitates

the crack) or by testing the compression strength of a cylinder with a notch.

According to ASTM C1421-10 [66], for structural ceramics it is possible to test

the samples with a previously introduced crack, with a surface crack, or with a

notch. For research purposes, stress intensity factor can be determined by measur-

ing the crack length around the indenter at hardness testing [61–63].

The characteristic of the materials known as the stress intensity factor comes

from Griffith’s theory of preexisting cracks in brittle solids, demonstrating a fully
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elastic type of failure (curve 1 in Fig. 1.9). In reality, elastic behavior is more typical

of structural ceramics with a high elastic modulus, less typical of refractories (curve

2, Fig. 1.8), and not typical of composites and carbon materials (Fig. 1.10). Still, it

is very useful to keep in mind the values of the stress intensity factor. The stress

intensity factor for structural alumina ceramics is 4–7 MPa∙m0.5; for structural

silicon carbide ceramics, it is 4–5 MPa∙m0.5; for nitride-bonded silicon carbide, it

is about 2 MPa∙m0.5; and for shamotte brick and medium-cement concrete, it is

below 1 MPa∙m0.5. According to Panov et al. [67], the fracture toughness of carbon

cathode blocks is only 0.15 MPa∙m1.5. Allard et al. [68–70] give values of 0.3–

1 MPa∙m1.5 for anthracitic graphitic blocks, with a tendency to decrease in the case

of graphitic materials.

Practical considerations and experience tell us that in the metallurgy of Al,

refractories are subjected to chemical wear, abrasion, and chemical attack, but

they rarely go out of service because of cracking due to overloading. From a

scientific point of view, the investigation of refractory brittleness is interesting

[71], yet in industrial practice, people are usually satisfied with characteristics such

as compression, flexural strength, elastic modulus, and abrasion resistance. The

exception is carbon cathode blocks.

The mechanical behavior of carbon cathode blocks is extremely critical for the

service life of the reduction cell, especially in the beginning of service. A single

crack in a carbon cathode block leads to shutdown of the cell. The knowledge of

mechanical characteristics such as compression, flexural strength, and elastic

Fig. 1.9 Fracture

toughness testing

Fig. 1.10 Load–

displacement curve of

graphite material, redrawn

from Allard [68]
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modulus is insufficient to forecast the cracking of a cathode and consequent

shutdown of the cell.

The cracking of a carbon cathode block may take place even 1 or 2 weeks from

the startup of the cell. A crack in a carbon cathode block may open within 12 months

or 60 months. A crack may go through two or three carbon cathode blocks

(Fig. 1.11), and possibly more, and currently there is no dependencies from fracture

mechanics that could forecast a crack’s appearance. It is likely that the dependen-

cies describing crack propagation will be useful for predicting cracking due to

thermal shock in correlation with preheating regimes of the cells. Additionally, the

theory of slow crack growth may help our understanding of crack openings in

the blocks with a service life over 24–60 months. Yet the existing problems in the

behavior of carbon cathode blocks await research scientists who specialize in

fracture mechanics.

Fig. 1.11 Crack through the carbon cathode blocks
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The difficulty with implementing fracture mechanics mechanisms to address the

problems of crack openings in carbon cathode blocks arises because the mechanical

behavior of carbon cathode blocks is not fully elastic. Even at room temperature,

carbon cathode blocks demonstrate elastoplastic or “pseudo-plastic” behavior

(Figs. 1.10, 1.12, and 1.13) [69].

It is well known that sometimes cathode heaving during heating and startup may

exceed 100 mm in the center of the cell (Fig. 1.13); this deformation is sufficiently

higher than the brittle material can withstand without cracking. The temperature of

the preheating rarely exceeds 800 �C, which is not quite sufficient for the transfor-

mation from elastic to plastic behavior of a high-temperature material such as

carbon.

An additional circumstance that is necessary to take into account upon applica-

tion of the fracture mechanics mechanism to the fracture of cathode blocks (espe-

cially for estimating the probability of crack opening after 24 months) is that we

measure all mechanical characteristics of porous carbon materials (even at elevated

temperatures), whereas in service, the pores of carbon cathode blocks are filled with

cryolite and the material is intercalated with sodium. Figure 1.12 gives the evidence

of the plastic behavior of carbon cathode materials in service in reduction cells.

Fig. 1.12 Cathode bottom of reduction cell before the dry autopsy
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1.4 Thermomechanical Properties

The thermomechanical properties of refractories are refractoriness, hot modulus of

rupture (hot bending strength), reheat change of dimensions, deformation at high

temperatures, and creep (sometimes other characteristics of mechanical behavior

are used for research purposes). The main purpose of refractory materials is to

withstand certain mechanical characteristics at high temperatures. In order to have a

full picture of the mechanical behavior of refractories at high temperatures, it is

better to have all of the abovementioned characteristics, which is a rather time-

consuming process. In industrial practice, usually one or two of these characteris-

tics are measured. Yet for laboratory investigations, it is worth having all of these

characteristics.

The refractoriness is a rather rarely used characteristic, yet nobody has declared

that it is not useful.

Finally, consumers of refractory and high-temperature heat insulation products

need to know the safe service temperature of the material. There is no need to use

materials with a softening point above 1,600 �C for smelting of Al with a melting

point of 660 �C. On the contrary, it is risky to install a vermiculite slab with a

softening point of 750 �C under the refractory layer in the reduction cell, whereas

the temperature at the bottom of this layer might be in the range of 750–850 �C.
However, in the specifications for the materials, producers do not indicate such a

characteristic. In order to have an idea of the safe temperature of service, it is

necessary to have the full range of thermomechanical characteristics, but once the

application engineer has all these characteristics for every high-temperature pro-

cess, the estimation of the safe service temperature is at last state of the art, now

based on this application engineer’s experience.

Fig. 1.13 Bottom heaving of the cell with lens under the cathode bottom blocks
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1.4.1 Refractoriness

Refractoriness is a property to withstand high temperatures without melting.

Sometimes people confuse refractoriness with the safe service temperature. In

reality, the safe service temperature might be 200–600 �C lower than the temper-

ature of refractoriness. The refractoriness is a temperature of the deformation of a

cone (pyramid), shaped from the powdered refractory. Refractoriness is expressed

in degrees Centigrade and indicates the temperature at which the cone (Fig. 1.14a),

a pyramid of a certain shape, having melted (Fig. 1.14b), will touch the flat surface

of the pad.

Refractoriness is not a physical constant. It has almost nothing in common with

the melting point. Refractory materials are usually polymineral; they consist of

crystalline matter and also some glass as a secondary phase. The temperature of

refractoriness characterizes a certain level of softening of the material of the cone-to

viscous state with the level of viscosity 104–105 Pа*s). Only for very pure materials

does the temperature of refractoriness correlate with the melting point.

The standards for refractoriness were developed in different countries: In Ger-

many, the Seger cone was developed, and the DIN standard for refractoriness uses

the Seger cone [72], while in the United States, the Orton cone was developed, and

the ASTM standard [73] uses the Orton cone. Japanese standards for refractoriness

and the Russian standard are close to the ISO 1146-1988 [74]. In different stan-

dards, the rate of heating differs; there are the tables of approximate correspondence

of refractoriness, determined according to different standards. Generally speaking,

there is probably no need to have uniformity in standards having historical

Fig. 1.14 Cones for the

determination of

refractoriness
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inheritance, because the term “refractoriness” gives a general understanding of the

characterization of the refractory property.

The method of refractory determination comprises crushing and milling of the

refractory shape to �0.2 mm (the castables are simply additionally milled). The

powdered material is shaped in the form of a pyramid and the samples are placed in

the furnace together with standard cones. The temperature of refractoriness is the

temperature of the drop of the tested cone (compared with the drop of the standard

cones).

Because of the heterogeneity of their composition and structure, ceramic refrac-

tories do not exhibit a uniform melting point. The refractoriness is characterized by

the optical determination of the pyrometric cone equivalent (according to Seger),

that is, the temperature at which the tip of a cone made of the sample material

softens to the point that it touches the base plate. Reference cones with well-

established pyrometric cone equivalents at temperature intervals of 10 �C and

above, along with the test cones made from the sample material, are heated in the

same furnace so that it is possible to make an accurate comparative temperature

determination for the softening point of the refractory material to within approxi-

mately 20 �C.

1.4.2 Hot Modulus of Rupture

The high-temperature strength of the refractories is measured using the measure-

ment of bending (flexural) strength (Fig. 1.8), and it is a question of convenience

(it is more difficult to measure the crushing strength at elevated temperatures). For

different classes of materials, the dependences of the hot modulus of rupture

(HMOR) from temperature differ. For magnesia refractories, the modulus of rup-

ture (MOR) doesn’t change until 1,200 �C, and for silica refractories, the HMOR at

1,200 �C is about 85 % of the value at ambient temperature. For nitride-bonded

silicon carbide, the MOR values increase with temperature at 1,000–1,300 �C but

remain almost the same even at 1,500 �C. Generally, the MOR decreases with

temperature due to increased viscosity of the glassy phases, but for refractory

materials without a glassy phase, it may increase due to the absence of brittle

behavior at high temperature.

There are some apparatus and methodical limitations in the HMOR measure-

ment. The MOR is defined as the maximum stress a rectangular test piece of specific

dimensions can withstand in a three-point bending test until it breaks, expressed in

N/mm2 or MPa. Test piece dimensions are 150 mm� 25 mm� 25 mm.

According to ASTM C-583-00 [75] and ISO 5013-85 [76], the three-point

bending apparatus is used, and the rate of heating below 980 �C should be below

330 �C/h and not exceed 110�/h after 980 �C with exposure at least for 3 h. For

castables and chemically bonded materials, the exposure at the temperature of

testing should be above 12 h. The HMOR values are calculated according to the

equation for the three-point bending test [Eq. (1.11)].
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The MOR is an important variable in the characterization of refractory materials.

Along with other thermophysical properties, the maximum load at high tempera-

tures is an important parameter for the quality control and development of furnace

linings.

1.4.3 Reheat Change. Permanent Linear Change
on Reheating

Reheat change of dimensions is irreversible change of dimensions of refractory

shape at heating. It may be negative (shrinkage) and positive (expansion). The

shrinkage may occur not only to decrease in porosity at sintering, but also due to the

phase transformations. Examples are the decrease in dimensions at the transforma-

tion of γ-Al2O3 to α-Al2O3 and at the synthesis of mullite from alumina and silica.

The shrinkage may take place due to the sintering process, while the sintering

process may occur due to the presence of the glassy phase (liquid-phase sintering)

and to solid-state sintering. The shrinkage takes place with all clay materials

(shamotte) and with aluminous, magnesia, and other materials. The expansion is

common for silica and spinel refractories. The main cause for the absence of the

constant shape and volume for refractories is the insufficient temperature of heat

treatment or insufficient time of exposure at required temperature. This character-

istic is very important for unfired refractories and heat insulation materials.

The standard method for the reheat change is ASTM C113-14 [77]. For heat

insulation material, the volume is calculated by directly measuring dimensions, and

the time of exposure may be 2 and/or 5 h (it should be noted in the specifications).

Some producers indicate in the specifications that the time of exposure at max

temperature is 6 or 12 h (because the reheat change may not take place within 2 h or

may take place but not through the end). Unfired refractory or heat insulation

materials may sinter at service, and their dimensions may diminish. An example is

unfired vermiculite materials on a sodium silicate binder. For such materials, expo-

sure at the service temperature should be 50 h or even 100 h during testing. Usually,

the value for the reheat change according to the procedure just described is like the

value obtained in a dilatometer, but sometimes the values might differ a little.

1.4.4 High-Temperature Deformation. Characteristic
Points and Softening Point

The characteristic points on a high-temperature deformation curve are probably the

most significant information for the estimation of the safe service temperature of

refractories.
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Nonoxygen compounds (carbides, nitrides, and borides) have the highest

softening points and deformation temperatures (above 2,000 �C), pure oxide

refractories (magnesia, zirconia, and alumina) have softening points in the range

1,800–2,000 �C, mullite refractories have a softening point of 1,500 �C, and

shamotte-fired clay refractories with a high silica content have a softening point

of 1,200–1,300 �C.
In reduction cells, the high-temperature deformation behavior of refractory

materials has limited significance, because the softening points of carbon and

silicon carbide materials are sufficiently higher than the temperatures in reduction

cells. The same may be said about fireclay bricks; however, the high-temperature

deformation behavior of heat-insulating materials (moler diatomaceous, vermicu-

lite, perlite, calcium silicate) might be quite significant.

In the furnaces of the Al foundry, the temperatures are also rather low, so even

fireclay-based refractories usually demonstrate softening points 400–500� lower

than the temperature of Al melt, which is sufficient.

In anode baking furnaces, the high-temperature deformation behavior of refrac-

tory materials is sufficient. The flue walls deform in a plastic way.

According to ISO 1893-1989 [78], DIN 51064 [79], and DIN EN 993-8 [80], the

temperature is increased continuously for the refractory sample, compressed at a

pressure of 0.2 MPa (0.05 MPa), and a certain level of deformation is fixed. The

samples are cylinders either with or without inner holes.

In diagrams of “linear change temperature,” different characteristic points are

fixed (Fig. 1.15). In samples of cylinders without an inner hole, the characteristic

Fig. 1.15 Temperature deformation curve for vermiculite heat insulation material. Note long
temperature interval between T1 (maximum expansion) and T2 (softening point – 0.5 % deforma-
tion) and short temperature interval between T2 (0.5 % deformation) and T3 (2 % deformation)
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points are the temperature of the maximum height, which corresponds to the

temperature when the expansion of the sample is compensated by the shrinkage;

the temperature corresponding to shrinkage of 0.6 % (0.3 mm); the temperature

corresponding to shrinkage of 4 % (2 mm); and the temperature of failure. In

samples of cylinders with an inner hole (differential method), the characteristic

points are the temperature of the maximum height and the temperatures

corresponding to deformation of 0.5, 1, 2, and 5 %.

The temperatures of deformation, determined according to different standards,

differ. According to ASTM С16-81 [81], for a certain temperature, the degree of

deformation is fixed for a certain compression. For heat insulation materials, the

specific pressure on samples is 0.05 MPa [12].

1.4.5 Сreep

Creep is the plastic deformation of refractories at high temperatures (below the

melting point) under mechanical stress (below the crushing strength). Creep in

compression (CIC, according to ISO 3187 [82, 83]) refers to the percent of

shrinkage of a refractory test piece under a constant load and exposed to a constant

high temperature over a long period of time.

Generally speaking, creep may be measured at tension, flexure, and compression.

Compression of cylindrical samples is the easiest way to estimate creep. Creep has

three stages (Fig. 1.16): first, nonpermanent; second, permanent; and third,

nonpermanent (breakage). The typical time for creep measurement is 4 h, but within

4 h the permanent stage of deformation may not be achieved. So the time of creep

testing may vary from 4–10 h, but sometimes it may be extended up to 50 h.

According to ISO 1983-1989 [12], the shape of the samples is the same, as for

high temperature deformation – it is cylinders 50� 50 mm with inner diameter of

12.5 mm. Testing is performed at a pressure 0.2 MPa within 50 h.

Fig. 1.16 Creep of

refractory materials – the

stages
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According to ASTM C-832-00 [84], the samples of heat insulation are parts of a

38-mm� 38-mm� 114-mm brick that is tested at a pressure of 0.18 MPa. Defor-

mation is measured optically, the time is 20–50 h, and the testing temperature

depends on the type of refractory and the sphere of application.

In the Al industry, the creep values are interesting for heat insulation materials in

reduction cells, because their service is in permanent relatively high pressure and

permanent pressure (due the weight of carbon blocks with busbars and the weight of

Al melt and the bath). It’s likely that 50-h tests are essential.

The flue wall of anode baking furnaces deforms due to creep in service, but this

takes place due to the appearance of the glassy phase in refractories due to

evaporation of sodium from anodes. Usually, the temperature of high-temperature

deformation of the refractories before service is sufficiently higher compared with

the service temperature.

1.5 Thermal Conductivity, Heat Capacity,
and Temperature Conductivity (Heat Diffusivity)

Thermal conductivity is characterized by the coefficient of thermal conductivity λ,
which has unit W/m∙K. It characterizes the amount of heat being transferred

through the unit of the surface layer of the material within the unit of time, while

the difference in the temperature between the surfaces of the layer is 1�.
Temperature conductivity (heat diffusivity) characterizes how fast the temper-

ature in the material is spreading.

Heat capacity is the amount of heat that is necessary in order to increase the

temperature of the unit of material 1� (Kelvin).
Thermal conductivity is probably the most important parameter for all thermal

calculations in the design of all furnaces, reduction cells, ladles, runners, and so

forth in any temperature process.

Heat capacity and temperature conductivity (heat diffusivity) should be taken

into account at the service of any furnaces having cycles of heating and cooling

down. In the Al industry, heat capacity and temperature are sufficient in the runners

(launders) for molten Al and in anode baking furnaces. Also, they are useful in all

thermal calculations.

1.5.1 Elements of Theory

The heat transfer in refractory materials takes place due to conductive heat transfer

and radiation. Refractories are heterogeneous and consist of condensed matter

(grains), contacts between the grains, and the pores (filled with gas). The heat

transfer through the refractory material is a sum of the processes that take place
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simultaneously: heat transfer through condensed matter (conductive heat transfer

and radiation), heat transfer through pores (radiation, convection, and conductive

heat transfer due to the thermal conductivity of the gas), and heat transfer through

the contacts between the grains.

Conductive heat transfer has a phononic nature, which means that the heat is

transferred due to the oscillation of the atoms in the crystal lattice. Crystals with a

simple lattice, such as silicon carbide or carbon, have a lower dissipation of heat

waves and a higher thermal conductivity compared to crystals with a more complex

lattice. For example, the conductive thermal conductivity of aluminium nitride or

silicon carbide (binary compounds with approximately equal atomic weights) is

higher than alumina, magnesia, and zirconia. And the conductive thermal conduc-

tivity of said alumina, magnesia, and zirconia is higher than that of spinel, mullite,

and zircon.

The temperature dependencies of the thermal conductivity for different mate-

rials are not the same. Some materials (BeO, Cao, MgO, SiC) have a high thermal

conductivity at low temperatures (up to 10–20 W/m∙K), but it diminishes with a

temperature increase. Other materials (silica, zirconia) have a low conductive

thermal conductivity at low temperatures (1–2 W/m∙K), but it increases with as

the temperature increases.

Radiation transfer through the grains becomes sufficient after 800–1,000 �C.
The thermal conductivity of the pores is a sum of the gas’s thermal conductivity,

radiation, and convection. The thermal convection should be taken into account

only if the pores are larger than 5 mm, which is not typical for modern refractories.

The thermal conductivities of air, nitrogen, oxygen, and argon are approximately

the same, so the value of this factor should be taken into account only if helium or

hydrogen is in the pores. The main factor for thermal conductivity in the pores

beginning from 800 to 1,000 �C is radiation.

Pores and the contacts between grains are barriers for thermal conductivity. The

thermal conductivity of materials (having equal total porosity) with continuous

condensed matter (big closed porosity) is 2–2.5 times higher compared with

materials with continuous contacts. The thermal conductivity of fireclay brick at

600 �C is 0.25 W/m∙K, while the thermal conductivity of fireclay fiber material is

0.11–0.12 W/m∙K (Table 1.6). The thermal conductivity of diatomaceous brick

with a different porosity may differ at 200 �C, but it becomes very close at 600–

700 �C (Fig. 1.17).

The thermal conductivity for a material may be high at low temperatures and low

at high temperatures, but the picture may be absolutely different for other materials

(Fig. 1.18). Many materials have a temperature dependence of thermal conductivity

temperature, demonstrating a high thermal conductivity at low and high tempera-

tures. There are many equations describing the temperature dependencies of ther-

mal conductivity for specific materials. There are equations describing the thermal

conductivity behavior depending on porosity. All these dependencies are more or

less approximate and are good for estimations of the thermal conductivity. The

engineering calculations of the thermal balance of the furnaces and reduction cells

require the exact values of thermal conductivity, obtained at precise measurements.
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Currently, there is no theory to forecast the thermal conductivity of the refrac-

tory material and its temperature dependence. For heat insulation materials, the

value of the thermal conductivity may increase two to five times as the temperature

increases from 200 to 1,200 �C.

Fig. 1.17 Thermal conductivity of lightweight fireclay brick (1), fireclay brick (2), silica brick (3),
mullite brick (4), alumina brick (5), zircon (6), cromite (8), magnesia (9) according to [85–87]

Fig. 1.18 Thermal conductivity of diatomaceous bricks with different densities
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Usually, the thermal conductivity for dense refractory materials diminishes

several times with the temperature increase. Reference data are available [85–87],

yet it is necessary to take into account the chemical composition and porosity

(Table 1.6).

The following equation describes the dependence of the thermal conductivity on

the porosity:

λ ¼ λo 1� bPtð Þ; ð1:20Þ

where λо is the heat conductivity for the material with zero porosity, Pt is the total

porosity, and the values for the coefficient b are given in Table 1.7.

Below 500 �C, fireclay refractories with small pores are more temperature-

conductive compared with fireclay refractories with big pores (at equal total

porosity). Above 500 �C, fireclay refractories with big pores are more conductive

(compared with fireclay refractories with small pores) due to value of the radiation.

For silica refractories, the thermal conductivity of materials with big pores becomes

higher compared with the thermal conductivity of materials with small pores

beginning at 1,200 �C.
In order to choose a refractory or heat insulation material for a specific purpose,

it is necessary to have at least two or three values of the thermal conductivity at

different temperatures (e.g., at 300 and 800 �C) and to know the measurement

method. The thermal conductivity measurements of the lining materials for one

furnace or thermal unit preferably should be made in one laboratory by the same

method.

Also, it is necessary to take into account that there exists so-called thermal

aging, which is deterioration of the properties with the service lifetime. Due to

thermal aging, the thermal conductivity may increase by 10–20 %. Due to the

impregnation of heat-insulating materials with salts (by infiltration of the bath),

the values of the thermal conductivity may increase 20–75 times (this is described

in Sects. 2.6 and 2.7).

The heat capacity is the amount of heat necessary to increase the temperature of

the unit of material by 1�. In practice, it is necessary to define the molar heat

capacity (J/mol∙K), which is determined for pure substances, and the specific heat

capacity (J/kg∙K).
The values of heat capacity can be calculated according to the formula

Table 1.7 Values of coefficient b for the calculation of the thermal conductivity of porous

refractory materials [86]

Porosity, % <10 10–15 15–20 20–25

b 1.5 2.0 2.4 2.6
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cv ¼ Σcimi ð1:21Þ

where mi is a concentration and ci is a heat capacity of the constituent (e.g.,

alumina). Table 1.7 contains the heat capacity values for pure oxides.

A material’s heat capacity cannot be calculated if certain processes occur during

the heating of the material (evaporation, decomposition, or other reactions). The

values of heat capacity are measured in calorimeters.

Heat capacity values are required for nonstationary calculations of refractory

linings and for the recalculation of thermal conductivity characteristics, obtained by

stationary and nonstationary methods.

Although the heat capacity doesn’t depend on the structure of the materials, the

value of the heat capacity depends on the porosity, because the weight of the

material diminishes as the porosity increases. That is why porous heat insulation

material requires less heat in order to be heated to a certain temperature compared

to nonporous refractory material, which is taken into account in the design of the Al

launders (runners) and in anode baking furnaces.

Thermal diffusivity (m2/s) characterizes the velocity of spreading of the tem-

perature in the material and is calculated as

a tð Þρ ¼ λ tð Þ=cv tð Þ; ð1:22Þ

where λ(t) is the thermal conductivity, ρ is the density, and сv(t) is the specific heat
capacity. The thermal conductivity and thermal diffusivity are linked with each

other via the heat capacity.

1.5.2 The Measurement of Thermal Conductivity

In general, thermal conductivity measurements comprise the measurement of the

heat flow passing through the sample of certain dimensions and the temperatures on

isothermal surfaces, while the distance between these surfaces is known.

There are many methods of taking thermal conductivity measurements, and all

of them have certain inaccuracies and discrepancies (the main uncertainty is the

impossibility to eliminate the heat drain).

The methods of obtaining thermal conductivity measurements are divided into

two main groups:

1. Based on the principle of stationary heat flow;

2. Based on the principle of nonstationary heat flow (dynamic methods).

Very generally speaking, it is possible to say that the methods based on the

principle of stationary heat flow are better for measurements of materials with

medium and low thermal conductivity, while the methods based on the principle of
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nonstationary heat flow are better for highly conductive materials. Sometimes it is

simply impossible to make measurements of highly conductive materials at a

relatively high temperature. Measurement of thermal conductivity by dynamic

methods takes less time.

Unfortunately, for the same material, the thermal conductivity value measured

by the method of stationary heat flow always differs from the thermal conductivity

measured by the method of nonstationary heat flow.

The values in Table 1.6 and Fig. 1.18 give a general idea of the thermal

conductivity values. For project designs of furnaces (while working with the

thermal balances of the furnaces and with the equations of the heat flow), it is

better to have thermal conductivity values obtained by several methods. After the

construction of the newly designed furnace, the trials and the energy balance may

give an idea of what thermal conductivity values are preferred for this specific

design of the furnace. A comparison of thermal conductivity values for heat-

insulating vermiculite material [88] obtained by stationary and dynamic methods

(Table 1.6) give good evidence of this.

When considering the relining of the furnace during the course of repair, here it

is better to make measurements of the materials using one method of thermal

conductivity measurements. Thermal conductivity values, measured even by a

consistent method of nonstationary heat flow but according to different standards,

may differ considerably. The performance of the reduction cell is extremely

sensitive to a change in the heat balance. The rather common decision to change

the supplier of the heat insulation materials for the relining of the reduction cells

may cause changes in the performance of the reduction cells if the thermal con-

ductivity value of the newly installed heat insulation materials differs from the

thermal conductivity value of the previously used materials.

1.5.3 Methods of Thermal Conductivity Measurements
Based on the Principle of Stationary Heat Flow

The advantage of thermal conductivity measurement methods based on stationary

heat flow is their relatively high accuracy and the fact that the measurement

conditions are close to the conditions of refractory service. The disadvantage is

the fact that it is very difficult to make measurements at 200, 300, and 400 �C,
and the real measurement will be performed at a medium temperature of the

sample, such as 315, 345 �C, and so forth. This occurs because the measurement is

performed, fixing the temperature between the cold and hot surfaces, and

then make the temperature dependence of the thermal conductivity, and

having this dependence, people determine the values at 200, 300, 400, 600, and

800 �C.
According to ASTM C201, ASTM C202 [89, 90], the sample (usually half of a

brick with flat, parallel surfaces) is placed in the furnace so that one surface (with a
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thermocouple) is subjected to temperature (due to SiC heaters), while the other

(also with a thermocouple) is with the copper calorimeter, so that the calorimeter

measures the amount of heat (due to the change in the temperature of the water in

the calorimeter). The temperature on the hot surface may be between 300–1,350 �C.
In order to achieve stability of thermal characteristics during measurements, one

should heat-treat the sample before the measurements at a temperature at least 50�

higher than the temperature of the measurement. The measurements may be

fulfilled parallel and normally to the direction of pressing. The accuracy of the

method is within 10 %.

The thermal conductivity of shaped heat insulation materials is determined

according to ASTM C182-88 (1998) [91], and the thermal conductivity of unfired

materials is determined according to ASTM C417-93 (1998) [92]. Both standards

employ the stationary heat flow method. To determine the thermal conductivity of

monolithics, the sample should be dried at 120 �C for 24 h before measurement. In

the test unit, the sample should be heat-treated at 260 �C for 16 h to remove

moisture. However, the measurement is considered to be correct only if the

following measurement gives no more than a 2 % difference in value; otherwise,

it is necessary to make the next measurement.

The thermal conductivity of the carbon cathode blocks is measured according to

ASTM C767 [93] and ISO 12987 [94] in the range of 20–60 �C by comparative

methods. It is obvious that the values of the thermal conductivity of carbon cathode

blocks are essential at preheating and at service, where the temperature is above

900 �C. The implementation of a good dynamic method of measuring the thermal

conductivity of carbon cathode blocks is required.

Although plant repair managers are rather conservative in everything that con-

cerns the use of lining materials for the relining of reduction cells, sometimes they

have to change the type and the producer of cathode blocks, and here the exact

directly measured values of the thermal conductivity of cathode blocks at high

temperatures might be very useful – at least to keep the preheating and startup

period unchanged. Next, the startup period will be more influenced by impregnation

of the carbon blocks by the cryolite, because the thermal conductivity will be

increased several times (to be discussed in Sect. 2.3).

1.5.4 Methods of Thermal Conductivity Measurements
Based on the Principle of Nonstationary Heat Flow
(Dynamic Methods)

Many methods of thermal conductivity measurements are based on the principle of

nonstationary heat flow. The methods of hot wire measurement, double-hot wire

measurement, hot disc measurement, hot strip, and laser flash measurement are

widely used for different materials.
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According to ASTM C1113 [95], the hot wire method is an absolute method for

direct determination of the thermal conductivity based on the measurement of the

temperature increase of a linear heat source/hot wire (cross-wire technique,

according to ISO 8894-1 [96]) or at a specific distance from a linear heat source

(parallel-wire technique, according to ISO 8894-2).

The laser flash method [97, 98] is often used for measuring the thermal conduc-

tivity of structural ceramics. The sample is heated by laser pulse and the temper-

ature increase on the back side of the sample is measured. The thermal conductivity

is calculated from Eq. (1.10). This method has no limitations on the temperature

and is good for measuring materials with a high thermal conductivity, but it gives

values 20–30 % higher than the values given by the hot wire (Table 1.6, Fig. 1.19).

Also, it is necessary to take into account that the test samples for measurements

according to the laser flash method are small (the thickness of the plate to be tested

is about 2 mm, and there may be difficulty in cutting the required sample from the

coarse-grained material). The thermal diffusivity and thermal conductivity of

carbon materials can be measured by the flash method according to ASTM

C714-05 [99].

Figure 1.19 demonstrates the thermal conductivity dependencies for N-SiC

side lining, determined by the hot wire [96] and laser flash methods [99, 13, 14].

The difference in the values is easily seen and is within 15–25 %. In [85] it is

stressed that for the project designs of the furnaces, the values of thermal

conductivity obtained by stationary heat flow methods are preferable to those

calculated by dynamic methods. The coefficients of 0.7–0.8 used for the project

designs are used for the calculations if the values of the thermal conductivity by

hot wire methods are taken. The repeatability is about 15 %, while the reproduc-

ibility is 20–25 %.

Fig. 1.19 The values of

thermal conductivity for

nitride-bonded silicon

carbide materials, measured

by hot-wire and laser flash

methods
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1.6 Thermal Coefficient of Linear Expansion, Thermal
Strains, and Thermal Shock Resistance

1.6.1 Thermal Coefficient of Linear Expansion

The thermal coefficient of linear expansion is the relative increase in the linear

dimension of the material as its temperature increases 1�. Usually, the average

thermal coefficient of linear expansion is used in practice: It is the relative increase

in the linear dimension, divided by the temperature interval at which this increase in

dimension took place:

α ¼ ΔL=Lo= t� toð Þ ð1:23Þ

where α is the thermal coefficient of linear expansion (dimension: K�1), ΔL is the

linear dimension change of a material, having dimension Lo, after heating from

temperature to to temperature t. The thermal coefficient of linear expansion is a

tangent of the slope of the graph ΔL/L¼ f(t) (Fig. 1.20).
In engineering practice of Al metallurgy, in order to make the design of the

device workable at increased temperatures, usually the average thermal coefficient

of linear expansion is used. The values of the average thermal coefficient of linear

expansion are contained in reference books [100, 101]. The expansion is calculated

according to

ΔL ¼ Lo � α � t� toð Þ ð1:24Þ

The expansion of a refractory plate having length 1 m and α¼ 5� 10�6К�1 at the

temperature increase from 0 to 1,000 �C will be 5 mm.

In R&D practice, it is useful to use not only the value of the average thermal

coefficient of linear expansion, but the dependence of ΔL/L¼ f(t) itself. This will
give much more information on the processes that take place upon heating of the

Fig. 1.20 Thermal

expansion
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material. This is necessary to understand the temperature of the phase transforma-

tions or to estimate the sintering process or the protective coatings that won’t

exfoliate in high-temperature service.

1.6.2 Thermal Expansion of Refractory and Heat Insulation
Materials: Elements of Theory

Tables 1.8 and 1.9 and Fig. 1.21 give some reference data on the values of the

thermal coefficient of linear expansion for oxides, refractory, and ceramic materials

[100–102]. Crystals with a cubic lattice (CaO, MgO) have equal values of linear

coefficients of expansion along all axes. The typical linear coefficients of thermal

expansion for such materials are 6–8� 10�6 K�1 and increase with the temperature

up to 10–15� 10�6К�1. Anisotropic crystals with low symmetry have different

values of linear coefficients of thermal expansion along different axes, but with a

temperature increase, this difference becomes smaller. Materials with strong chem-

ical bonds (silicon carbide, titanium diboride, diamond) have low values of linear

coefficients of thermal expansion. However, these materials have high values of

Debye characteristic temperature (values of the linear coefficients of thermal

expansion grow below the Debye temperature and are almost constant above it).

Pores do not affect the values of linear coefficients of thermal expansion if the

continuous media are solid particles. If the material consists of particles that are not

bonded together and the continuous media are pores (as in vermiculite-based heat

insulation materials), linear coefficients of thermal expansion depend on the struc-

ture of pores, the dimension of the particles, and so forth.

Some anisotropic crystals have negative linear coefficients of thermal expansion

in one direction, and the volume expansion of such materials is low. The low

expansion of cordierite, aluminium titanates, and lithium alumosilicates is

explained by the strong crystal lattice anisotropy. The material made from these

substances may have a very high thermal shock resistance. Yet in the process of

Table 1.8 Thermal linear

coefficient of expansion for

anisotropic crystals [100–

102]

� 106 К�1 � 106 К�1

Normal to с-axis Parallel to с-axis

Al2O3 8.3 9.0

TiO2 6.8 8.3

SiO2 (quartz) 14 9

Al2O3�TiO2 �2.6 11.5

3Al2O3�2SiO2 4.5 5.7

ZrSiO4 3.7 6.2

CaCO3 �6 25

α-SiC 4.3 2.7

β-SiC 2.77 —

Graphite 1 27
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Table 1.9 Thermal linear coefficient of expansion for refractory and heat insulation materials (�
106 К�1) [100–102]

Material � 106 К�1 (0–1,000�)

Magnesia 13–15

Silica 11–13

Silica glass 0.5

Zirconia (stabilized) 10

Zircon (ZrSiO4) 4.2

Chromite 9–11

Mullite 5.5–5.8

Mullite-alumina 7.0–7.5

Alumina 8.0–8.8

Kaolin 4.5–5.5

Fireclay (15 % Al2O3) 7–9

Fireclay (30 % Al2O3) 4.5–6.0

Moler (diatomaceous) 2–3

Silicon carbide 4.5

Anthracitic graphitic carbon cathode block 2.9–3.5

Graphitized carbon cathode block 2.9–3.0

TiB2 8.1

Vermiculite 11

Calcium silicate 5.5
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Fig. 1.21 Temperature dependencies of linear expansion according to [100–102]
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making strong structural ceramics from these substances, it is necessary to be very

careful, because sizable strains may occur between the grains.

For unheated heat insulation and refractory materials, the temperature depen-

dence of thermal expansion is essential. Figure 2.90 in Sect. 2.7 shows the temper-

ature dependencies of linear coefficients of thermal expansion for several

vermiculite-based materials. The materials cannot be recommended for use in the

high-temperature devices due to high-volume increases upon heating. The excep-

tions are materials 2 and 3, which have uniform temperature dependencies of linear

coefficients of thermal expansion.

1.6.3 Measurement of Linear Coefficients of Thermal
Expansion

The measurement of linear coefficients of thermal expansion is made by dilatom-

eters. There are differential and absolute dilatometers. A differential dilatometer

measures the difference between the linear thermal expansion of a well-known,

high-temperature material and the tested samples. The standard materials are silica

glass, polycrystalline alumina, sapphire, and graphite. The temperature is measured

in the middle of the sample by a thermocouple. The differential measurement of the

linear coefficient of thermal expansion is made according to ASTM E831-14 [103]

and ISO 2478:1987 [104]. The measurement of the thermal expansion of heat

insulation materials is made according to ISO 2477:1987 [105].

ISO 14420:2005 [106] specifies a method to determine the coefficient of linear

thermal expansion of carbonaceous or graphite materials (solid materials) for the

production of Al between 20 and 300 �C. It applies to baked anodes and shaped

carbon products.

The absolute measurement of thermal expansion provides the ability to fix direct

change dimensions of the sample upon heating by optical or photo devices.

According to Japanese standard JIS 2207-1976 [107], it is possible to fix the

thermal expansion of the samples by cathetometers or comparators (including

fixing the photo images). Another method is the interferometry method according

to ASTM E 289-99 [108]. It gives an accuracy of 4� 10�8 К�1, which is one order

of magnitude more precise compared to measurement by dilatometer according to

ASTM E831-93 [103].

In the Al industry, it is necessary to take into account the thermal expansion of

refractories in the bottom part of holding and melting furnaces in the cast house and

in anode baking furnaces. The thermal expansion of carbon cathode is relatively

small; however, it might be sufficient to take it into account. Yet the sodium

expansion of cathode blocks is several times higher compared to the values of

thermal expansion. In the design of the reduction cells, the value of the thermal

expansion of carbon cathode blocks is only the reference data.
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1.6.4 Thermal Strains

If the material is isotropic and can expand without limitations, there are no inner

strains in such material upon heating. If something prevents the expansion, the

thermal stresses appear in the material. If the constrained refractory block is heated,

the stress will be compressive. If the refractory block is cooled down, it will

withstand tensile stress because the outer part of the block attempts to shrink

(to contract) due to the temperature decrease, but the hot interior part prevents

the contraction:

σ ¼ Eε ¼ E t� toð Þα ð1:25Þ

where E is the elastic modulus, and ε is the strain.
During calculations, the heat flow from the middle to the center is taken to be

very small; in such a case, the thermal stress is

σ ¼ E t� toð Þαð Þ= 1� μð Þ ð1:26Þ

where μ is Poisson’s ratio.

Such stresses on cooling may occur if the reduction cell is switched off in order

to make a dry autopsy. Figures 1.22 and 1.23 show the cracks that appeared upon

cooling in cathode carbon blocks (Fig. 1.22) and silicon carbide side lining

(Fig. 1.23). Although the thermal conductivity of carbon cathode blocks and silicon

carbide is high, their dimensions are big enough as well as their absolute values of

shrinkage. The outer parts of the blocks shrink, while the inner parts are still hot

enough to prevent them from shrinking, and tensile stresses may have values

exceeding the strength. This is normal (when cooling the cell for dry autopsy),

and there is no need to pay attention to such cracks upon examination of the

materials during dry autopsies.

The thermal expansion of refractory constructions should be calculated and

taken into account during design of the furnaces in order to avoid excessive thermal

strains and consequent chippings and spallings. The thermal expansion of a 6-m-

long roof of a furnace at a temperature of 800–900 �C will be 28–30 mm if the

thermal expansion coefficient of the refractory is 5–6� 10�6К�1.

1.6.5 Thermal Shock

According to Eq. (1.26), the rapid cooling of a cathode carbon block from 900 to

100 �C gives thermal stress that is sufficiently higher than the bending strength. The

same is true for silicon carbide material.

Thermal stresses in materials can introduce cracks. The critical temperature

drop — after which the thermal stresses in the material will equal or exceed the
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strength — may be considered the critical quench temperature and may be used for

the ranking of the material to withstand the rapid change of the temperature, or

thermal shock:

ΔTcrit ¼ σ 1� μð Þ=Eα ð1:27Þ

This equation was introduced by Hasselman [109, 110], who was the first to give

the quantitative criteria for thermal shock resistance, or R factor.

Thermal shock resistance is the ability of the material to withstand temperature

drops and increases, that is, to withstand thermal shock. Thermal shock resistance is

one of the most important characteristics of refractory materials. According to

rough estimations, approximately one third of refractories are damaged due to

Fig. 1.22 (a, b) Cracks due to cooling in carbon cathode blocks
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poor thermal shock resistance at temperatures sufficiently lower than refractoriness.

Thermal stresses may be tensile, compressive, and shear; due to thermal stresses,

refractory materials may chip and split off the linings in feeding cavities (holes) and

charging doors of the furnaces, doors, and lids. This kind of deterioration was

simulated in the old version of the ASTM standard [112]. Another variant of

deterioration of the material due to the thermal shock takes place when cracks

occur in the material due to the thermal stresses, and the strength of the material

diminishes severely (Fig. 1.24). This mechanism (strength deterioration at thermal

cycling) is in the new ASTM standard [115].

Fig. 1.23 (a, b) Cracks due cooling in SiC lining
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In the Al industry, thermal shock–resistant materials should be used in loading

openings (holes) of coke calcining furnaces, anode baking furnaces, ladles, and

runners. The possibility of applying thermal shock resistance factors to cathode

carbon blocks is discussed later.

There are three main cases when thermal stresses appear:

– If the refractory material is multiphase and consists of phases with different

thermal expansion: Heating and cooling will promote the appearance of

microcracking, which leads to a deterioration in strength. In such cases, mate-

rials usually do not crack. Porosity diminishes the probability of microcracking.

– If the material has no ability to expand.

– If, during thermal cycling, a big temperature gradient takes place in the material:

The expansion of one zone of the material will not coincide with the expansion

in another zone, and that may lead to cracking. The higher the value of thermal

conductivity and the lower the value of thermal expansion, the better thermal

shock resistance such a material will have.

Thermal shock resistance is not a physical property of the material; it depends on

many physical characteristics of the material, but also on the shape of the refractory

article, its dimensions, the cooling and heating conditions, among other factors.

Because of this, there is neither a single criterion or factor, nor is there a single

method of its determination. However, people usually use the thermal shock factor

(criterion) R, and, additionally, there are many methods of determining the thermal

shock, both standard and nonstandard.

The thermal shock factors (criteria) are used in R&D practice and during the

R&D of materials design. Methods of estimating the thermal shock resistance are

required in order to estimate the ability of the material to be used in thermal devices

and in furnaces and for production quality control. There are no strict dependencies

between thermal shock resistance factors and the values of the thermal shock

resistance; however, sometimes correlations can be made.

1.6.6 Thermal Shock Factors

The classical research on the thermal shock resistance of refractories and brittle

solids was made by D. P. H. Hasselman [109, 110]. For samples of a simple shape

(thin plate, hollow cylinder, sphere), which are cooled in a liquid medium, the

Fig. 1.24 Samples of bricks after thermal shock testing
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difference of the temperatures at which the stress reaches the value of strength is

calculated in Eq. (1.27); usually, this critical temperature drop ΔTcrit is called R.
This is the first thermal shock resistance factor. According to this factor, the

material should have a high thermal shock resistance if it has a low elastic modulus,

a low value of the thermal coefficient of linear expansion, and high strength.

Equation (1.27) has a dimension of degrees and reveals the maximum temper-

ature drop in the samples. The first thermal shock factor R reflects the tendency of

the thermal shock resistance from strength, thermal expansion, and elastic modulus,

but it is impossible to use this factor in order to make a forecast on the service life of

the refractory.

Next, factor R0 is more applicable when the cooling conditions are not severe

(as it takes place at cooling of the sample at air):

R0 ¼ Rλ; ð1:28Þ

where λ is the thermal conductivity. This factor has dimension degree ∙ m/s. There

are many factors of thermal shock resistance, which are supposed to be applied for

specific conditions. The research of Harmuth and Bradt [111] opens the way to new

approaches to the estimation of thermal shock resistance. However, currently,

refractory materials are compared in terms of thermal shock resistance on the

basis of experimental data.

1.6.7 Thermal Shock Resistance Measurements

There are many methods to measure thermal shock resistance. The most convenient

are quenching “heated material – water” and “heated material – air.” In order to

simulate the specific service conditions of refractories, several other methods of

thermal shock testing have been investigated.

Initially, the thermal shock resistance according to ASTM 38-89 [112] was

measured by quenching the bricks in water, while the appearance of the cracks

and the cracking of the material were fixed. The technique of quenching in water is

described in DIN 51068-1 [113]. Quenching in air (compressed air) is described in

standard DIN 993-11 [114].

A new standard ASTM C-1171-05 [115] estimates the appearance of cracks in

refractory material on thermal cycling by the decrease in strength and change in the

sound velocity in the samples.

Usually, the strength is measured after one thermal shock, though it is possible to

make several cycles and measure the strength degradation after each cycle. Rect-

angular bars or rods are tested for bending strength.

According to ASTM C-1171-05 [115], the recommended furnace temperature is

1,200 �C (for specific material and service conditions, it may be changed), the time

in the furnace is 10–30 min, and the cooling regime may vary – from quenching in

the water to quenching in the air on fireclay or on a metallic surface. The values of
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the strength are fixed after each cycle. The degradation of the strength after the first

water cycle may be 70–90 %, and the degradation of the strength after the first air

cycle may be 20–70 %.

According to the withdrawn standard ASTM C-1100 [115], the determination of

the relative resistance of refractories to thermal shock conditions resulting from

changing heating and cooling cycles was induced by gas burner and compressed air,

while the observation of cracks due to the thermal cycles was visual.

Japanese standard JIS 2657-1995 testing method for spalling of refractory bricks

and insulating firebrics. The brick is placed into the furnace at a distance equal to

two thirds the brick’s length, and after 15 min in the furnace, it is cooled down at

room temperature or in water. The appearance of cracks and spalling and chipping

is fixed.

The question of a good method for estimating the thermal shock resistance of

carbon materials is still open. Due to high thermal conductivity and semibrittle

mode of deformation, carbon cathode materials are more thermal shock–resistant

compared to refractories. Yet it doesn’t mean that there is no problem with thermal

shock resistance in carbon cathode materials. We discuss it in Sect. 2.3.

The values of thermal shock cycles “temperature – water” for fireclay and

mullite refractories are within 5–7, and up to 30–50 cycles for silicon carbide

refractories. The values of thermal shock cycles “temperature – air” for fireclay

and mullite refractories are within 25–30 cycles, and up to 50–100 cycles for silicon

carbide refractories.

1.7 Corrosion Resistance

Refractories are considered to be corrosion-resistant to melts and gases in furnaces

and high-temperature devices. Asmentioned in Sect. 1.6, approximately one third of

refractories are damaged because of poor thermal shock resistance at temperatures

sufficiently lower than refractoriness. Most likely, this ratio for the refractories in the

Al industry and the decay of the refractories due to corrosion are even higher.

Corrosion phenomena are very complex, and it is necessary to take into account

different processes and mechanisms of degradation and deterioration. Corrosion of

refractories at high temperatures may take place by gases, but, of course, it may take

place (Fig. 1.25) by liquids (liquid aluminium, liquid electrolyte). In reality, these

processes are very difficult to separate. In the investigation of the side-wall corro-

sion of the side lining in a reduction pot, it is necessary to take into account the

erosion of side walls by the particles of alumina and flowing bath. The erosion to be

taken into account is degradation of the flue walls in anode baking furnaces, though

it is not the main mechanism of degradation.

The corrosion includes the process of chemical corrosion itself, but it is also

necessary to take into account the penetration of the aggressive liquid in open

permeable pores, the diffusion of the aggressive melt (or constituents of

the aggressive melts) into the structure of refractory materials, and others.
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The reactions of gases and liquids with refractories may cause stresses, resulting

in cracking and spalling, and open the door to the penetration of aggressive

liquids.

Of course, it is very useful to know the general theoretical principles of chemical

corrosion and apply it to new designs of high-temperature aggregates and furnaces.

Knowledge of thermodynamics can give a good estimation of the forecast of future

chemical interactions, but it doesn’t guarantee the exact forecast of the future

service life of refractory in the furnace. Tests for chemical corrosion of refractories

are common in the ferrous industry, but they are quite popular in the metallurgy

of Al.

In ferrous metallurgy, the corrosion resistance of refractories has been investi-

gated for more than 100 years. The general principles of refractory corrosion

approaches have been described by Brosnan, Rigaud, and several other authors

[116–118].

Yet the Al industry has several peculiarities. Relatively low temperatures in

reduction cells and in the cast house are compensated by the high corrosion ability

of molten aluminium and the bath. The main constituent of the bath for the

electrolysis process, N3AlF6, has a unique ability to dissolve alumina – the

constituent of the major part of the refractories. However, it also dissolves other

oxides very quickly. Refractories for Al came from refractories for the ferrous

industry.

In the ferrous industry, the characteristic “specific consumption of refractory per

tonne of the metal” is now being replaced by the characteristic “refractory con-

sumption in money equivalent.” However, in Al production, neither the first nor the

second characteristic has received much attention.

Fig. 1.25 General view of chemical corrosion of refractories by liquid phase
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1.7.1 Elements of Theory

Corrosion by Gases

Although usually the main corrosion agent of refractories is liquid, corrosion by

gases should also be taken into account. Refractories are porous, and so gases may

interact with the surface of refractories but may also penetrate in the open perme-

able pores of refractories and interact with the inner surface of refractories. In

practice, the gas corrosion of refractories in an Al foundry is not big. The gas

corrosion in an electrolysis shop should be taken into account in side lining. Both

carbon and silicon carbide side linings withstand oxidation in the presence of

vapors of sodium and fluorine salts, which enhance the oxidation. The flue wall

of anode baking furnaces is corroded by gases in two ways. First, the refractory

contacting the carbon anodes (and the carbon filling and covering) is in a reduction

atmosphere, and some part of the silicon oxide may interact with CO/CO2 gases and

volatile, which increases the porosity and brittle structure. Second, the vapors of

sodium compounds (which are always in green anodes because of the utilization of

anode butts) may interact with alumina silicate refractories and penetrate the pores

of the refractories, changing the chemical composition and decreasing the high-

temperature deformation and refractoriness.

Volume effects of the reactions should also be taken into account (not only in gas

corrosion of refractories). The reactions of oxidation of nitride-bonded silicon

carbide side lining are positive. The positive volume effect of the reaction may

play a positive role, diminishing the open porosity (Table 1.11). However, on the

other hand, it may cause tensile strains, which may result in either spalling or

cracking of the refractory (Fig. 1.26).

Table 1.10 Volume effects

of silicon carbide and silicon

nitride oxidation

Reaction ΔV/V, %

SiC + 2O2¼ SiO2 +CO2(g) +112

SiC + 3 CO2¼ SiO2 + 4 CO(g) +112

Si3N4 + 7 O2¼ 3 SiO2 + 4 NO2 (g) +80

Si3N4 + 6 CO2¼ 3 SiO2 + 6 CO(g) + 4 N2 (g) +80

Table 1.11 Change of porosity and density of N-SiC side lining in the reduction cell during

service

No.

Apparent density

(initial), g/sm3
Apparent density (after

180 days), g/sm3
Open porosity

(initial), %

Open porosity (after

180 days), %

1 2.68 2.75 15.8 10.4

2 2.72 2.92 14.7 3.8

3 2.68 2.77 15.6 7.5
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Corrosion by Melts

Corrosion of refractories by melts takes place in reduction pots and the cast house.

The melt of liquid metal or the bath contacts the surface of the refractory wall, made

from bricks or from castables. The chemical interaction between the constituents of

the melt and the constituents of the refractory takes place, and all chemical

principles of interaction between liquid and solid reactants should be taken into

account. The chemical nature of reactants (acid–base) may also be a factor.

If there is no movement of the melt (Fig. 1.25), the thermodynamic equilibrium

should sooner or later be established, and phase diagrams may give information on

possible interactions between the constituents of refractories and the constituents of

the melt. However, as a rule, there are no thermodynamic equilibria in real

processing, so the knowledge of the phase diagrams may only show directions.

If the refractory interacts with the melt and the reactants are dissolved in the

melt, the slow process of dissolution of refractory should take place. If this process

is not accompanied by constant movement of the melt (as it takes place in the

reduction cell due to magnetic forces) or by erosion by solid particles in the moving

melt, it is very slow and in practice shouldn’t be taken into account.

Another process is a penetration of the melt in the refractory’s permeable pores.

The process of physical penetration without dissolution is governed by capillary

forces (surface tension), hydrostatic pressure, viscosity of the melt, and gravity. An

illustration of such a process appears in Fig. 1.27, which shows the probability of

the penetration of the Al melt in the pores of the carbon block with and without the

application of the current.

Carbon is not wetted by liquid Al and is poorly wetted by bath (in the absence of

electric current).

The hydrostatic pressure of the bath and the metal in the reduction cell is

Ph ¼ ρAl � g � hAl þ ρEl � g � hEl ð1:29Þ

where Ph is the hydrostatic pressure,

Fig. 1.26 Cracking in side lining due to strains, caused by oxidation
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ρAl is the density of Al,

ρEl is the density of the bath,

hAl is the height of Al,
hEl is the height of the bath,
and g is the gravity factor.

At startup, usually the reduction cell is filled with the molten bath; its height is

0.25–0.3 m, and the molten Al is poured in the cell after one day. The density of the

bath is about 2,200 kg/m3, so the bath pressure is 5.4–6.5 kPa.

The capillary pressure without current (at startup) for different pore radii will be

r, μm 1 5 10 15 20 25 30 40

P� 103 (Pа) �79.8 �16 �8 �5.3 �4 �3.2 �2.7 �2

The molten bath (cryolite) should not enter the pores of the carbon cathode block

without polarization (application of current) due to capillary forces. Yet pores

above 15–20 μm will be permeable to molten bath, because the negative capillary

pressure in the pores is compensated by the hydrostatic pressure of the bath layer.

The contact wetting angle of carbon by bath at cryolite ratio (CR) is 125� [120]
without current and diminishes to 20� at cathode density 0.8 A/sm2, and then the

capillary pressure will be

r, μm 1 5 10 15 20 25 30 40

P� 103, (Pa) 131.6 26.3 13.2 8.8 6.6 5.3 4.4 3.3

If the pores are small and uniform in size and there is no interaction between the

refractory and the melt, it might be possible to make a refractory, nonpermeable by

the melt.

For the physical penetration (without chemical interaction), the rate of penetra-

tion dl/dt depends on the pore radius r, surface tension of the melt γ, and viscosity of
the melt ή:

dl=dt ¼ rγ cos θ=4ήl ð1:30Þ

where cos θ is the wetting angle.

This expression is valid only for a constant temperature, because the surface

tension, the wetting angle, and the viscosity are functions of the temperature. In

Fig. 1.27 Wetting of carbon by bath without current (a) and with application of (d) current and
the infiltration of the bath in the pores, having diameter below 15 μm (b) and above 15 μm (c),
while the height of the liquid bath is 0.3 m
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reality, a constant temperature in the furnace wall is never achieved due to the

temperature gradients. Also, the chemical interaction between the melt and the

constituents of the refractory usually takes place, and the viscosity changes.

Although in reality it may not be achieved, this principle suggests that the pores

in the refractory should be small and uniform.

While discussing the pore size dimensions in a refractory, it is necessary to

mention the surface tension of the melt. The penetration of the melt in the refractory

depends not only on the pore radii, but also on the surface tension of the melt and

the contact angle of wetting. Some time ago in the ferrous metallurgy it was

considered, the critical pore diameter of the refractory for the pig iron melt is 30

μm, while the critical pore diameter of the refractory for the steel is 5–10 μm. The

melt of Al has extra-low viscosity and a low contact angle of wetting, so it can

penetrate even pores 1 μm in diameter. The same may be said about the molten

electrolyte.

Upon moving along the pores in the depth of the refractory, due to interactions

with refractory the melt changes the composition and its viscosity may increase.

This may lead to self-stoppage of the penetration of the melt in the depth of the

refractory. On the other hand, the melt may dissolve the contacts between the

grains, and the grain may flow out of the refractory wall in the melt. In practice,

this takes place in the side lining of the reduction cell on the border of the molten

bath and the air. It is quite common in the carbon side lining (Fig. 1.28) but may

take place for silicon carbide lining as well.

Aluminium is a rather reactive metal, and it can react with oxygen at tempera-

tures of 700–800 �C (which are common for an Al foundry) to form alumina. In the

melting and holding furnaces of an Al foundry, an atypical process takes place in

ferrous metallurgy: oxidation of Al melt on the triple border “refractory–melt–air.”

Oxidation takes place with the positive volume effect, and the resulting alumina

takes more space, so the thickness of the refractory wall increases (Fig. 1.29).

Another facet to protection from chemical corrosion is the question of the

temperature gradients in the walls and in the bottom of high-temperature metallur-

gical aggregate in connection with the melt’s freezing point. This is discussed in

more detail in the chapters devoted to the reduction pots and to the furnaces of the

foundry. Yet here we shall discuss the general principle of protection from corro-

sion by heat balance in the walls.

Fig. 1.28 Carbon side lining in “out-of-service” reduction cell
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The temperature on the border of the melt and refractory is considered to be

close to the temperature of the melt. The temperature on the outer side of refractory

wall and the shell should be close to ambient temperature near the furnace.

Different combinations of dense refractories and porous and fibrous heat insulation

materials help to achieve the required result.

In the classical design of reduction cells, it is recommended that the freezing

point of electrolyte should be within the level of carbon cathode blocks – near the

lower surface (Fig. 1.30). This should protect the refractory barrier layer of the

reduction cell from interaction with molten electrolyte.

Fig. 1.29 Corrosion of the

refractory by Al melt at the

bellyband of the holding

furnace

Fig. 1.30 Cross section of

the reduction cell with

freezing line of electrolyte
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Figure 1.31 contains two variants of heat insulation of the holding furnace side

wall. Both variants give the required result – a temperature of 30–40 �C on the outer

side of the wall in the beginning of the service. However, the location of the

freezing point in these variants of the lining has different positions – in variant

“a,” it is in the insulation layer, while in variant “b,” it is in the “working” layer of

dense refractory.

In lining construction “a,” nothing will prevent molten Al from entering the

permeable pores, cracks, and shafts between the bricks. In lining construction “b,”

the melt will stop in the working layer of the dense refractory because of the

solidification. In both cases, the path of the Al melt in the lining is a conductor

for extra heat: The thermal conductivity of the infiltrated lining will increase.

However, this increase in the thermal conductivity in variant “b” will be relatively

small. With good construction, the linings of holding furnaces should work for

many years, and the temperature on the shell should be low.

In the case of variant “a,” the melt reaches the layer of the thermal insulation and

the thermal balance will change considerably. The increase in the thermal conduc-

tivity of the heat insulation layer relatively soon will shift the location of the

freezing point more closely to the outer side of the lining. This will give an extra

increase in thermal conductivity of the heat insulation layer, and so on the process

will go.

This is an illustration of the general principles to decrease the corrosion by a

correctly chosen thermal balance of the lining. These issues are even more

important in the design of reduction cells, where the thermal balance helps to

have a frozen side ledge on the side lining, protecting the refractory from the

chemical interaction by reactive melt. The issues of the thermal balance in

connection with the freezing point of the liquid bath in the cathode blocks,

formation of the side ledge, overheating of the cell, and the energy savings are

discussed in Chap. 2.

Fig. 1.31 Temperature gradients in the side lining of Al holding furnace
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1.7.2 Tests

Laboratory corrosion testing has been in existence for many years, and yet there is

no uniformity in these attempts to evaluate the corrosion resistance of specific

refractory for specific conditions. Roughly, corrosion tests may be divided into

“static” and “dynamic” tests. The term “static” usually means that the corrosive

liquid is stationary, it doesn’t move against the tested refractory, and the system

“corrosive liquid–refractory” will tend to reach equilibrium. During a “dynamic”

test, the corrosive liquid moves against the refractory surface and the thermody-

namic and chemical equilibria won’t be reached.

Another division is the cup of immersion testing. With the cup test, the condi-

tions are stationary. If the tested refractory rods are immersed in the corrosive melt,

the conditions are close to stationary. If the immersed tested rods are rotating in the

corrosive melt (or probably are moving up and down), the conditions are dynamic.

Finally, the aim of the applied research on corrosion testing is to find suitable and

relatively inexpensive and simple procedures to evaluate whether a refractory will

have a long service life in a specific metallurgical process. In real metallurgical

processes, too many factors affect the corrosion; that’s the reason for the lack of

uniformity in corrosion testing. The same may be said about standardization: Only a

few corrosion tests are standard.

For the cup test, usually a hole about 35–58 mm in diameter and about 40 mm

deep is drilled in a brick (Fig. 1.32a, b), and either the corrosive liquid is poured in

the hole or the corrosive agent is placed in this hole in a dry state before testing. The

Fig. 1.32 Scheme of cup

corrosion test for bricks and

concretes (a, b) and dry

barrier mixtures (c, d)
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brick with the corrosive agent in a “cup” and with a lid above is placed in a furnace

for 8–24 h. The hole in a castable may be introduced without drilling, and for dry

barrier mixtures, a cup with sloped sides is formed. After cooling, the sample is cut

diagonally and the infiltrated area is measured in square centimeters. The standards

ASTM C768-99 [120] and DIN 51069-2-1972 [121] were withdrawn, but the

method of testing fireclay brick for corrosion resistance to cryolite is in ISO

20292 [121].

The immersed tests are usually produced in big crucibles, filled with at least one

corrosive agent. The dimension of the tested rods (usually rectangular bars) is

25 mm� 25 mm� 100 mm or 10 mm� 10 mm� 150 mm (Fig. 1.33). The bars

may rotate or be dipped and pulled out or may be tested without rotation. The

corrosion resistance tests for silicon carbide side lining materials are discussed in

detail in Chap. 2. The corrosion resistance tests for Al melt are discussed in Chap. 3.

The tests for sodium swelling of carbon materials are discussed in Chap. 2, devoted

to the lining materials for electrolysis, rather than in the chapter devoted to

corrosion resistance.

Depending on the type of corrosion process, the corrosion resistance may be

measured in the increase/decrease of the weight of the tested materials or in the

increase/decrease of the volume. Usually, static, dynamic, cup, and immersion tests

are isothermal. Microscopic investigation is highly recommended after all corro-

sion tests.

Fig. 1.33 Scheme of rod

corrosion test
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Chapter 2

Refractories and Carbon Cathode Materials
for Aluminium Reduction Cells

2.1 Reduction of Aluminium. Elements of Reduction
Technology. The Main Controlled Parameters
of Reduction (Electrolysis). Elements of Energy
Balance and Heat Balance of Reduction Cell. Reduction
Shop. Types of Reduction Cells

During the industrial reduction process, molten cryolite dissociates:

Na3AlF6 $ 3Naþ þ AlF6
3�: ð2:1Þ

The AlF6
3� ion is also partly dissociated:

AlF6
3� $ AlF4

� þ 2F�: ð2:2Þ

Alumina dissolves in cryolite and dissociates:

2Al2O3 $ Al3þ þ AlO2
� ð2:3Þ

or

Al2O3 $ Al3þ þ AlO3
3�; ð2:4Þ

and the ions of aluminium discharge on the cathode:

Alþ3 þ 3e ! Al # : ð2:5Þ

The oxygen ions discharge on the carbon anode and interact with carbon:

2O�2 � 4eþ C ! CO2": ð2:6Þ

Finally, the composition of anode gases is 20–40 % CO and 60–80 % CO2.
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In a simplified view, all cathode and anode reactions may be shown as

2Al2O3 þ 3C ¼ 5Alþ 3CO2; ð2:7Þ
Al2O3 þ 3C ¼ Alþ 3CO: ð2:8Þ

The melts of aluminium and of electrolyte are nonmiscible liquids. The density

of liquid Al is 2.3 g/sm3, while the density of liquid bath is kept around 2.1 g/sm3, so

in a reduction cell, the melt of electrolyte is above the molten Al. Actually, the

surface of molten Al on the bottom of a reduction pot appears to be the cathode in

the reduction process. Usually, the depth of molten Al is 15–40 sm, and the depth of

electrolyte is 15–25 sm.

In an industrial process, the electrolyte (the bath) has three main functions:

1. It conducts the electrical current between the anode and the cathode.

2. It dissolves alumina.

3. It gives a physical barrier between the Al forming on the cathode and the carbon

dioxide/oxide that appears on the anode.

In a Hall–Heroult process, the electrolyte is cryolite, Na3AlF6 (3NaF ∙AlF3), with
dissolved alumina and additives (up to 16–18 %) of aluminium fluorite, calcium

fluorite, magnesium fluorite, and sometimes other fluorites [1–4]. The melting point

of pure cryolite is 1,010 �C (Fig. 2.1), but the temperature of electrolyte may be

Fig. 2.1 NaF-AlF3 diagram [1–4]
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reduced either by adding fluorides or by varying the ratio between sodium fluoride

(NaF) to aluminium fluoride (AlF3). In pure cryolite, Na3AlF6 (3NaF ∙AlF3), the
cryolite ratio (CR) is 3. Both variants—additives or variation of the cryolite ratio—

decrease the melting point of the bath to 930–960 �C. The temperature of the process

is 950–965 �C, and the freezing point is about 950 �C.
Different cryolite ratios and additives in different ways influence the basic

technical and economic characteristics of the reduction process, improving one

characteristic and decreasing another. Currently, it is impossible to describe the

optimal composition of electrolyte, and the situation with smelters depends on

various local circumstances, including raw materials, energy costs, and design of

cells, among other factors.

The anodes are in the molten electrolyte; the interpolar space between the anode

and cathode is 4–6 sm. Normally, the depth of the level of Al at the bottom of the

reduction cell (after tapping) is 25–35 sm, and the depth of the level of electrolyte is

15–25 sm. Above the melt of electrolyte on the border with air is crusted frozen

electrolyte, covered with alumina. Some frozen electrolyte forms the ledge on the

side lining.

The tapping of Al is done once a day (we discuss the lining of the ladle in

Chap. 3); the amount of Al on the bottom of the cell should be sufficient for the

normal operation of the cell. The ladle with Al, tapped from the cells, is moved to the

cast house. Usually, the dross is taken from the surface of liquid Al before weighing

and pouring in the holding furnace for making alloys. An important issue for the

refractory specialist is that the level of molten Al (and consequently the level of

the electrolyte above the level of molten Al) in the reduction cell varies throughout

the day—after tapping, it is low, and it slowly increases throughout the day.

The amount of Al during the reduction process is calculated according to

Faraday’s law:

M ¼ 0:3354It; ð2:9Þ

whereM is the amount of Al, 0.3354 is the electrochemical coefficient for Al (g/A-h),

I is the current (A), and t is the time.

In practice, the amount of Al is lower. There are reverse reactions (which also

take place and take energy), and there are current leakages in the cell itself and in

the bus bar system and shell.

Here are some examples of “reversed” reactions, which result in the appearance

of unstable transient nonstoichiometric substances:

AlF3 þ 2Al $ 3AlF ð2:10Þ

or

Na3AlF6 þ 2Al $ 3AlFþ Na F: ð2:11Þ
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Aluminium sub-flouride (AlF2) is not stable and transforms into aluminium fluoride

and highly dispersed aluminium, which easily oxidizes:

3AlF $ AlF3 þ 2Al: ð2:12Þ

Aluminium subflouride may also oxidize by oxygen:

6AlFþ 3O2 $ 2Al2O3 þ 2AlF3 ð2:13Þ

and by carbon dioxide under anodes:

3AlFþ 3CO2 $ Al2O3 þ AlF3 þ 3CO: ð2:14Þ

In the course of these reactions, the received aluminium may transform back into

alumina. Also, reverse electrochemical reactions consume energy.

Current efficiency is a productivity of the cell.

The reduction process is controlled according to several parameters:

– energy consumption: 13,000–14,000 kW per ton of Al;

– alumina consumption: about 1,920 kg per ton of Al;

– carbon consumption: up to 425–550 kg per ton of Al [the theoretical consump-

tion according to reaction (2.7) is 338 kg per ton and 667 kg per ton according to

reaction (2.8)];

– current efficiency: up to 95 % for reduction cells with baked anodes and up to

90 % for reduction cells with a Soderberg anode.

As a rule, the parameters on the cells with 60 months’ service and longer are

lower.

One more very important parameter that is not directly included in the param-

eters of reduction is the service life of reduction cells.

The best-known parameters as of this publication are

– energy consumption: around 12,000–13,200 kW per ton of Al;

– current efficiency: up to 96 %.

Currently, the tendency is to decrease the current in order to reach lower energy

consumption.

This book is addressed to refractory producers as well as to specialists in cell

lining and design and in the reduction process. Carbon consumption and alumina

consumption in a reduction are in no way influenced by the quality of refractory

materials or design of the cells. The quality of refractory materials and the design of

the cells influence the service life directly. If we are speaking about energy

consumption and current efficiency, there is no direct link between the quality of

refractory and the carbon cathode materials on current efficiency, but indirectly the

design of cells (which takes into account the materials) may have some influence on

energy consumption.
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In terms of each part of the reduction cell and the materials for these parts, we

will comment on possible links between material quality and design on energy

consumption, current efficiency, and service life.

Also, we list some instabilities of the reduction technology that usually are not

connected with the quality of the cathode materials but may seriously influence the

service life of the cell:

– poor quality of alumina, which leads to the formation of sludge on the cathode

surface;

– poor quality of anodes (due to poor quality of coke or pitch or deviations in

anode technology), which may lead to overheating of the cell;

– overheating of the electrolyte;

– freezing of electrolyte as a sludge, operating cells with insufficient electrolyte;

and others.

The cathode current density is 0.7–1,05 A/sm2. The voltage in the reduction pot

is 4.1–4.5 V [25], and the tendency is to decrease the voltage to 3.7–4 V.

The reduction pots may be divided into small, with current 100–200 kA;medium,

with current 200–300 kA; and super powerful, with current 300–500 kA.

The reduction shops are long buildings, usually with a width of about 25–28 m,

while the length may be up to 1.6 km. Usually, reduction pots with cells below

200 kA are placed lengthwise in two rows, while cells of 200 kA or higher are

normally placed in one row. Between the cells should be sufficient space to move

industrial vehicles.

The reduction cell (electrolytic cell, reduction pot) is a high-temperature device

to produce Al by electrolysis (reduction). It is a shallow bath tank (depth 0.6–

0.8 m), filled with melts of Al and electrolyte (bath). The length of the reduction cell

is 10–15 m, and the width is 3–5 m.

The reduction cell is lined with carbon cathode bottom blocks and side lining.

The voltage on cathode blocks is supplied by steel collector bars and a system of bus

bars. Below the cathode blocks are the refractory layer and the heat insulation layer.

Figure 2.2 contains a schematic of the reduction cell with baked anodes.

Although reduction cells with a Soderberg anode are still in operation, their

characteristics (technical and ecological) are lower compared to reduction cells

with baked anodes. There is no principal difference in the construction of a cathode,

a refractory lining, and a steel cradle between reduction cells with baked anodes and

those with a Soderberg anode.

The service life of the reduction cell is one of the main technical and econom-

ical characteristics. The reduction cell is a rather cost-consuming device, and the

cost of the produced Al depends on the service life of reduction cells. The service

life of the modern reduction cell should be about 10 years, or 120 months. Some

reduction cells are operated up to 120 months and even longer. However, the

average service life of the reduction pot currently is 60–72 months. Sudden

shutdowns during startup in the first year of service are a headache for the plant

managers yet rarely happen.
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There are about 30 typical constructions of reduction cells (not including

variants and subvariants of typical constructions). Generally speaking, these con-

structions are not optimal, and producers have spent money for the modernization

of existing constructions and R&D of new constructions. If we consider that the

new constructions of reduction cells are accepted for installation after 6–7 years of

trial service, the problem of functional depreciation of reduction cell constructions

(obsolescence) will exist for at least 20 years. We consider the target for the service

life of Hall–Heroult reduction cells to be 10–12 years (120–144 months).

One more issue that should be kept in mind by the refractory producer is the

permanent movement of the molten Al and electrolyte in the cell. As we already

stated, the depth of molten metal in the cell is 24–35 sm and the level of electrolyte

is 18–22 sm. A reduction cell of 15 m � 4 m with direct current of 440,000 Amp

may be considered a big rod with direct current. Inside this “rod” one will always

find fluctuations of the magnetic field, which result in permanent movement of the

melt with speed of 1.5–9 sm/s up to 15–30 sm/s. Figure 2.3 shows examples of

velocity fields in reduction cells.

The history of cell designs for reduction cells is more than 100 years old, but the

features of all designs that remain are that a considerable amount of heat is

Fig. 2.2 Reduction cell (cross section)
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Fig. 2.3 Examples of velocity fields of molten aluminium and electrolyte in reduction cells
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dissipated through the side wall of the cell, and electrolyte freezes on the side

lining, protecting the lining materials (Fig. 2.4). The normal thickness of the side

ledge is 3–5 sm, but it varies along the height to 8–12 sm. This frozen electrolyte

plays a positive role, protecting the materials. It dissolves upon overheating of the

cell, or this protective layer may be destroyed by the movement of the molten Al

and the electrolyte circulating in the cell (Fig. 2.3) under the influence of magnetic

forces. Electrolyte frozen on the bottom (it is called sludge) plays a negative role,

because it decreases the surface of the cathode.

Probably the main issue that refractory producers with a significant experience in

production and supply of refractories for ferrous metallurgy and other industries do

not understand is that the reduction cell is a high-temperature metallurgical device

that is heated up due to the electrochemical reaction of the reduction of Al. This

processing of this reaction requires very strict temperature conditions, and conse-

quently, the heat balance of the reduction cell is sufficiently more complex com-

pared to conventional high-temperature metallurgical devices. A 10–15�

temperature increase above the required temperature will increase the probability

of deviations in reduction processing (anode effect, etc.), while freezing the elec-

trolyte on the edges of the blocks will decrease the surface of the cathode, where the

said electrochemical reaction takes place, and hence the productivity of the cell,

while the difference between the freezing point of electrolyte and the working

Fig. 2.4 Cross section of the side lining, showing the frozen electrolyte in the form of side ledge

and sludge: (a) in normal operation; (b) side ledge is increased, low energy supply; the bottom
sludge is excessive; (c) the cell is overheated, a part of the side ledge is dissolved; (d) normal

operation; the arrows show the movement of aluminium and electrolyte in the cell
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temperature is only 15–20�. Probably this note may be a help for producers of
refractories for their activity in the Al industry.

The current energy is used for the electrochemical reaction of Al reduction, and

this is the key issue of the reduction process. But the current energy is also spent in

the carbon cathode block, in the collector bar, in the contact between collector bar

and carbon cathode block. It is spent in the electrolyte, in the layer of Al, due to the

carbon oxide bubbles under the anode, and in various contacts in the anode system.

Hence, not all energy from the current is used for direct purposes. The value of

energy is received by multiplying the current by the voltage. Below is a diagram of

the energy and voltage balance of a reduction cell. In pale yellow are the cells of the

table depicting the factors of the voltage balance, subject to change with time. In

green are the cells of the table, depicting the factors of voltage balance that to some

extent may be improved by the quality of cathode materials and cell design.

The aging of cathode materials leads to an increased cathode voltage drop and

consequently to increased energy consumption. The persons in charge of the

reduction process have some maintenance devices to keep the process going, yet

this set of devices is not big. They are dependent on many process factors, including

the quality of alumina and of the anodes (and the coke for the anodes), but they are

very dependent on the quality of the cathode lining materials.

Probably the perfect heat balance of the cell is a key factor for a proper reduction

process as well as for a long service life of the cell (Fig. 2.5).

The classical heat balance of the reduction cell has not significantly changed for

100 years (Fig. 2.6a). The side lining has no or almost no heat insulation, while the

bottom has good thermal insulation. The infiltration of electrolyte through the

carbon cathode blocks to the refractory layer increases the thermal conductivity

of refractories, but the infiltration increases the thermal conductivity of the heat

insulation layer dramatically. The heat flow through the bottom increases.

Approximately 50 % of the heat is dissipated through the side wall (including the

bus bar and flange), and approximately 50 % is dissipated through the bottom and

the upper part. Previously, it was believed that the more heat that goes through the

side part of the reduction cell, the better. For instance, the heat flow through the side

wall forms a side ledge, which prevents the side lining materials from deteriorating;

additionally, the increased energy dissipation promotes extra amperage [4]. How-

ever, considerations of energy economy led to a search for variants to decrease

thermal losses (Fig. 2.6b). Not much has been achieved, but as of this publication,

in 2015, energy consumption below 13,000 kWh/t of Al is a reality, and there are

the plans to diminish it to 12,000 kWh/t Al, and even further, to 10,000 kWh/t.

As we will discuss later, there is currently no known material that would be

resistant to the following:

– molten aluminium;

– molten cryolite;

– gaseous vapors of sodium and fluoride compounds in the presence of oxygen,

carbon monoxide, and carbon dioxide.
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Even if such an idea (sort of an adiabatic reduction cell) is realized, the Hall–

Heroult reduction process will likely require a sufficiently greater surface of

electrochemical reaction (to be discussed in Sect. 2.5).
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Fig. 2.5 Simplified diagram of voltage balance for a reduction cell. The data are generalized from

[1–4]
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2.2 Lining of Reduction Cells. Preheating, Startup,
and Operation. Retrofit of Cells and Tendencies.
The Main Causes of Failures. Dry Autopsies

2.2.1 Brief Information on the Lining of Reduction Cells

The reduction cell is lined with carbon cathode blocks and a side lining. The voltage

to the cathode is supplied by steel collector bars and collector bars. Below the

carbon blocks are the layer of refractories and the heat insulation layers (Fig. 2.7).

The carbon cathode blocks may be full-length or split. They may be up to

3,500–3,900 mm in length, 750 mm in width, and 550 mm in height.

Carbon cathode blocks are installed (Fig. 2.8) on the refractory barrier layer.

The gaps between the blocks are 30–40 mm, while the peripheral seams between

the end of the cathode blocks and the peripheral side lining are up to 150 mm. They

are filled with carbon ramming paste. Today there are alternatives to the manual

ramming of gaps with hand rammers and the machined ramming with special

devices; they are more convenient because of the elimination of the “human” factor.

The side lining is made from silicon carbide blocks or from carbon side-wall

blocks.

The current is applied to the cathode blocks by steel collector bars.

Steel collector bars are implemented (“rodded”) into the slots of cathode blocks

by cast pig iron by carbonaceous glue, or by contact paste. Today the thermal

expansion fit of the steel collector bar into the slot is no longer used.

All methods have advantages and disadvantages. Gluing of ramming is simpler,

the labor costs are low, and it doesn’t introduce cracks. However, the voltage drop is

higher than in cast contact, and the increase in the voltage drop will be relatively

quick (which promotes additional energy consumption of the reduction cell process.

The slots in the carbon cathode blocks for gluing, ramming, and casting the steel

bar differ. Typical shapes of the slots appear in Fig. 2.8.

Fig. 2.6 (a, b) The heat balance of a Hall–Heroult cell. (a) Classical according to [1, 2];

(b) Updated (Generalized from [3–9])
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Casting with cast iron may introduce cracks (Fig. 2.9, 2.10). To avoid this

potential issue, carbon blocks should be preheated in special furnaces before sealing

by cast iron, which is rather costly. However, the electrical resistivity with a cast

seal is an order of magnitude lower than that with ramming and gluing [10, 11] and

the increase in the voltage drop at service is rather steady (which makes the

reduction process more effective from the energy consumption point of view).

Labor costs for cast-iron sealing are approximately 50 % higher than with ramming

and gluing, but all methods are used at smelters (Fig. 2.9).

If the refractory layer is made from bricks, it is impossible to avoid point

contacts between the carbon block and the supporting refractory brick layer.

Usually, a thin (30–40-mm) powdered bedding refractory layer is used over this

layer of brick material in order to avoid gaps between the brick layer and the bottom

blocks and to distribute the load more effectively. In the past, this bedding material

was granular alumina; later, there were many variants, such as carbon ramming

paste and castables (fireclay-based and SiC-based), among others. Perhaps the most

typical material of granular bedding is a dry fireclay (alumina silicate) mixture. It

may be used as thin pad materials, but it may also be used as the refractory barrier

layer itself.

Typically, the refractory layer is made from alumina silicate (most frequently

fireclay) bricks or unshaped dry barrier mixtures. The main purpose of the

Fig. 2.7 The scheme of the cell with (a) slit cathode carbon blocks and with full-length (b) carbon
cathode blocks
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Fig. 2.8 Installation of carbon cathode block with sealed steel collector bar in the shell

Fig. 2.9 Examples of slot shapes for (a) ramming paste, (b) glue sealing, (c) cast iron sealing
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refractory layer is to withstand the temperature and to be a barrier for the penetra-

tion of liquid fluorides, which reach the refractory layer rather easily through the

permeable pores of carbon cathode materials to the refractory layer and then to the

heat insulation layers.

The question of joints between the bricks is a question of high visibility. Liquid

bath can easily penetrate between the gaps of bricks. Some producers prefer to use

bricks with dimensional tolerances that can be achieved only by mechanical

grinding. This is not done regularly, but the question of dimensional tolerances in

this application is serious, and only highly qualified brick layers perform the lining.

Fig. 2.10 (a, b) Shapes of cracks in carbon cathode block due to thermal tensions at casting; (c)
picture of cracks in block at dry autopsy
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The bottom heat insulation layer of reduction cells is composed of diatomaceous

(moler) bricks, vermiculite slabs, perlite bricks, and calcium silicate boards. To

smooth the surface of the bottom of the steel cradles, sometimes people use fireclay

grit (grain).

The side-wall blocks are protected from the bath and aluminium carbon ram-

ming mix. In modern constructions, this cover is made from a separate baked piece

of anthracitic graphitic or graphitic refractory. The construction is called a

“combiblock” (Fig. 2.11b). Depending on the construction and design, the height

of the cover varies from 0.3 to 0.5 m.

The side-wall blocks from carbon or silicon carbide are placed on a refractory

shoulder side line. This side line is above the refractory layers under the cathode

bottom blocks. It may be made of bricks or from castables, usually together with

heat insulation boards. This sideline has two purposes. First, side lining is installed

in the refractory side line, and, second, it helps to compensate for the mechanical

tensions due to the sodium swelling (and thermal expansion) in carbon bottom

blocks. Heat insulation materials are easily deformed due to tension, but the

construction of the refractory lining remains undamaged.

After the installation of the side lining, the deck top is welded to the steel shell.

The gap between the upper part of the side-wall block and the deck top is filled with

a ramming mix with a high thermal conductivity. Earlier ramming mixes used

included carbon and fireclay-based concrete, but the contemporary variant is

SiC-based concrete.

The temperature of the process is 950–965 �C, and the temperature on the upper

edge of the carbon bottom block may be considered the same at least in the center.

Near the edges of the cell and in the corners the temperature is usually below the

freezing point of electrolyte, which explains why the edges of the carbon cathode

blocks are covered with bottom sludge. A temperature of 910–920 �C is close to

optimal during a normal reduction process on the border of the bottom edge of the

carbon cathode block and the upper part of the refractory barrier layer. Of course, in

the side edges of the carbon cathode block, the isotherm 910–920 �C goes in the

block (Fig. 2.12). The temperature between the bottom of the refractory layer and

the upper layer of the thermal insulation is within 700–750 �C but sometimes may

Fig. 2.11 (a, b) Cross section of typical lining
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reach 800–850 �C. Usually during a normal operation, the side lining is covered

with a side ledge, so the temperature on the side lining that contacts the bath may be

considered to be 900–930 �C, while the temperature of the side wall of the steel

cradle is below 200 �C.
The temperature of the steel shell in the bottom in normal operation is 80–

120 �C, while the temperature of the steel cradle in the bottom before shutdown

may be up to 150 �C, and even 200–300 �C.
Hence, the service temperatures of refractories are not very high, especially in

comparison with the service temperatures of refractories in ferrous metallurgy.

Usually, the lining (repair) of a reduction cell is performed in a specialized repair

shop; rarely, it is made right in the reduction shop. Typically, a thin layer leveling

the granulated fireclay grit is placed in the new steel cradle or in the cradle after

repair, and then the heat insulation slabs are lined. On the layers of heat insulation

the refractory barrier layer is lined (bricks or dry barrier mixtures), the side line is

made near the edges, and the cathode bottom blocks are installed. There are no

mortars between the insulation layers. Bricklayers try to avoid using mortars

because excessive water requires evaporation, which is not an easy process. Some-

times mortars are used to line the upper layer of bricks (if the refractory layer is

made from bricks). The carbon ore SiC side-wall blocks are installed on the side

line after the cathode bottom blocks have been installed.

Probably the most important operation in lining is the ramming of the gaps with

a carbon ramming mix. It is usually performed right in the reduction shop, when the

new reduction cell is installed in the line, but it may also be performed in the repair

shop. This definition is essential in countries with temperatures that are sometimes

below zero degrees Celsius; usually, the reduction shop building is not heated,

Fig. 2.12 Approximate temperatures in different layers of the lining in a reduction cell during

normal processing
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while the repair shop building is heated. In such cases, a special tent is usually

installed above the cell and hot air is supplied inside the tent.

As mentioned, the construction and design principles of Hall–Heroult reduction

cells are a work in progress. Cells that were new 20–30 years ago may require

modernization because their efficiency characteristics are not as good as those of

newly designed cells. Still, though, from an investment point of view, the modern-

ization (retrofit) may be more attractive than the construction of a new smelter or a

change in the cell design (which may lead to a multitude of technical problems,

such as energy supply, change of rectifiers, internal logistics of transportation of

aluminium at the smelter, etc.).

The conventional procedure to increase the productivity and efficiency is to

retrofit the cell in order to increase the current. This retrofit, whose purpose is to

increase the current and efficiency, is a complex engineering problem. The standard

decision to change the grade of the carbon cathode block for a block with increased

electrical conductivity is accompanied by an increase in thermal conductivity. An

increased quantity of aluminium means an increased heat of the electrochemical

reaction, which should dissipate. As a rule, a retrofit made to increase the produc-

tion comprises not only a change in the grade of the block, but also the redesign of

the lining of the cell, sometimes including even a change in the length of carbon

cathode blocks.

The concept of drained anode will be discussed in the next chapter, together with

the question of coatings on carbon cathode blocks. When a drained anode is

implemented, the thickness of the level of aluminium and electrolyte will be

close to zero; hence, the voltage drop in the cathode will decrease and the energy

consumption of the reduction process will dramatically decrease. It is expected that

the current efficiency of the drained anode will also increase.

2.2.2 Preheating and the Startup of Reduction Cells

It is necessary to preheat the newly lined reduction cell, that is, to heat the lining to

the temperature of the service and to prepare the cell for pouring the molten bath

without dangerous thermal tensions. During the preheating, the ramming paste in

the gaps carbonizes. The bottom lining becomes monolithic, and the water from

mortars, vermiculite, or calcium silicate slabs is evaporated.

The preheating and startup of reduction cells are described in [10–12]. There are

several methods of preheating, some of which are interesting from a retrospective

point of view. The main methods are preheating with burners and electric resistance

preheating (Table 2.1):

1. preheating during anode bake (for Soderberg anode);

2. electric resistance preheating (coke bed, shunted, with full current);

3. liquid metal preheating.

4. thermal preheating (with oil burners, with gas burners, with electrical panels);

5. liquid bath (cold start).
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At this time, the two main methods of preheating are electric resistance

preheating and thermal preheating (Fig. 2.13). All other methods just listed are

interesting from a historical point of view.

Depending on the method, the preheating lasts from 24 to 72 h. During

preheating the carbonization of the ramming paste in the gaps takes place, and

the cathode becomes monolithic.

Ideally, the surface temperature of the cathode bottom should be similar to the

temperature of the bath (950–970 �C) that is poured in the cell, and there should not
be local overheatings (above 1,000 �C).

The surface of the cell is large, and it is almost impossible to achieve uniform

heating. It is considered normal if only 10 % of the whole surface is lower than

required [10–12].

The recommended rate of heating is 30� per hour within the first 11 h of

preheating and 10� per hour within the following 60 h, while the temperature step

at the highest point (950–970�) should be at least 1 h.

The cathode should become monolithic after preheating. In reality, it becomes

monolithic only sometime after preheating and startup, while changes in the

cathode continue to occur within the whole service life cycle.

During preheating, it is necessary to avoid thermal shock cracks and to form the

structure of the ramming paste in the gaps and in the peripheral seams (Fig. 2.13).

During startup, the liquid bath (electrolite), specially prepared and taken from

other cells, is poured into the cell and the current is switched into the cell. After one

day, the liquid Al (taken from other cells) is poured into the cell, and the process of

Al reduction begins. The main issue of startup is to avoid overheating or freezing,

which may ruin the cathode, and so the cell should be operated in a normal regime.

When the required temperature is obtained and a sufficient temperature exposure

took place, the gas/oil burners are switched off and removed, the anodes are

Table 2.1 Advantages and disadvantages of preheating methods (Based on [10–12])

Method Advantages Disadvantages

Liquid metal

preheating

Rapid heating of the surface, relatively

rapid settling of vertical gradients,

low-temperature gradients on the surface,

low oxidation of carbon cathode mate-

rials, ecologically friendly

Rapid temperature increase of car-

bon cathode blocks and in ramming

paste. Risk of thermal cracking in

carbon blocks, risk of shrinkage of

the ramming paste and leakages

Resistance

electrical

preheating

Short time High-temperature gradients during

preheating, uneven temperature

distribution at the surface of

cathode

Thermal

preheating

Low-temperature difference along the

surface and uniformity of the temperature

gradient, easily programmed

Require more time. Oxidation of

carbon materials from the surface.

More complex from the point of

operation
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positioned, and the bath (tapped in advance from other cells) is poured into the cell.

With electric resistance heating, the anodes are raised so that coke may be removed

and then they are lowered again and the liquid bath is poured. As the liquid bath is

poured into the cell (usually three launders, or 10–14 t), the current is switched in

with a voltage of 6–8 V. Within a week, the voltage is slowly decreased to 4–4.5 V.

The metal (previously tapped from the other cells) is poured in the cell after the

so-called soaking period (12–36 h). After this, the alumina is added to the bath and

the reduction process begins. The early operation process lasts up to 3 months, after

which the normal operation begins.

Probably the most important facts the producers of refractories and carbon

cathode materials should know about preheating, startup, and the early operation

are the following:

1. Startup specialists begin the reduction process with a bath that has a CR of about

3, and then steadily reduce it to 2.6–2.8. The consequences are that

Fig. 2.13 Comparison of (a) resistance electrical preheating and (b) thermal preheating: temper-

ature regimes; temperature gradients at the bottom—front view, side view redrawn from [10]
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– At the beginning of the process, the temperature of the bath in the cell may be

1,000–1,020 �C (see diagram in Fig. 2.1), while in normal operation, it is

950–965 �C.
– The viscosity of the bath changes; the same may be said about the freezing

point and the chemical activity of the bath to refractories.

2. There are data on the bath’s viscosity depending on the CR and the temperature

[13–15], but for simplicity, refractory producers may keep in mind that the

viscosity of the bath in the reduction cell is close to the viscosity of water.

3. During startup and the early operation period, the planned losses of cryolite (and

aluminium fluoride) are up to 12–18 t/cell. This amount of the bath (electrolyte)

should be refilled at the start-up period and it is planned at the smelter. Alumin-

ium and these fluorine salts (bath) appear at first in the cathode block and then

reach the refractory barrier layer. In a pessimistic scenario, the molten fluorine

salts reach the heat insulation layer.

2.2.3 Some Words About Service Life and the Main Reasons
for Shutdowns

The modern reduction cell is a rather costly high-temperature device. The cost of

reduction cell repairs has a sufficient effect on the production cost of Al and smelter

operation. Another reason for the special attention plant managers give to the

service life of the cells is that sudden shutdowns means unreceived Al and problems

with operation.

There are many ways to record the data on service life and sudden shutdowns,

some of which are very sophisticated. Weibull distribution analysis of failures is

well accepted on smelters [10]. Probably the most convenient record on any smelter

is the record of the service life and the plotting of the number of pots against age

(Fig. 2.14). Another record may be the percentage of sudden shutdowns. If there are

problems with the service life, such maxima may reveal the specific reasons for the

failure.

As of this writing, a service life within 2,100–2,500 days is considered normal.

There are many reasons for reduction cell shutdowns, and it usually is very

difficult to distinguish only one reason. Professor H. Øye [10] has listed the

following factors as influence the service life:

– materials;

– cell design;

– construction;

– preheat;

– startup;

– operation.
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The value of these factors varies from one smelter to another, and even at only

one smelter, the value of these factors may be discussed for a long time. The

undisputable facts [10] are that a poorly designed and constructed cathode cannot

work for a long time even if the preheating, startup, and operation were fairly good;

and there is no need to expect a good service life from a cell with a good

construction if it is made from ambiguous materials and without proper care.

At smelters with a good service life, the reduction cells are switched off

according to schedule. The main reason for this is economics: The production

characteristics of a cell with a considerable service life are low compared to a

“young” cell, and it is more economically attractable to change it for a new,

“young” cell. However, there is a certain percent of sudden shutdowns due to

damage to the bottom or side lining (to be discussed later), due to damage to the

shell (deformation due to sodium swelling, damage to the deck top), the melt

penetrations, and so forth.

Fig. 2.14 Distribution of cell failures on smelters A and B
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As we may recall, after the preheating, the bottom lining (including cathode

bottom block gaps and seams) is a single unit, the cathode bottom. Reasons for

damage to the cathode bottom and metal leakage may be any of the following:

– thermal shock due to nonuniform heating and the appearance of cracks;

– nonuniform shrinkage of the ramming paste in the gaps and poor bonding (gaps)

between the blocks and the ramming mix due to the lack of adhesion;

– stratification of the ramming mix and sodium-induced exfoliation of cathode

blocks;

– local overheatings and cracking;

– mechanical strains in cathode bottom blocks caused by interactions with bus bars

and cracks;

– mechanical strains in cathode blocks caused by interactions with the shell and

lining in the course of sodium swelling;

– problems with the design (freezing point of electrolyte in the heat insulation

layer);

– exfoliation of the upper part of carbon cathode blocks;

– overheating because of problems in reduction technology;

– bottom heaving;

– bottom wear;

– metal penetration in the cathode;

– undetected defects (cracks or holes) in carbon cathode blocks during fabrication

or during the casting of the steel bars;

– quality of the ramming paste;

– human factor during the lining process (especially during ramming);

– side lining degradation from oxidation;

– side lining degradation due to the lack of a side ledge (either from overheating or

from too high a speed of electrolyte in the cell).

– . . .. . .. . .. . .. . .. . .. . .. . .. . .

Readers may choose to attribute the above-mentioned factors affecting the

service life (materials, cell design, construction, preheat, startup, operation) as the

reasons for the specific failures, that they meet with.

Once molten Al leaks in the bottom lining, in the best case, the future service life

is months, but sometimes it may be hours. The iron content in Al increases, there

may be local overheatings, and the metal may leak in the steel collector bar

windows.

The cathode bottom failure may be caused by any of the following factors:

– leakage of the bath or infiltration of the bath under the carbon blocks and the

appearance of the “lens,” formed due to the interaction of the electrolyte and the

refractory, with the subsequent rise of the bottom blocks (sometimes followed by

cracking of the blocks); in turn, it may be caused by overheating of the bottom

lining;

– cathode wear (up to 10–20 mm/year);

– holes in the blocks;
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– leakage of the bath and the metal in the crack;

– leakage of the bath in the holes and nonuniformities in the gaps with the

subsequent appearance of the “lens” with cracking, and so on.

It is not easy to detect the appearance of cracks in the carbon cathode blocks in

the cell under operation. It is difficult to fix the leakage of the bath and aluminium in

the bottom lining. Thus, the reasons for switch off of the cell are as follows:

– high iron content in aluminium;

– temperature of the cradle bottom (above 300 �C);
– high temperature of one or several bus bars (above 300 �C).

The exfoliation of the surface layers of the carbon cathode blocks in early

operation is usually not the reason for switch off (to be discussed later). This

process takes place because of (1) the interaction of the carbon and the bath and

(2) the poor quality of the carbon cathode blocks.

The reasons for cathode damage may be the inner cracks and undetectable holes

in the carbon blocks and the poor-quality construction of the cathode lining.

Sometimes sudden shutdowns of “young” cells with 1 or 2 years of service life

take place. Such shutdowns diminish the service life on the smelter and are

extremely undesirable, According to various estimates, this takes place due to the

poor quality of cathode materials, poor construction, or poor startup.

2.2.4 Dry Autopsies

Dry autopsies came into practice relatively recently, in the 1990s. Professor Øye

implemented them in the analysis of failure modes [10]. Although rather costly, dry

autopsies are a good instrument for understanding cathode failure reasons in order

to make corrective actions in the construction of the cell, to pay special attention to

the quality of lining materials, or to make corrective actions to the preheating and

startup procedures. In our days a series of dry autopsies (with different service time

of the cell) is a standard procedure in the process of the design and implementation

of the new cell type.

Usually, the analysis of the reasons for shutdown of the cell, based on the dry

autopsy results, is state-of-the-art, but a very brief description (mainly from Prof.

Øye [10]) may help to remember the necessary actions during the process.

Make a dry autopsy plan (the full process is time-consuming and may take up to

2–3 weeks), which includes the collection of all initial information on the cell, the

dry autopsy process itself (which may take a long time), analysis of the lining

materials received in the course of the dry autopsy, the preliminary report and the

final report of results of the autopsy, and the causes of the failure (if there’s a

failure) (Fig. 2.15).

Collect all preliminary information (cell design, lining design, lining material

specifications, information on producers, information on shell, type of preheating
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and the record, type of startup and the record, operational data during the reduction

process, the direct cause of shutdown if one occurred, history of Fe and Si content in

Al, information on side ledge and bottom sludge, the records of temperature, the

records on cathode voltage drop, information on specific problems if any occurred).

Measure the geometry of the shell (length, width, diagonals) and compare it with

the drawing (deformations of the sides, of the bottom) and inspect possible cracks

and local deformations of the shell, steel bars, and steel bar windows.

Clean the cell of electrolyte, visually inspect the bottom (cracks, holes, heaving,

exfoliation, state of joints), and if in perfect condition, decide whether to do the

cutting and drilling. If visual defects are seen, it is necessary to decide where to drill

and cut the bottom. A sketch of the preliminary inspection with a drawing of the

surface of the cell that marks the visual defects may be a good help in deciding

where to make a trench (groove). It is necessary to be cautious and careful here,

because the removed cathode block may be the entire cause of the failure. Usually,

it is better to make a groove (trench) in the lining near the place(s) of possible

damage (cracks or holes) (Fig. 2.16).

Fig. 2.15 Plan view (a) of reduction cell, cleaned from electrolyte and aluminium for dry autopsy.

1—visual cracks in cathode blocks, 2—planned places for trenches; (b) cross section of the lining

from the trench: 1—crack in cathode block with traces of aluminium; 2—aluminium under the

crack; 3—corroded by electrolyte refractory; (c) photo of dry autopsy
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Fig. 2.15 (continued)

Fig. 2.16 Exfoliated carbon cathode blocks after startup
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After the groove (trench) in the lining is made, careful inspection and recording

are done to inspect the trace of liquid metal in the crack in the carbon block and in

the refractory, the trace of electrolyte leakage in the carbon block (or in the joints)

and in the refractory, the condition of the collector bars (interactions and deforma-

tions), and the condition of the refractory layer and the heat insulation layers

(chemical interaction and deformations).

Usually, the groove (trench) in the lining is at least 1 m in width, so it is possible

to inspect the carbon blocks, collector bars, refractory and insulation layers on the

side opposite where the damage occurred. This is also important information.

Laboratory analysis of carbon cathode blocks, refractory, and heat insulation

layers sometimes may be a considerable help in considering a more serious failure.

The dry autopsy report should include the drawings, photos, results of laboratory

analysis, conclusions on the direct cause of failure, and the causes that indirectly

might influence the failure (e.g., the temporary overheating of electrolyte was not

the direct cause of the leakage of electrolyte, but it might be the reason for the

melting of electrolyte in the existing thin crack in the cathode bottom block), and

the recommendations on improving the lining, design, construction, and operation.

2.3 Carbon Cathode Bottom Blocks

In this section, we discuss the following characteristics of carbon cathode bottom

blocks:

– types and properties;

– elements of technology (raw materials, processing);

– analysis and testing;

– defects;

– service (chemical interaction—reactions, mechanical interaction + thermal

shock), infiltration.

2.3.1 Types and Properties

The bottom of the reduction cell has two roles: to be the bottom of the high-

temperature metallurgical device, with a certain level of molten aluminium and

bath, and to be the cathode, on the surface of which the electrochemical reaction of

Al reduction takes place. The upper level of the bottom is made out of

electroconductive carbon blocks (Fig. 2.17a). The shape of the steel collector bar

may vary (Fig. 2.17b). The full-length blocks may be 3–3.8 m in length. The slit

blocks may be 1–2.5 m in length. The width of the blocks may vary from 0.3 to

0.7 m (the latter is with two slots), and the height varies in the range 0.4–0.55 m.
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The carbon cathode bottom blocks are the most important part of the cathode

construction, and this statement is not an overestimation. A single crack that

reaches the surface of the block at startup may cause shutdown of the cell within

the first months of service. On the other hand, the expected service life of the cell is

calculated on the basis of the bottom wear. That is why the quality of carbon

cathode blocks is given special attention (Fig. 2.18).

We would like to mention the idea that the materials science of carbon cathode

bottom blocks is currently in development. The answers about the optimal complex of

Fig. 2.17 (a) Carbon cathode bottom block; (b) shapes of the slots

Fig. 2.18 Photos of cathode bottom
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properties of carbon cathode materials and the optimal structure of carbon cathode

materials for the Hall–Heroult process may be given on the basis of the knowledge of

interactions between carbonmaterials and cryolite and aluminiumwithin 10–15 years.

One of the current tendencies in the reduction process regarding carbon cathode

blocks is the possible implementation of carbon bottom blocks with a shaped (ridged)

surface (Fig. 2.19). The main advantage of such shaped (ridged) blocks is the

decreased turbulence of electrolyte in the cell due to magnetic forces. It is doubtful

that this shape of blocks may decrease energy consumption, but it may increase the

current efficiency. However, the most problematic part of such a decision is the wear

resistance of the material of the parts that stick out above the surface.

The materials science approach to carbon cathode blocks is almost the same as

the approach to the carbon ramming mix. There are no particular questions—after

the preheating, the ramming mix should have the properties of the carbon cathode

material or close to them. Here are the specific aspects of application:

– After the preheating and during startup, the ramming mix should neither exfo-

liate nor shrink, giving not even minor gaps and cavities in the joints.

– The porosity of the carbon mix after the preheating is always higher than the

material of the carbon cathode block.

– The pore size distribution in the carbon mix after the preheating always differs

from the pore size distribution of carbon cathode blocks.

– The ramming mix in the peripheral seams to some extent compensates for the

linear thermal expansion of cathode carbon blocks (until it becomes

nondeformable due to the carbonization).

2.3.2 Elements of Technology, Raw Materials,
and Processing

Within the last 30–40 years, the processing of carbon cathode blocks has becomemore

complex and sophisticated. Many types of cathode carbon blocks have appeared, and

it is not easy to understand the different changing properties of carbon materials.

Fig. 2.19 Shaped carbon cathode blocks
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Initially, carbon cathode blocks were made from anthracite; after some time,

synthetic graphite was added to anthracite to achieve better electrical conductivity

and have fewer problems with sodium swelling. Today, between 20 and 80 % of

synthetic graphite is added in the raw mixture for cathode blocks to calcined

anthracite. This line may be extended to 100 % of synthetic graphite, when graphite

and coal pitch are used for the green mixture, yet the temperature of the heat

treatment is around 1,200 �C, so in this type of material, the grains of synthetic

graphite are surrounded by grains of coke (the coke appears because of the

carbonization of the pitch).

Although within the age of trials there have been tests with graphite contents of

15 %, 20 %, 50 %, 80 %, and 100 %, currently there are three more or less standard

compositions: 30 % graphite, 80 % graphite, and 100 % graphite (graphitic blocks).

All these compositions are obtained by mixing raw materials (calcined anthracite

and synthetic graphite) with coal pitch, shaping, and firing in a reduction atmo-

sphere at 1,200 �C.
The cathode blocks are shaped by extrusion and by vibro pressing (vacuum

pumping out is applied to both processes sometime). Extrusion gives more produc-

tivity, but vibro pressing gives the ability to obtain shapes with a lower porosity and

higher apparent density. Another advantage of vibro pressing is a lower amount of

pitch (organic binder for shaping). Extrusion requires 20–25 % of pitch, while vibro

pressing require 15–20 %. During heat treatment, the pitch converts to coke,

and in vibropressed blocks, there is 6–8 % coke, while in extruded blocks, there

is 11–13 % coke. It is necessary to mention that although there are some advantages

in vibro pressing compared to extrusion, it is possible to obtain good cathode blocks

by both processes.

The quality and grain size composition of synthetic graphite have a big influence

on quality. In semigraphitic blocks (30 % of graphite), the grains of graphite don’t

form a continuous matrix. In blocks with 60 %, 80 %, or 100 % graphite, they form

a matrix, and its quality is significant. The balance between the grain size compo-

sition of graphite and anthracite is a question to be resolved, because it is possible to

use only big grains of graphite, or only medium and fine fractions. It is possible to

vary the real density, ash content, and electrical conductivity of graphite and

anthracite within certain limits.

There are several grades of carbon cathode bottom blocks with different char-

acteristics (Table 2.3). All producers of carbon cathode blocks have standard

grades, yet there are minor differences in properties among the grades of various

producers:

with 30 % synthetic graphite;
anthracitic graphiticwith 50 % synthetic graphite;

with 70–80 % synthetic graphite;
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– graphitic (with 100 % graphite, heat treatment at ~1,200 �C);
– graphitized;

– graphitized and impregnated.

Anthracitic blocks without the addition of graphite are either no longer used or

used rarely. For super-powerful reduction cells, graphitic and graphitized carbon

cathode blocks are increasingly being used (although there are constructions of

cells with 30–50 % graphite in the blocks). We can suppose that for cells with

current below 250 kA, and even below 300 kA, the semigraphitic cathode blocks

will be used for a long time.

The source of synthetic graphite for anthracitic graphitic and graphitic blocks

may be unconditioned graphitized electrodes for the ferrous industry, specially

graphitized shapes (that should be crashed and grinded), and scrap material from

the mechanical grinding and surfacing of electrodes and graphitized cathode

blocks. Usually, there are wastes of green shapes (before the baking furnaces)

and unconditioned baked shapes. Producers try to minimize waste and try to use

them as raw materials. From a technological point of view, these wastes are normal

raw materials, containing carbon in the form of graphite and anthracite, yet special

operations are required to implement these wastes in the production cycle. In any

case, the ratio of these wastes and normal raw material should be strictly controlled.

The problems may appear in the utilizing the wastes from the mechanical surfacing

of graphite electrodes, because problems may occur in mixing with pitch (leading to

the possible cavities in the finished product). Usually, graphite with a grain size

below 1 mm is either strictly limited or even forbidden for production.

The temporary binder for the carbon blocks is coke pitch (Table 2.4). Its coking

value is about 50 %, which means that if 20 % of pitch were added to the green

mixture of graphite and anthracite, about 10 % of coke will be in the baked cathode

block. It is believed that high-temperature pitch (with a high content of hinoline)

increases wear resistance; however, it requires a higher temperature of mixing.

The leading producers of carbon cathodes pay significant attention to the prep-

aration of raw materials (sewing, weighing), to mixing (the homogeneity of mixing,

the temperature control), and to shaping (extrusion or vibro pressing), where

potential defects of blocks may be introduced (cavities, cracks, unconsolidated

areas). During the heat treatment (baking), these defects may only then be revealed.

Process control should be performed at each stage. The density of the green-shaped

block may already be the control parameter. Usually, after the shaping, each block

should have its own identification number.

The next grade of carbon cathode blocks is graphitized carbon blocks. They are

used (together with graphitic) for super-powerful reduction cells. The petroleum

coke is mixed with coal pitch and the green shapes are installed in the graphitization

furnaces with a temperature between 2,500 and 3,000 �С with ensuing mechanical

grinding. Graphitized blocks are more porous than semigraphitic blocks. The true

density of graphite is superior to the true density of semigraphitic blocks. The true

density of graphite is superior to the true density of coke and anthracite; during

graphitization, the transformation of the inner structure is fuller, which is the reason
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for the bigger true density. However, in the case of a constant volume, the porosity

of the carbon material increases. In order to decrease the porosity and increase the

wear resistance, there is a process of impregnation of graphitized blocks by pitch

with subsequent calcining. The advantage of graphitized blocks is their low elec-

trical resistivity (which means lower power consumption) and low sodium swelling

(to be described later). However, their disadvantages are higher price and low wear

resistance.

The next step in this continuation to increase properties (mainly electrical

conductivity and sodium swelling) is the application of graphite blocks. Mixtures

from petroleum coke are mixed with coal tar pitch, shaped, baked in a reduction

atmosphere at 1,200 �C, and then placed in graphitation furnaces at temperatures

between 2,400 and 2,800 �C. At such temperatures, coke transforms into graphite.

As the process of transformation goes with a negative volume effect, graphite

blocks are more porous than anthracitic graphitic. Sometimes the customers at

smelters install graphite blocks in the cells, impregnated by pitch, and baked one

more time. The porosity of such blocks is lower than that of graphite blocks without

impregnation. The typical properties of carbon cathode blocks appear in Table 2.2.

The principal processing schemes of anthracitic, anthracitic graphitic, graphitic,

and graphitized blocks appear in Figs. 2.20 and 2.21.

Raw Materials

Anthracite is a fossil carbonaceous material containing minor amounts of inorganic

salts—sodium oxide, potassium oxide, calcium carbonate (carbon specialists call it

“ash”), and organic compounds (called volatiles).

The deposits of anthracite around the world differ, and not all anthracite mate-

rials may be used for the production of cathode blocks. The mineralogy of anthra-

cite is not easy, and specialists in carbon define fusenite, inerterite, micrinite, and

liptinite structures, all differing in the morphology of their structure. After the

calcination, the influence of these structures in raw anthracite on properties is not

great, so for an aluminium producer, the structures of raw anthracite are interesting

only from an educational point of view (Fig. 2.22).

The main aim of calcination is to remove the volatile resin, such as organic

compounds (10–15 %). Not all antracites may be used after calcination for the

production of carbon cathode blocks, and not all antracites may be calcined in a

similar manner.

However, the quality of anthracite in the deposit influences the density and ash

content of calcined anthracite, so aluminium producers should at least be aware of

the deposit of anthracite that is used for the production of carbon cathode blocks

(Fig. 2.22). Sometimes the deposits of anthracite may coexist with calcite. The

contaminations of calcite in carbon cathode blocks (usually, it is small white spots)

are considered to be very harmful for the service life, because calcite may react with

electrolyte, leaving cavities, but it may also absorb moisture from air at storage. The
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enriched antracite

a
synthetic graphite coal tar pitch

crushing to fraction < 25
mm

control of electric 
resistivity 

crushing and sewing to 
grainsize fractions

control of electric
resistivity 

milling to grain size
fraction < 1 mm 

preheating of
pitch

weighting and
dosing 

mixing

baking
(firing) at
~1200°C

packaging

cooling of shapes

mechanical grinding of surfaces, visual inspection

control of density, control of electrical resistivity, control of

extrusiong or vibrropressing of shapes (control of density)

electric calcination at
temperatures up to
2500°C, or gas  

calcination at 1200-1350°

weighting and dosing

control of properties

crushing and sewing to 3-5 grain size fractions

pre heating of the grain size mixure

cooling of mixture

vacuum degassing of the mix (not at all plants)

Fig. 2.20 The principal processing scheme of anthracitic graphitic and graphitic carbon cathode

bottom blocks
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reaction of calcite with water moisture coincides with a considerable volume effect,

resulting in strains and crater-like cracking of carbon blocks. Anthracite may be

contaminated by iron oxide (Fig. 2.23). Ash content may influence the electrical

conductivity.

Anthracite may be calcined in gas calcining furnaces (Fig. 2.24) and electrically

calcining furnaces (Fig. 2.25). The calcining of anthracite in rotating gas calcining

furnaces at 1,200–1,350 �C gives uniform calcination. In electric calciners, the

temperature in the arch is 2,000–2,500 �C. Electric calcination gives less uniformity

in properties, but a considerable part of anthracite is subjected to temperatures

sufficiently higher than 1,200 �C, which leads to greater changes in the structure of

anthracite, and some part (7–15 % to 10–25 %, depending on adjusted parameters

of calciners) transforms into graphite. The electrically calcined anthracite has a

Pertoleum coke coal tar pitch

preheating

weighting and  dosing

mixing

baking 
(firing) at
~1200°C

packaging

vacuum degassing of the mix (not at all plants)

baking (firing)

control of properties

cooling of the shapes

graphitation

impregnation by hot pitch under vacuum (only for
impregnated blocks)

mechanical grinding of surfaces, visual inspection

control of density, control of electrical resistivity, control of
properties 

crushing and sewing on grain size fractions

weighting and dosing

preheating of grain size mix

cooling of the mix

Fig. 2.21 The principal processing scheme of graphitized cathode bottom blocks
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lower electrical resistivity and a higher true density compared to gas-calcined

anthracite (Table 2.3).

Electrically calcined anthracite is considered to be a more advanced raw material

for semigraphitic blocks compared with gas-calcined anthracite, because it gives a

lower electrical resistivity of carbon cathode blocks and a very small (but detected)

Fig. 2.23 Raw anthracite grains with contaminations

Fig. 2.22 Raw anthracite grains
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decrease in sodium swelling. The reason for this is higher temperatures of thermal

treatment during the electro calcination process. Gas-calcined anthracite is still

rather widely used in the world for specific types of bottom blocks, side-wall carbon

blocks, and carbon ramming paste. Big pores and cracks shouldn’t appear during

calcination. Carbon cathode blocks, made with gas-calcined anthracite, have higher

strength properties (which is not considered to be an advantage).

Natural flake graphite is not used for the production of carbon cathode blocks,

mainly because of economics, but also probably because the addition of flake

graphite doesn’t considerably increase the properties of carbon cathode blocks

(as it takes place with the addition of flake graphite for refractories for ferrous

metallurgy).

The raw materials for synthetic graphite are petroleum coke and coal tar pitch.

The formed shapes from petroleum coke and pitch are fired in baking furnaces at

1,200 �C, and then they are installed in graphitation furnaces (direct or indirect

Fig. 2.25 Electric

calcination furnace

Fig. 2.24 Gas calcination

furnace
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graphitation) with a temperature of 2,500–2,800 �C. It is necessary to remember

that to receive the raw graphite materials for semigraphitic blocks, it is possible to

use either specially prepared shapes or the scrap material from the production of

graphitic cathodes or electrodes.

Synthetic graphite is produced in graphitation furnaces. The green shapes,

consisting of calcined petroleum coke and pitch, are baked (fired) in baking

furnaces at 1,200 �C and placed in graphitation furnaces (direct or indirect

graphitation). During this process, the shapes from petroleum coke at temperatures

of 2,500–3,000 �C become graphitized. The shapes from coke may be specially

prepared for the following crushing but also may be the wastes and unconditioned

materials from the production of graphitized electrodes for ferrous metallurgy. The

properties of synthetic graphite appear in Table 2.3; they may vary depending on

the chemical composition of the coke and the temperature of the graphitation

process. Graphitized shapes are crushed, milled, and sewed for grain size fractions.

The properties of coal tar pitch are listed in Table 2.4. The pitch with a higher

softening point is considered preferable for the production of carbon cathode blocks

because in the high-temperature pitch, the coking value is bigger and there are

fewer volatiles. Yet the pitch with a higher softening point requires higher temper-

atures for preheating and mixing with powdered mix.

Table 2.3 Typical properties of raw materials for carbon cathode blocks

True density, g/sm3
Electrical resistivity,

mkΩ ∙m Ash, %

Electrically calcined anthracite 1.8–1.86 500–650 3–5

Gas-calcined anthracite 1.7–1.75 1,000–1,100 3–5

Synthetic graphite 2.15–2.25 80–180 0.3–0.5

Table 2.4 Typical properties of coal tar pitch for the production of carbon cathode blocks

Property Unit High temperature Medium temperature

Softening point (ring and the rod) �С 85–90 72–76

Softening point (ring and the ball) – 90–98

Volatiles % 53–58 <59

Insoluble in toluene % <31 26–31

Insoluble in Quinolone % <12 <10

Ash % <0.3 0.3

Water content % – <4.0

Coking value % <55 <50

Sulphor % <0.5 <0.5

Na2O % <0.018 <0.018

Viscosity at 155 �С sPz 1,500–4,500 400–1,500

Viscosity at 185 �С sPz 300–500 100–300
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The grain size fractions are preheated in the mixers (with electric or steam

heating) to 95–105 �C, the weight amount of preheated to 140–150 �C pitch is

poured in the mixer, the mixing process is continued for 10–15 min (for the

temperature homogenization up to 135–145 �C), and then the mix is transported

to the press (in vessel or by vibro conveyer). The pressing mix is cooled to 100–

110 �С and is ready for extrusion or vibro pressing. In intensive mixers, the process

of preheating the grain size composition and cooling the mix is sufficiently quicker.

Occasionally, possible defects originating from raw materials arise in carbon

cathode blocks. Of course, there may be problems with coal tar pitch, but pitch itself

is not the source of defects if the mixing and shaping were performed correctly. The

synthetic graphite varies in ash content and in the degree of graphitization, which

finally reveals a different electrical conductivity (which may be adjusted by various

technological means). Impurities are rare in graphite (if a magnetic separator is

installed). Impurities are possible in calcined anthracite, and they have two origins:

natural calcite inclusions or ferrous inclusions due to calcination (which should be

removed by a magnetic separator). Usually, there are wastes from the shaping

process (extrusion or vibro pressing), which actually may be normal materials

and that are usually implemented in the process one more time. The amount of

such wastes should be limited, and they should be carefully preheated and mixed;

otherwise, they also may become the source of deviations in properties and in

density (possible source of cracks).

The shaping of carbon cathode blocks may be performed by extrusion and by

vibro pressing. Both processes have advantages and disadvantages. The possible

defects in cathode blocks after extrusion and after vibro pressing also differ.

Usually, the extrusion press has a force (effort) of 3,500–6,300 ton. The pressing

mix is cooled to 100–110 �С and then loaded in the drum (container) of the press,

which is heated to 110 �C and is pre-pressed at pressure 150–180 atm to eliminate

cavities and holes. On some extrusion presses, the degassing (vacuuming) is made

after prepressing, and then the closing mechanism of the die-hole (nozzle) is opened

and the shaping process (at pressure 50–60 atm) begins. After each 3–5-m-long

shape passes through the nozzle, the knife cuts off the shape and the closing

mechanism closes. The nozzle of the extrusion press is preheated to 110–190 �C,
and the temperature in different parts of the nozzle is controlled by thermocouples.

After the pressing, the shapes are cooled by water and after some aging are

transported to the baking furnaces.

A vibro press can produce shapes of carbon cathode blocks having a length up to

4.1 m and width up to 0.75 m at an effort of 120–240 t. The mold of the vibro press

is preheated to 100–120 �C, the temperature of the pressing mix is 120–140 �С, and
vacuuming is not done on every press. The pressure of the process is 5–7 MPa, the

amplitude of vibration is 2–4 mm, the frequency is about 25 Hz, and the duration of

the pressing cycle is 5–8 min, which allows 3–4 shapes to be made per hour.

Frequently, producers apply vibration without applying pressure, and then the

prepressing with pressure takes places, and only then does the final pressing occur.
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Usually, vibro-pressed blocks have an advantage in porosity in comparison with

extruded blocks; the difference might be up to 5–7 %. Usually, the vacuuming

decreases the porosity by up to 2–3 %.

Conventionally, each block is measured in the air and in water and the density

determined (Archimedes’ method). This value is a good technological parameter

for control of the green shape. Usually, each block is stamped (Fig. 2.26), and the

number is used for the records.

High-quality carbon cathode blocks may be produced by extrusion and by vibro

pressing. The productivity of the extrusion process is a little bit better than that of

vibro pressing. Defect-free blocks may be achieved by both methods, though the

extrusion process is more sensitive to inhomogeneities in the density of the pressing

mix. Yet big cavities in carbon cathode blocks are very rare, which cannot be said

about pre cracks (which are not seen by the naked eye even after baking or

graphitation and mechanical finishing, but may open during preheating of the

reduction cell and during service). As mentioned, extruded blocks have a bigger

porosity, but a good pore size distribution may be achieved in both processes, so

this small difference in porosity may not be considered an advantage (in case of

good pore size distribution).

Firing

Carbon cathode blocks are fired (baked) in a chamber ring furnaces, where the hor

zone is moving along the chambers of the furnace while the shapes are located in

the chambers, which is not quite conventional in today’s refractory industry.

The chamber ring furnaces are used for firing of carbon cathode blocks for the

following reasons:

– the necessity of a long and finely adjusted temperature regime in the reduction

atmosphere;

Fig. 2.26 A stamp on

extruded green shape
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– the necessity of using the filling (which gives a reduction atmosphere, but also

prevents the deformation of cathode blocks under gravity forces).

The baking furnaces are operated on natural gas, diesel oil, or generator gas that

burns in flues, and the heat is transferred through refractory lining (indirect

heating). All zones (preheating, heating, and cooling) move accordingly. The

material in the chamber is subjected to all stages of the cycle: loading of shapes,

loading of coal filling, preheating, heating, cooling, unloading of filling, unloading

of shapes. Actually, the ring-baking furnace is a counter-flow reactor (green shapes

are heated by gases, appearing due to the burning of the fuel material and the

volatiles, emerging in the hot zone).

There are open (without cups) and closed (with cups) ring-baking furnaces (both

variants are good). Each chamber consists of five to eight cassettes. A cassette is a

rectangular box, having a height between 4.5–7 m, a length of 3–6 m, and a width of

0.5–1 m (Fig. 2.27). The shapes are placed in the cassettes (both vertical and

horizontal loading is accepted), and the coal filling is loaded in the cassettes. The

thermocouples may be placed in the top of the chambers, in the flue wall (some-

times the initial part of firing is controlled according to the thermocouples in the

flue walls, and the final part of firing takes place according to the thermocouple

above the upper part of fired cathodes). The variant of the temperature firing regime

appears in Fig. 2.28 (the thermocouple is above the fired cathodes).

Usually, the temperature of the fired cathodes is around 1,200 �C. A very

important characteristic of the ring furnace is the temperature gradient along the

height. In good variants, the temperature gradient is within 20�, and this is achieved
by perfect thermal insulation of walls and correct thermal balance. A

low-temperature rise increases the firing time and the energy consumption; too

fast a temperature increase may cause cracking of cathode shapes. The most critical

(for cracking) is a temperature interval of 200–600 �C (when the evaporation of

volatiles is intensive). It is felt that the rate of temperature increase there should be

below 10 �C per hour [95]. After 600 �С, the rate of the temperature increase may

be 15–20 �C per hour.

Fig. 2.27 Baking furnace: (a) general view and (b) the chamber
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The inhomogeneities of density in the green shapes may be revealed as cracks

and pre cracks during firing, which is why the attention given to the temperature

regime should always be painstaking. Another possible defect of baking (that may

happen in furnaces with temperature gradients) is insufficient firing of part of the

block (in case of vertical loading) or the surface of the block (in case of horizontal

loading). In service, it may cause the exfoliation of the surface layers of the blocks

due to sodium swelling.

Graphitization

Fired shapes are loaded in graphitization furnaces. In the Acheson process (indirect

graphitation), the electroconductive media is carbon filler, and the shapes are heated

due to the electroresistivity of the filler. In direct graphitization, the filler is used

only to make the reduction atmosphere and to prevent heat losses. The

electroconductive media are the shapes of carbon cathode blocks. They are placed

lengthwise to the current leads and the movable transformer is switched to the leads,

so the hot zone of the furnace is also moving (Fig. 2.29).

In both processes, the percentage of unconditioned shapes due to cracking is

considerable (many cracks are revealed after surface finishing of blocks).These

unconditioned blocks are used for the production of anthracitic graphitic blocks. In

both processes, it is possible to produce good production, but direct graphitization is

less costly.

So-called isotropic coke and anisotropic coke were used for the production of

graphitized carbon blocks. The blocks from isotropic coke have a higher strength

and wear resistance, while the blocks from anisotropic coke have a higher coeffi-

cient of expansion. Depending on the shaping method (extrusion of vibro pressing),

the orientation of the grains from anisotropic coke may differ. The blocks from

isotropic coke are more popular.
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Fig. 2.28 The temperature firing regime of cathode anthracitic graphitic blocks
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In order to reduce the porosity of graphitized blocks, it is possible to impregnate

it with coal tar pitch and its compositions. After the graphitization process, the

carbon shapes are cooled down and placed in special vessels with vacuum and

controlled temperature. After the air is pumped out, the coal tar pitch compositions

fill in the vessel and infiltrate the carbon shapes. Different organic substances are

added to the pitch to reduce the viscosity. The impregnated carbon shapes are dried

and fired in previously described baking furnaces, and the pitch in the pores

carburizes and transforms into coke. One impregnation with the following firing

diminishes the porosity to 7–8 %, which is a considerable value. The trials on

double impregnation showed a sufficient cost increase of a rather costly production.

Mechanical Milling (Finishing)

Modern blocks are mechanically grinded from all surfaces (including the inner slot

surface). The grinding reveals inner defects and gives strict tolerances in dimen-

sions. The quality of mechanical grinding depends not only on the type of equip-

ment, but also on the type of the instrument. A diamond instrument is more

expensive, but its service time is longer.

The requirements of aluminium producers for tolerances are rather strict –

�10 mm in length and �3 mm in width and height. The same may be said about

the tolerances in normality of the surfaces and cavities. Mechanical grinding is done

by a carbide hard alloy instrument, but a diamond instrument may also be used.

Depending on the philosophy of surface finishing, mechanical grinding may be

done by a special multiposition milling machine or on a series of machines,

beginning with a diamond saw and including a bed-type milling machine, planer-

type millers, and so forth.

Mechanical grinding is done in a mechanical shop. It is usually accompanied by

visual inspection (because after surface finishing, many defects, such as small

cracks and metal of mineral inclusions are easily seen in good light), by control

Fig. 2.29 Schematic drawings of (a) indirect (Acheson) and (b) direct graphitation processes
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of electrical resistivity, sometimes by some nondestructive control for internal

defects (sonic, ultrasonic, electro-impulse, X-ray, etc.). Then the blocks are packed.

2.3.3 Defects in Carbon Cathode Blocks

Carbon cathode bottom blocks have big dimensions. Unfortunately, during the

fabrication process—during pressing or during baking—defects may appear in

carbon cathode blocks—cracks, cavities, impurities, and inclusions (Fig. 2.30).

If cracks or cavities are on the surface of blocks, they are more or less clearly

seen, and during the visual inspection at the producer’s or customer’s plant in the Al

industry, blocks with defects are rejected as defective and sorted out. They may be

crushed and then the crushed material reused for production. The same may be said

about metallic or calcite inclusions.

The problem is that not all defects may be seen on the surface. Only one crack in

the bottom block—that is, inside the block, not seen on the surface—might be the

cause of the sudden shutdown of the cell during startup or during early service.

Unfortunately, such internal defects are not rare, and they may occasionally appear.

One example of the appearance of such an internal defect may be when graphite

Fig. 2.30 Inner defects in carbon cathode blocks that may be revealed at cutting: (a) inner crack;
(b) calcite grain; (c) ferrous contamination (it is almost undetectable visually, but magnet sticks to

it); (d) calcite contamination
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grains were not wetted properly by high-temperature pitch, and in the mixer some

inhomogeneity appeared in the mix of graphite and pitch—the major part was

wetted properly, but probably one tenth of the mix in the mixer was not wetted

by pitch to the same condition. Once this ready mix of graphite and pitch was

placed in the mold of the extrusion press or vibro press, the pressure (and probably

the vacuumation of the mix in the mold was done before the application of pressure)

was applied, the pressing in the mold became a solid body, but at unloading, during

the elastic relaxation (recovery) of the pressing, the parts of that poorly wetted mix

moved slightly in a different way than the rest of the pressing. The strain between

the portion of poorly wetted mix and the portion of properly wetted mix revealed

the microcrack during baking (firing). This possible microcrack, which has a very

complex surface, might have dimensions up to 300 mm � 400 mm but still remain

undetectable. Even if this microcrack reaches the surface of the block, it will still be

almost undetectable (Fig. 2.31), because the distances between the surfaces of this

crack are 100–300 μm and are not seen visually. This crack may or may not open

during the preheating of the cell or startup if tensions in the temperature appear.

The most dangerous technological defects are

– Internal cracks that didn’t reach the surface of the block (strain concentrators for

the growth of crack), and internal cavities, which may be filled in with bath and

which are also strain concentrators (the bath may crystallize in such cavities,

while the volume effect of the crystallization is positive).

– Poorly premixed parts of blocks, where the porosity may be 1.5–2 times higher

than normal. Usually, the dimensions of pores in such parts may exceed the

average dimensions of pores by a factor of hundreds. This defect may appear if

the pressed shape was considered to be a defect. This pressed shape is typically

crushed’ the crushed material is considered to be a common raw material and is

added to the mixer. During mixing, this crushed material may become part of the

mix or may retain its own structure.

Fig. 2.31 Picture of two

surface cracks: one inside

the block, another reaching

with one edge the surface of

the block
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– Poorly premixed parts of blocks (e.g., due to insufficient preheating of grain

composition or the pitch or because of insufficient premixing of green scrap)

might give other, almost undetectable defects in carbon cathode blocks. Parts

with a different density in the green state may form parts with mechanical strains

in the fired state, which are pre-cracks. During preheating of the cell, the carbon

bottom blocks withstand bending tensions, and these pre-cracks might start

growing. Of course, the edges of these pre-cracks are inside the blocks and

have a very small width, but due to bending tensions, the width of the cracks that

reach the surface might be sufficient for infiltration of electrolyte and even

aluminium. Thin cracks that reach the surface of the block are almost

undetectable.

– Insufficient firing of carbon cathode blocks may lead to exfoliation (shipping,

spalling) of the upper part of blocks due to excessive sodium swelling (compared

with other parts of the blocks). Usually, it is almost unrealistic for the producer

of carbon cathode blocks to deliver production that is not fired according to the

temperature regime. However, it is necessary to remember that the depth of the

chambers in the baking furnaces may reach 7 m, and temperature gradients are

inevitable. Currently, in the best constructions, the temperature drop along the

height is 50�, but the temperature drop might be sufficiently bigger. The varia-

tion depends on in what way the green carbon cathode blocks are placed in the

chambers and how the chambers are filled. For the open type of carbon baking

furnaces, the amount of carbon filler above the green carbon blocks during firing

also might be critical. This is essential even for graphitic carbon blocks (which

usually demonstrate low sodium swelling); however, the grains of coke between

the graphite grains might also be subjected to excessive sodium swelling.

Another reason for exfoliation might be insufficient calcination of anthracite.

– Inclusions may have considerable dimensions. The source of the metallic inclu-

sions are mechanical parts of equipment (including calcinators and crushers and

disintegrators). Mineral inclusions are quite rare in graphitic and graphitized

blocks. The source of mineral inclusions is usually calcite layers in anthracite

deposits. During purification, some parts of calcite may remain in the anthracite.

Calcite inclusions in carbon cathode blocks are rapidly dissolved by cryolite and

the cavities filled by bath; they appear in the block (Fig. 2.30b).

– Traces of oil (which might appear on the surface of blocks during mechanical

grinding and finishing) are also not desirable. The spots of oil are seen on the

surface, but oil might also penetrate inside the block, and during preheating this

oil will evaporate and may start burning (Fig. 2.32).

Cracks and chips on the edges and corners of cathode blocks and other geomet-

rical deviations are less dangerous, but are still not desirable. They are due to the

following causes:

– Cracks and chips may appear due to an excessive speed of the grinding instru-

ment during the surface finishing of blocks.
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– Large grains of graphite and anthracite (imperfect sewing) and big pieces of

baked shapes and green shapes, considered to be defects, are implemented in the

process as raw materials.

– Geometrical deviations in normality (orthogonality) and parallel alignment

appeared during the mechanical finishing.

Attempts to implement nondestructive quality control for carbon cathode blocks

and to reveal internal defects has a 40+-year history, and we cannot say that these

attempts have stopped. Typically, the next attempt to implement another nonde-

structive method of quality control starts after a series of unexpected shutdowns.

These attempts are initiated by customers, but producers also carry out research in

this direction. Another question to discuss is where should the nondestructive

control device be placed: near the producer’s storage house or at the customer’s

quality control?

The simplest method is sound propagation in the block, where the sound appears

from the knock of the hammer in the hands of the worker. Sometimes an experi-

enced worker can recognize internal cavities or cracks based on the hammer’s

sound.

Some producers and customers apply ultrasonic devices, sometimes with good

results. However, there has been information that these ultrasonic detectors do not

give a 100 % guarantee of revealing internal defects.

Some R&D has been done on the application of the electro-impulse resonance

method for the detection of internal defects.

Probably the most advanced nondestructive method of defect visualization in the

cathode blocks might be the X-ray scanning and visualization technique. The

apparatus is complex and expensive; it is sensitive to dust and should be situated

in a special room. Yet it doesn’t guarantee 100 % detection of internal defects

(Fig. 2.33).

However, the philosophy of continuous permanent processing and technology

giving homogeneous mixing, homogeneous structure, and permanent control of the

process and properties are probably dominant in industry today.

Fig. 2.32 Examples of the internal cracks inside the carbon cathode blocks that are not seen on the

surface but are seen on cross section after cutting
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Permanent visual inspection of the surface defects, performed by both the

producer and the customer, also gives positive results. Brightly illuminating the

inspection area and vacuum cleaning all surfaces of cathode blocks prior to

inspection are also useful.

2.3.4 Testing and Characterization

The properties of refractory materials are described in Chap. 1 as an overview of

these properties and variations in their values. Because carbon cathode blocks are

not usual refractories, we will give more attention to their properties. Carbon

cathode blocks are manufactured according to the specification of properties

(Table 2.3). Professor Øye, along with coworkers, made a profound generalization

Fig. 2.33 X-ray detection of cracks in carbon cathode blocks

112 2 Refractories and Carbon Cathode Materials for Aluminium Reduction Cells

http://dx.doi.org/10.1007/978-3-319-11442-2_1


on the standardization of the properties of carbon cathode blocks [16, 17]. Probably

the most important properties are electrical conductivity and sodium swelling.

These properties make carbon cathode blocks different from all other refractories.

The electrical conductivity of carbon cathode blocks is a function of

temperature (Table 2.3) and it changes during the service life (Tables 2.4, 2.5,

and 2.6, Fig. 2.34) [17–19].

The voltage drop in cathode carbon blocks depends on the electric resistance and

the current density [19]:

ΔU ¼ RI 2:5 þ 0:92H � 1:1hþ 132=bð Þ; ð2:15Þ

where R is the electrical resistivity, in Ω · sm; I is the current density, in A/sm2; H is

the height of the block, in sm; and b, h are the width and height, respectively, of the
slot, in sm.

In general, it is possible to say that an electrical resistance of 30–40 mkΩ ∙ sm
(typical for anthracitic graphitic blocks with 30 % graphite) corresponds to a power

consumption of 230–262 kWh/t,, an electrical resistance of 20 mkΩ ∙ sm (typical for

Table 2.5 Temperature dependencies of electrical resistivity and thermal conductivity in differ-

ent grades of carbon cathode blocks according to [17, 18]

Grade of carbon cathode

block Temperature, �С 0 200 400 600 800 1,000

Anthracitic graphitic (30 %

graphite)

Electrical resistivity,

μΩ ∙m
43 41 39 37 36 36

Thermal conductivity,

W/m ∙K
6 7 8 8 8 8

Graphitic (100 % graphite) Electrical resistivity,

μΩ ∙m
20 18 18 18 18 18

Thermal conductivity,

W/m ∙K
30 29 27 24 23 22

Graphitized Electrical resistivity,

μΩ ∙m
10 10 10 10 10 10

Thermal conductivity,

W/m ∙K
125 90 75 60 55 50

Table 2.6 The change in electrical resistivity of carbon cathode blocks with time (lab tests during

electrolysis) [17, 18])

Grade of the carbon cathode

block Time, min 0 20 40 60 80 100 120

Anthracitic graphitic (30 %

graphite)

Electrical resistivity,

μΩ ∙m
35 31 27 25 25 25 25

Graphitic (100 % graphite) Electrical resistivity,

μΩ ∙m
22 20 19 18 18 18 18

Graphitized Electrical resistivity,

μΩ ∙m
10 10 10 10 10 10 10
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graphitic blocks) corresponds to a power consumption of 130 kWh/t, and an

electrical resistance of 10 mkΩ ∙ sm (typical for graphitized blocks) corresponds

to a power consumption of 65 kWh/t (Fig. 2.34).

According to ISO 11713-2000 [21] and ASTM C611 [22], the electrical resis-

tivity is measured on samples cut off from the carbon block in a parallel direction

and in a normal direction. Also, the electrical resistance is measured on blocks by

the contact method on every block at checkout control before storage.

The thermal conductivity of graphite decreases with temperature growth, and the

temperature dependence of an anthracite block is low (Table 2.4). Graphitization

leads to an increase of the thermal conductivity. Yet all these dependencies have

more academic interest, because when infiltrated with bath, anthracitic graphitic

and graphitized materials have a thermal conductivity that is increased several

times.

A sodium expansion test is a method of determining the linear expansion of

carbon from the intercalation of sodium atoms in the crystal lattice of carbon at

reduction. The radius of a sodium atom is sufficiently bigger than the distance

between the interlayers of carbon atoms, and this causes an expansion on both

micro and macro scales. Sodium swelling is a phenomenological characteristic. It is

comparative. But it is a starting point for engineering calculations. The sodium

swelling test lasts 1.5 h. During the test, fluorine salts totally impregnate the carbon

sample; the intercalation of sodium is probably also finished in the entire volume of

material. In reduction cells, fluorine salts may reach the lower edge of the bottom

block within 1–2 weeks, but they also may reach it within several months. We do

not have extensive, verified data on the kinetics of intercalation at service.

In anthracitic graphitic carbon blocks with 30 % graphite, linear expansion due

to sodium swelling may be up to 0.7 %, which corresponds to 3 sm for a block 3.5 m

Fig. 2.34 The time dependencies of electrical resistivity of different grades of carbon cathode

blocks during the service in reduction cells according to [20]
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in length. The strains and micro cracking may take place due to this expansion, and

the bending of the block may also take place. This may lead to the appearance of

cracks, through which cryolite (and then Al) penetrates to the bottom of the

cathode.

There are two modifications of the sodium swelling test ISO/WD 15379-1.2)

[23, 24]: with and without pressure. In both variants, negative potential is applied to

the test sample of the cathode carbon block that is dipped in cryolite and aluminium

in the vessel while the vessel is in the furnace.

The test sample is a cathode in this electrolytic cell. In the variant of testing

without pressure, the change of the dimensions of the test sample is recorded

(Fig. 2.35), beginning from the start of the electrolysis process in this cell. In the

variant with pressure, the change of dimensions is recorded on the compressed test

sample. The differences in the values of sodium swelling with and without pressure

are considerable: There is no direct correlation between the values of swelling with

and without pressure; the average difference in values is about 0.1–0.15 %.

Additional research on the kinetics of sodium intercalation in a carbon lattice

together with information on the rate of capillary movement of the melt in permeable

pores in carbon will likely give information about the interaction of carbon with

cryolite, and these tests will be improved. Sodium swelling depends on the cryolite

ratio as well as on the direction of pressing of blocks, but the most important thing for

the producer of carbon blocks (that doesn’t depend on producer) is that sodium

swelling strongly depends on the material of the block—it is low for graphitized

blocks and considerably higher for anthracitic graphitic blocks (Fig. 2.35).

Mechanical properties of carbon cathode blocks are the crushing strength (CCS)

[26, 27], bending or flexural strength according to ISO 12986-1, ISO 12986-2,

ASTM C651, DIN 51944-1999, and DIN 51902-1997 [28–32], and elastic modulus

according to ASTM C747, ASTM C1025, and DIN 51915-97 [33–35].

Fig. 2.35 Sodium swelling test: (1)—anthracitic graphitic; (2)—graphitic; (3, 4)—graphitized

according to [25]
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The strength properties are determined at ambient temperature, but the samples

are taken in directions normal and parallel to the directions of pressing at

fabrication.

Strength characteristics of carbon materials almost do not depend on tempera-

ture—at least at temperatures of Al reduction, so the temperature dependence of

strength for carbon cathode materials more likely has academic interest. It is well

known that the static elastic modulus (determined at mechanical testing) is suffi-

ciently lower compared with values obtained via ultrasonic methods.

Producers of carbon cathode blocks try to lower the compression strength, bending

strength, and elastic modulus in order not to overtemper the material, knowing that

overtempering may lead to cracking. From the view point of thermal shock resis-

tance, the elastic modulus (as well as linear expansion) should be low, while the

thermal conductivity should be high. Currently, customers require many mechanical

properties of carbon cathode blocks, while most of them are found empirically.

Carbon cathode blocks are brittle (although from an academic point of view,

carbon cathode blocks demonstrate an elastoplastic behavior [36]. According to

Panov [36], the fracture toughness of carbon cathode blocks is only 0.15 MPa ∙m1.5.

Allard [37] gives values of 0.3–1 MPa ∙m1.5 for anthracitic graphitic blocks, with a

tendency to decrease in the case of graphitic materials. The critical crack initiation

stress and critical crack propagation stress are not determined, causing customers

and producers to base specifications on empirical knowledge. It is likely in the

future that it will be useful to include the fracture toughness K1C Eq. (1.19) in the

specifications. For research purposes, the energy of crack initiation and the energy

of the crack propagation might be useful, while forecasting the service life of the

cell and the slow crack growth might be essential.

On the contrary, there is almost no degradation in strength characteristics at high

temperatures [17], and the strength itself is not a limiting property at service;

usually, cathode blocks disintegrate due to the appearance of cracks. However,

we feel dubious declaring that an optimal complex of thermomechanical properties

for carbon cathode blocks—leading to estimation and direct calculation of service

life—is known.

Although there is no direct proportionality, the thermal conductivity for carbon

cathode blocks follows electrical conductivity, which has a priority. For design

purposes, the high thermal conductivity of a carbon cathode block may be com-

pensated by the low thermal conductivity of heat insulation materials.

As the thermal conductivity of carbon is high, it is difficult or impossible to

measure it by static methods, so the comparative ISO 12987-2003 [38] dynamic

method is used (measurement in normal and in parallel directions). The knowledge of

thermal conductivity temperature dependence is of limited value, because the change

in thermal conductivity due to infiltration by electrolyte is sufficiently bigger.

The linear expansion is measured according to DIN 51909-2009 [39] (measure-

ment in normal and parallel directions) and ISO 14420 [40].

The porosity of carbon cathode blocks should be low, the pore size distribution

should be uniform, and the percentage of permeable porosity (which is calculated

upon permeability) should be low. These requirements are based on the necessity to
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diminish the bath penetration through the cathode block to the refractory level.

Figure 2.36 gives an example of different pore size distributions in the carbon

cathode blocks of different producers. The open porosity in all these blocks was in

the range of 20 %.

There has been information [41] that the considerable number of shutdowns of

cells may be connected with the large number of big pores and cavities in the

rammed peripheral seam through which a considerable amount of the liquid bath

penetrated during the startup period.

It is considered that pores of 1–10 μm are in the nature of carbon materials, while

pores of 15–100 μm are due to the peculiarities of technology. Big pores greatly

increase the value of the gas permeability, and a large gas permeability is typical for

the materials with an irregular pore size distribution. The total porosity and open

porosity for carbon blocks of two different producers may be similar, but the values

of the gas permeability may differ by a factor as large as 10. In the best samples of the

blocks, the porosity is monomodal, though a bimodal pore size distribution is more

typical (Fig. 1.5). Sometimes it is possible to see an irregular pore size distribution

with pore sizes ranging from 5 μm up to 100–130 μm. In the future, the average pore

size in carbon cathode blocks should probably be limited to 10–15 μm, while the

permeability should be limited to 0.3–0.4 μm2 (3–4 nPm or 3–4 μdarcy).
The apparent density gives information on the ratio of the space occupied by

pores and not directly points on the graphite content (for a certain porosity), while

the true density gives information on the level of the calcination of anthracite and

the graphitization in graphitic materials. Some producers of carbon cathode blocks

use the apparent density as an industrial parameter; it is determined by weighing

after baking (not waiting for mechanical grinding and sampling for lab testing

procedure before storage). The apparent density is determined according to ISO

12985-1,2 [42, 43], DIN 51918-1999 [44], and ASTM C559 [45], the porosity is

determined according to ISO 12985-2 [43], ASTM C1039 [46], and DIN 51913-

2001 [47], while the true density is determined according to ISO 9088-1997 [48],

Fig. 2.36 Pore size

distributions in carbon

cathode antracitic graphitic

(30 % graphite) blocks of

different producers, having

open porosity below 20 %
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ISO 21687 [49], and DIN 51913-2001 [47]. The standards for determining the gas

(air) permeability (ISO 15906 [50]) and pore size distribution are valid for carbon

and refractory materials and are described in Sect. 1.2.

The ash content shows the amount of admixtures in carbon materials. For carbon

materials, ash is oxides of sodium, potassium, calcium, and iron. For specialists in

refractory materials, it is strange to unite these oxides in one group and call it one

word—ash. Still, if the ash content is within certain limits, it influences only the

thermal and electrical conductivities. The ash content is determined according to

DIN 51903 [51] and ISO 8005 [52].

2.3.5 Some Words on Grades of Carbon Cathode Blocks

The question of which grade of carbon cathode blocks to use when designing a

reduction cell does not involve making just one decision. There are many pro and

cons; there are many properties that change during the service life that are necessary

to take into account. The general tendency is to install graphitic or graphitized

carbon cathode blocks.

Professor Øye [17] gives the data fromWilkening [53], Table 2.7, with two main

characteristics that strongly depend on the grade of the carbon block: sodium

Table 2.7 Information on grades of carbon cathode blocks from different papers and books

Grade of

carbon

cathode

material

Resistivity,

μΩ ∙m

Sodium

expansion,

%

Wear

resistance Strength

Comments on

transformations

during service

Anthracitic

graphitic

(30 %

graphite)

30–40 0.7 High CCS 30–45 MPa,

moderate fracture

toughness

Anthracite par-

tially transforms

into graphite,

porosity

increases

Anthracitic

graphitic

(75–80 %

graphite)

25 0.4–0.5 Relatively

high

CCS 25–35 Mpa

Graphitic

(100 %

graphite,

coke binder)

18–25 0.25 Moderate CCS 20–25 MPa

Graphitized 11–13 0.1 Low CCS 20–25 MPa,

fracture tough-

ness very low

Electrical resis-

tivity slightly

decrease

Graphitized

impregnated

10–12 0.1 Rather low CCS 30–35 MPa,

fracture tough-

ness low
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swelling and electrical resistivity. An additional characteristic that it is probably

necessary to include is wear resistance.

It is necessary to remember that sodium swelling is an irreversible process that

takes place at the beginning of startup and service life without any continuation

(if not to mention mechanical tensions), and the electrical resistivity changes during

the service life, but it is not only the electrical resistivity’s influence on cathode

drop that finally influences the energy consumption of the reduction cell at service.

On the contrary, sodium swelling locks all gaps, cavities, and poor joints in the

lining, preventing leakage of electrolyte in the lining. Sometimes on smelters after

retrofit and changing the cathode carbon blocks for a higher grade, problems with

leakage appear.

An uninvestigated problem of the graphitization of anthracite in blocks at

service in the presence of sodium (which we will discuss later) has two practical

consequences:

– The graphitization promotes stable electrical characteristics of semigraphitic

blocks at service (due to the possible increase in electrical conductivity).

– The transformation of anthracite to graphite goes with a negative volume effect,

increasing the porosity and possibly increasing the dimensions of permeable

pores and the capillary flow of electrolyte to the refractory lining.

There is information that the service life of cells with graphitized cathode bottom

blocks decreases by 15–20 %, and there are no proven data on the increase or

decrease of the service life of cells with impregnated graphitized blocks.

As we recall, the cathode voltage drop depends not only on the electrical

resistivity of the carbon block, but also on the cathode—collector steel bar

connection.

The question of how to choose the grade of carbon cathode blocks depends on

the forecasted power losses due to the voltage drop, the local economic situation,

and the price of electricity.

In [54], the cathode voltage drop at 350-kA cells at graphitized blocks is

220 mV, while the blocks with 75 % graphite provide 284 mV.

As we’ve mentioned already, there is no single technical decision on the best

variant of grades of carbon cathode blocks; when working out the design of the cell,

it is necessary to find an optimal compromise of properties, taking into account not

only the permanently changing technical parameters, but also the economic situa-

tion and the prices for electricity in the region. However, it is necessary to consider

that the energy consumption of the cell would increase not only due to the voltage

cathode drop, but also due to the voltage drop in the connection “block–steel

collector bar” [55] (Fig. 2.37).

According to Panov [36], the voltage drop in the joint “carbon cathode block–

steel collector bar” for a cast-iron connection is 10–15 times lower compared with

the cathode voltage drop in a rammed or sealed connection.

Usually when there is demand to increase the production of Al, the standard

decision is to increase the current of the cells, which requires changing anthracitic
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graphitic blocks for graphitic or graphitized and modernizing the cell construction,

including the lining.

We won’t go into details, but we can say that the grade of the carbon cathode

blocks doesn’t influence the current efficiency of the reduction process, but it

seriously influences the energy consumption and may have an influence on the

service life.

2.3.6 Some Words on the Structure of Carbon Cathode
Blocks in Connection with Grain Size Composition,
Sintering, and Pore Size Structure

The grain size composition of the mix is coarse. The typical grain size composition

of raw materials for the production of carbon cathode blocks (calcined anthracite,

graphite, or coke) consists of three (and rarely four) grain fractions. The coarse

fraction is 10–5 mm, the fine fraction is less than 0.075 mm, and the medium

fraction is 5–0.5 mm.

For a long time, the standard problem for the specialist in the technology of

refractory materials was to obtain the minimum possible porosity of the green

shape, which opened the possibility to obtain the minimum possible porosity in

fired refractory material.

Well-known equations of optimal amounts of grain size fractions [56–60] are a

help for the specialist to obtain the desired low porosity:

Qi ¼ di=dmaxð Þn � 100; ð2:16Þ
Qi ¼ di

n � dmin
nð Þ= dmax

n � dmin
nð Þ � 100; ð2:17Þ

Qi ¼ αþ 1� αð Þ di= dmax
nð Þ½ � � 100; ð2:18Þ

Fig. 2.37 Components of

cathode voltage drop,

changing with service time

according to [55]
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where Qi is the amount of a certain grain fraction, di is the volume-weighted

diameter of the grain fraction, dmax and dmin are the maximum and minimum

grain size dimensions, respectively, n is the coefficient of shape (0.3–0.6), and α
is a coefficient that accounts for additional quantities of fine fractions.

These equations do not take into account the size of pores, and a direct aim to

diminish the open porosity below the requirements of the customer from an

aluminium smelter may lead to a large variety in pore size distributions

(Fig. 2.38). The gas permeability of these blocks may also vary considerably.

Later we will discuss the influence of the pore size of permeable pores in cathode

blocks on infiltration. Here we will say only that today the specialist in refractory

technology usually solves not only the problem of how to diminish the porosity, but

rather frequently also that of how to diminish the pore size of permeable pores.

In conventional refractory materials, the porosity of the green shape diminishes

during firing in the course of the sintering process. In coarse-grained carbon

materials, during the firing process the grain structure remains almost unchanged.

The only exception is that during carburization the pitch transforms into coke.

About 20 % of the pitch in the pressing mix transforms into approximately 10 %

coke in the fired material, with particles of coke being below 0.075 mm. The

porosity of the green shape during firing is slightly increased. Thus, in large part,

the porosity size of fired carbon material is governed by the porosity size distribu-

tion of the green shape.

The porosity size distribution of the green shape is formed by the shape of

grains; between the big grains are the pores of large sizes. Between the small grains

are the pores of small sizes. Hence, to obtain a pore size structure with a more or

less narrow and small size distribution, it necessary for the grains of small sizes to

form a continuous matrix.

Now we present the results of some trials.

Fig. 2.38 Pore size distributions in carbon cathode blocks, produced on one and the same carbon

plant with a 1-year time shift
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Three grades of grain size compositions with sizes 5–10 mm, 0.5–5 mm, and

below 0.5 mm (80 % were below 0.075 mm) were investigated, and the only

variable was a changing amount of fine fraction [61]. It was considered that the

coarse fractions form the frame of the structure, while the fine fraction fills in the

cavities in the frame. On filling in the cavities in the frame, it was possible to follow

the change of the frame structure to a matrix structure when the coarse particles do

not contact each other but only fine particles have contact. The amounts of the fine-

grained fraction were 15 %, 30 %, 40 %, and 60 % in the trials.

The properties of fired material correspond either to properties of the frame or to

properties of the matrix. With a fine fraction of 15 %, all pores were larger than

25 μm; the same result (not shown) was seen at two grain size compositions without

a fine fraction. The addition of a 30 % fine fraction leads to the appearance of pores

with dimension 3–5 μm. However, the considerable decrease in pores above 25 μm
and the increase in fine pores of 3–5 μm take place only upon the addition of 40 %

and 60 % fine fraction of carbon material (Fig. 2.39). The properties of the material

also change (Table 2.8).

The matrix structure gives an increase in electrical as well as thermal conduc-

tivity. We would like to note that upon addition of 60 % fine fraction, the porosity of

the fired material increased by 5 %, so from the viewpoint of minimal porosity, the

grain size composition is not optimal. Note also that this was a result of laboratory

research. An excessive amount of fines creates considerable problems with the

mixing of grain size composition with pitch and gives other technological prob-

lems. The implementation of such laboratory studies also creates some problems,

though solvable.

The pore structure of the industrial grain size composition was bimodal: There

were pores with average dimension 5 μm and 100 μm. After the fine fraction was

increased to 40 %, the total and open porosities remained approximately the same,

Fig. 2.39 Pore size distribution in carbon materials with changing amount of fine (<0.075-mm)

fraction: (1) 15 %; (2) 30 %; (3) 40 %; (4) 60 % [61]
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but the 100-μm pores were eliminated (some changes in the form and shape of other

pores were also seen) (Fig. 2.40).

The amount of binder (pitch) may also influence the pore size distribution. A

large amount of pitch promotes better filling of cavities in the frame by fine

particles, but at the same time the volume of carburizing gases increases, giving a

larger amount of relatively big pores (Fig. 2.41).

Fig. 2.40 Pore size distribution in industrial carbon materials (1) before and (2) after fines are
increased to 40 % [61]

Fig. 2.41 Pore size distributions in carbon compositions: 5–10 mm—40 %, 0.5–5 mm—20 %,

<0.075 mm—40 %, having amount of pitch (2)—18%; (1)—24 %. [61–63]
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2.3.7 Interaction of Carbon Cathode Blocks with the Steel
Shell and the Collector Bars. Cracks Induced by
Thermal Strains and Thermal Shock

The shape of the slots in the carbon cathode blocks may differ (Figs. 2.17 and 2.19);

a two-slot design of the blocks (Fig. 2.17b) is typical for high-capacity cells. The

rectangular collector bars are adjusted in the slots. These collector bars are the

conductors for the negative electric potential on the blocks. The collector bars are

adjusted in the slots by cast iron, contact carbon pastes, or carbon glues. All

methods of adjustment of collector bars in carbon blocks have advantages and

disadvantages, and currently there is no strict preference among aluminium pro-

ducers. Casting gives proof of contact between collector bars and carbon, but there

is a risk of cracking in the angles of the slot (Fig. 2.42) due to thermal shock.

Special furnaces for the preheating of the block and the collector bars before casting

diminish the possibility of cracking.

There is no cracking with carbon glues and contact carbon pastes, but such

contacts give a voltage drop that will increase with time.

Cracking in carbon cathode blocks may take place during preheating and startup,

but more frequently, cracks in carbon blocks reach the surface at service. The main

reason for cracks appearing in carbon cathode blocks is mechanical tensions due to

interaction with the shell (via siding and peripheral seam) and with refractory

layers, but, of course, inner defects, such as cavities and inner cracks, may dramat-

ically enhance the appearance of cracks on the surface. Cracks reaching the service

of cathode blocks within the first 3 years of service are mostly disliked at smelters,

because they cause the service life at the smelter in general to diminish consider-

ably. However, during the service life, a sort of a balance exists between the

tensions in the blocks and mechanical strains between the shell and the blocks,

and there are many thin cracks in the blocks that are not filled by bath or aluminium

(Fig. 2.43).

Fig. 2.42 Cracking of the carbon cathode block in the angles of the slot
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Computer simulations of the mechanical behavior of carbon cathode blocks and

the mechanical interaction between the carbon blocks and the shell and lining have

not been completed. The design of a cathode for the Hall–Heroult process is still in

development, and new cell designs will most likely appear within the next 10–20

years. Although not frequent, the sudden shutdowns of cells still take place, and so

analytical and research efforts are still required in this direction (Fig. 2.44).

Cracks induced by thermal strains and thermal shock.

As we recall, the temperature gradients in carbon cathode blocks at preheating

and in the moment of pouring electrolyte may reach 300–1,100�/m at the surface of

cathode blocks and up to 1,500�/m in the direction from the surface to the refractory

layer. Estimations show (Table 2.9)

Fig. 2.43 Cracks in the carbon blocks in the end of the cell
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σ ¼ αE ΔT= 1� μð Þ; ð2:19Þ

where σ is the strain, Е is the elastic modulus, ΔT is the temperature gradient, and μ
is Poisson’s ratio.

The possible stresses in cathode blocks due to thermal gradients may be com-

parable with the bending strength of the blocks.

The first Hasselman criterion [65],

R ¼ σE=μΔT; ð2:20Þ

has a physical meaning of maximum temperature gradient per meter, giving the

possibility for the crack not to appear. The values of the calculated criterion are

close to the values estimated above: 300–1,100�/m at the surface of cathode blocks

and up to 1,500�/m in the direction from the surface to the refractory layer, which

gives additional evidence that the thermal strains at preheating and startup may be

responsible for the initiation of cracks in carbon cathode blocks. Durand [66] gives

the value for the first criterion of thermal shock resistance, 1,290�/m.

Usually, there are no visual cracks in cathode blocks at startup. But this doesn’t

mean that these cracks (pre cracks) are not formed inside the blocks. The strains are

quite sufficient for the formation of pre cracks of subcritical dimensions. According

to the slow crack growth model [67], the strains for the slow propagation of cracks

are lower than strains for initiating the cracks. Usually, thermal strain cracks reach

the surface of cathode blocks, and the distance between them is 80–100 sm

(Fig. 2.45). Normally, they are parallel to each other and normal to the surface of

the cathode. However, it is necessary to remember that these cracks reach the

surface after 6–36 months although it is most likely that they appear during

preheating and startup.

In service, the carbon cathode blocks are in a stress–strain state. From the

viewpoint of fracture mechanics, overheating by 50� or increasing the current

Fig. 2.44 Bus bar with slope
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density by 0.1 A/sm2 shouldn’t be critical for the start of the crack. Additional stress

upon overheating 50� is sufficiently lower compared with strain, causing fracture.

However, this overheating may be critical for the following:

– stress of crack propagation;

– slow crack growth rate, especially in a nonequilibrium stress–strain state.

This assumption may be proved by industrial experience [62] showing that the

temperature changes of electrolyte at the startup period, fluctuations in the cryolite

ratio and in the level of metal and electrolyte, and all uncontrolled deviations of

processing negatively affect the service life (Fig. 2.45, 2.46).

Returning back to thermal shock resistance, it is possible to state [63, 64] that

anthracitic graphitic carbon blocks with electrically calcined anthracite have larger

values of Hasselman criteria compared with carbon blocks from gas-calcined

anthracite. This has some connection with the percentage of shutdowns of the

cells. The reason for this is in the looser structure of electrically calcined anthracite,

resulting in a lower strength and a lower value of elastic modulus of cathode blocks.

Such materials may absorb strains and restrain the crack development, which plays

a positive role in thermal shock resistance (Fig. 2.46).

Fig. 2.45 Cracks in cathode blocks
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2.3.8 Interaction of Carbon Cathode Blocks with Electrolyte
During Startup and in Service: Wear. Infiltration

There are two main variants for sodium to reach the barrier refractory layer of the

reduction cell:

– sodium diffusion in the carbon lattice;

– capillary flow of electrolyte through permeable pores of carbon cathode blocks

and rammed carbon of ramming paste.

It appears that one of the consequences of both processes is the graphitization of

anthracite (and coke) in anthracitic graphitic blocks.

Fig. 2.46 Cavities in blocks, probably originating from small cracks
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The initial reaction that leads to the appearance of sodium in carbon cathode

blocks is

Al�
ж
� þ 3NaF in electrolyteð Þ ¼ 3Na вCð Þ þ AlF3 in electrolyteð Þ: ð2:21Þ

Sodium may exit the carbon lattice in the form of intercalation compounds, such as

NaC64 [68, 69].

The main mechanism of the propagation of sodium in carbon is thought to be the

diffusion in the carbon lattice [70, 71] although there has been a suggestion it’s the

propagation of sodium in the lattice in vapor state [72]. The reported values of

diffusion coefficients [73] currently are more likely to have academic interest, and

the reported values differ, more likely due to different conditions, current, cryolite

ratio, and other factors.

The levels of sodium saturation are reported in [73] and give a good understand-

ing of the amount of sodium in carbon cathode blocks at service (Table 2.10).

Sodium diffusion after saturation should be permanent and may stop at the

leveling of sodium concentrations in the upper and lower surfaces of carbon

block, which appears to be some sort of barrier (or probably would not in case of

activation by current). Of course, the sodium penetration should depend on the CR

and current density.

Reaction (2.16) may proceed not only on the upper surface of blocks, but also on

the surfaces of pores inside the block. Other reactions [17] of sodium-containing

substances with carbon may take place, resulting in the formation of sodium

aluminates, aluminium carbide, aluminium nitride, and sodium cyanide in the

volume of carbon cathode blocks.

The “dry” penetration of sodium to the refractory layers due to the diffusion of

sodium through carbon cathode blocks really should be taken into account. The

consequence of such diffusion is the appearance of free silicon in the form of balls

of ore drops or globules, having a diameter from 1 to 4 sm, which appear due to the

reaction of sodium with silica or silica-containing compounds. However, the “dry”

penetration of sodium doesn’t seriously deteriorate the refractory lining, which

cannot be said about “wet” penetration or the capillary flow of electrolyte through

permeable pores of carbon cathode blocks and rammed carbon of ramming paste.

Table 2.10 Sodium saturation level in carbon cathode materials according to [73]

Grade of carbon cathode material Na saturation, wt.% Na saturation, kg/m3

Gas-calcined anthracite 4 60–70

Electrically calcined antracite 4 60–70

Graphitic 2 30–35

Graphitized (at 2,300 �C) 1 15–20
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The Transformations in Carbon Cathode Blocks During the Service Life

Liquid electrolyte penetrates the carbon cathode blocks through permeable pores,

sodium intercalates in the lattice of carbon, and amorphous carbon undergoes

graphitization. All these processes increase the electrical and thermal

conductivities.

The details of the graphitization process are unknown. One belief is that sodium

itself cannot be a catalyst of graphitization at temperatures below 1,000 �C, and the
graphitization proceeds via the formation of carbides with their subsequent decom-

position [17, 74]. According to [75], the anthracitic carbon block after 1 year of

service contained 25 % graphite. After 2 years of service, the rate of graphitization

becomes stabilized [76] or diminishes [77]. The density of graphite is 2.15–2.25 g/

sm3, while the density of anthracite is at the level of 1.7–1.86 g/sm3. The volume

effect of graphitization in negative and equals

ΔV=V ¼ 77�83%: ð2:22Þ

So the graphitization of anthracitic or semigraphitic blocks is followed by the

increase in the pore volume, whereas the pores are filled in with bath. The process

of graphitization may also be followed by the fracture of coke bridges between the

grains of graphite and anthracite, which in a pessimistic variant may cause

cracking.

After several years of service, the anthracitic block has an electrical conductivity

similar to the electrical conductivity of a semigraphitic block with 30–50 % graph-

ite, yet it will never have the electrical conductivity of a graphitic block [78–80].

According to lab tests, there is no degradation of the electrical conductivity of

graphitized blocks, while the degradation of semigraphitic blocks is lower com-

pared with graphitic blocks (Table 2.5).

Formation of Aluminium Carbide. Chemical Erosion Mechanism

of the Wear of Cathode Blocks. Wear and Erosion Tests

The hardness of graphitized and graphitic materials is sufficiently lower compared

with anthracitic graphitic materials; consequently, the wear resistance of graphitic

materials is also sufficiently lower. The wear resistance of anthracitic graphitic

blocks under the influence of abrasive and erosion wear by alumina particles in the

electrolyte is not critical or almost not critical for the service life of cells, while the

wear resistance of graphitic and graphitized blocks is critical. Wear resistance

testing of carbon cathode blocks became essential. There were several approaches

to erosion testing of carbon cathode blocks, beginning with early investigations of

the wear resistance of carbon cathode material in a water slurry of alumina [81].

According to Prof. Øye [17], the current understanding is that the wear of carbon

cathode blocks is mainly the process of the formation of aluminium carbide,
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The reaction between aluminium and carbon is possible from the viewpoint of

thermodynamics within all ranges of temperatures in the cell [17]:

4Alþ3 þ 12e� þ 3C ¼ Al4C3s: ð2:23Þ

and

4Alþ 3C ! Al4C3: ð2:24Þ

Also, the formation of aluminium carbide due to reaction (2.17) may be shown

as

4Na3AlF6 þ 12Na in carbonð Þ þ 3C ¼ Al4C3s: þ 24NaF: ð2:25Þ

The formation of aluminium carbide does not lead to the degradation of carbon

materials. The light yellow film of aluminium carbide is formed on the surface of

the cathode, reaches a certain thickness, and starts acting as a barrier. However, the

solubility of aluminium carbide in aluminium is several orders of magnitude lower

compared with the solubility of aluminium carbide in electrolyte [17]. The cryolite

film and alumina act together and dissolve the protective film of aluminium carbide.

Aluminium carbide dissolves in the electrolyte,

Al4C3раств: þ 5AlF3ж: þ 9NaFж: ¼ 3Na3Al3CF8ж:; ð2:26Þ
Al3CF8ж:

�3 þ F�1 ¼ Cт: þ 3AlF3ж: þ 4e�; ð2:27Þ

and is oxidized at the anode:

Al4C3 solv: þ 9CO2 g: ¼ 2Al2O3 solv: þ 12 COg: ð2:28Þ
Al4C3 solv: þ 6CO2 g: ¼ 2Al2O3 solv: þ 3Cs: þ 12COg: ð2:29Þ

Sort of a chain reaction takes place, while the reaction products are moved away

from the reaction zone due to the circulation of the bath and aluminium in the cell.

According to [17], this chemical process, for one thing, is almost independent of

the quality of carbon material, but, for another, the value of aluminium carbide

formation in wear is much stronger than physical wear.

The reactions of the formation of aluminium carbide may take place on the

surface and at the internal surface of pores inside the cathode block. The reaction

takes place with positive volume effect, so the formation of aluminium carbide in

the pores may follow the mechanical tensions and even cracking due to these

tensions. The probability of the reaction increases as the level of graphitization

decreases.
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Lab investigations have shown [17] the following:

– The wear rate by electrolysis increases with as the current density increases, but

levels off at current densities above 0.8 A/cm2.

– Electrochemical wear is much higher than physical wear and is the same for

graphitic and anthracitic materials.

– The presence of alumina slurry suppresses the electrochemical wear.

– The physical wear rate increases strongly with velocity and increased concen-

tration of an alumina slurry.

– The physical wear rate of graphite is about five times the physical wear rate of

anthracitic carbon.

– The physical wear ratio graphite/anthracite is about the same in room-

temperature abrasion tests and in cryolitic melts.

– The mechanisms of wear in industrial cells are a combination of physical and

chemical wear in spite of the fact that the physical wear is much smaller.

Industrial investigations, initiated by industrial experience on the implementation

on graphitic and graphitized carbon blocks, have revealed several dependencies.

Industrial practice gives wear values of about 2.3–3.3 sm/year for graphitized

blocks, 1.2–1.7 sm/year for graphitic blocks, and 0.8–2.2 sm/year for anthracitic

graphitic blocks (70–85 % graphite) [81, 82]. Probably the best proof for the fact

that anthracite-based materials are less subjected to wear is well known to industrial

specialists: the profiles of the cathode bottom of graphitized or graphitic blocks with

anthracite-based ramming paste (Fig. 2.48). Other publications contain other values

of wear [83], which is quite obvious because the wear rate depends on several

factors (current, current density, type of a cell, CR, etc.), which are impossible to

keep on one level in industrial calls of different constructions.

There is a direct proportionality between the wear rate in industrial conditions

and the cathode current density, which may reach 70–80 mm/year [84]. A larger

open porosity of graphitized carbon cathode blocks promotes increased wear rates

due to the increased formation of aluminium carbide, shown in the lab and at

industrial scale [85, 86].

Fig. 2.47 Aluminium carbide in the crack in carbon cathode block
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Erosion increases the wear, and the combined mechanism of chemical wear

takes place. Once at the smelter, there is a decision to modernize and to install

graphitic or graphitized blocks instead of semigraphitic, and the increased wear

takes place. Anthracite is sufficiently harder than graphite. Yet there is no direct

proportionality between the wear rates and the graphite content in the blocks [87].

The problem of wear is serious. The profile of cathode wear having a W shape is

well known to industrial specialists (Fig. 2.49). Of course, this leads to shortening

of the service life.

Special studies aimed at increasing the wear resistance of graphitized and

graphitic cathode blocks have begun. Special research was designed to form a

gradient structure with different electrical resistivity along the length of the

block. Another approach is increasing the resistance to wear. Impregnated graph-

itized blocks demonstrate higher wear resistance. There have been attempts to

increase the wear resistance of graphitized blocks, impregnating the blocks with

phenolic resin with additions of zirconium and titanium oxides. On the contrary, a

sufficient increase in wear resistance may be achieved on anthracitic graphitic

blocks with 80–85 % graphite.

In the publications [87, 88], lab tests give reasonable values of wear of different

grades of carbon blocks, which give a more or less similar rating of wear during

industrial electrolysis. Lab wear tests are a good instrument for R&D practice of

carbon cathode blocks with respect to the reduction process. There is a dependence

of wear during lab tests on CR as well as on the cathode density [90, 91]. According

to lab testing [17], graphitized cathode blocks demonstrate a wear resistance that is

7–10 times lower compared to anthracitic grades.

A variation of the cathode test with vibration (which imitates the movement of

the metal) is combined with lab electrolysis. In Thornstad’s variation [92], both

electrochemical and abrasion resistance are taken into account. This variant of

testing is very complex. The test sample under negative potential is in the alumina

crucible with aluminium and the bath with 8 % alumina. The crucible is in the lab

furnace, the temperature is increased up to 960 �C, the anode is from tin oxide, and

the rotor is from boron nitride. The time of testing is 6 h. The registered parameters

are voltage and the CO/CO2 concentration. After the testing, a visual inspection is

carried out, but the wear forecast is made based on the volume of CO/CO2 output.

Fig. 2.48 Profile of cathode bottom: graphitic blocks with anthracite-based ramming paste
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According to [92], there was a good agreement between the forecasted wear and

actual wear in the cells.

The research on increasing the wear resistance required special lab testing that was

invented at SINTEF [89, 90]. The test, based on a concept of wear by the electro-

chemical formation of aluminium carbide, is performed in a lab reduction cell at

980 �C, CR of 2.2, current density of 0.75 A/sm2, and rotating speed of 0.6 m/s.

Coatings of carbon cathode blocks may significantly diminish the wear of carbon

cathode blocks. The most promising material for coatings is titanium boride

although there are other variants.

Infiltration of Electrolyte in the Permeable Pores of Carbon Cathode

Blocks

The open porosity of carbon cathode blocks is 14–22 % (in graphitized up to 28 %),

and the permeability of carbon cathode blocks is 0.15–0.65 μm2. Almost all pores

are permeable; some small amount of closed pores may be in anthracite grains

Fig. 2.49 W-shaped profile of cathode bottom from graphitic or graphitized blocks after 3–4 years

of service
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(if anthracite is used for the production), and so open porosity is very close to true

porosity—this is the peculiarity of carbon materials.

According to an estimation of Prof. Øye [17], the permeability 0.4 μm2 corre-

sponds to an infiltration rate of 3.2 sm/h for a liquid with viscosity 0.1 Pa/s.

According to the experiments of Brilloit et al. [93], bath penetrated around

18 mm for 1.5 h at 1,010 �C, CR¼ 2.25, CD¼ 0.75 A/cm2. Other estimations are

in the papers [94–96]. According to Feng [96], electrolyte penetrated from 0.4 to

15 mm for different carbon materials over 1.5 h at 1,000 �C, at the same CR and

current density.

Industrial experience gives evidence that sometimes the melt of electrolyte

reaches the lower surface of carbon cathode blocks within half a year, but some-

times it reaches the refractory layer within 1–2 weeks. The value of irreversibly

spent cryolite at startup for the cell with square about 30 m2 is up to 15 t. It looks

like there may be constant electrolyte flow through the pores of cathode blocks if

some barrier is not formed.

There are several reasons for contradictory data about what time the electrolyte

reaches the refractory level [17, 61–64]:

1. Depending on the method of shaping (extrusion or vibro pressing), the raw

materials, and the peculiarities of the processing, the porosity of carbon cathode

blocks and the pore size distribution may vary.

2. There is always a temperature gradient of 150–400 �C at the surface of the

cathode block at the moment of pouring the electrolyte (e.g., 900 �C in the

middle and 600 �C at the periphery).

3. The designs of the cells differ, the methods of preheating and the startup differ,

and consequently the temperature gradients between the upper and lower sur-

faces of cathode blocks differ.

4. At different smelters, the CR during startup may be from 2.3 to 4; consequently,

the viscosity of electrolyte also differs.

In pores having a small diameter, the interactions between the walls of pores and

the liquid are considerable, and the fluid spreads [61]. The main constituents are

capillary forces:

Pk ¼ �2σEl � cos θ
rk

; ð2:30Þ

where Pk is the capillary pressure, σEl is the surface tension of electrolyte, and θ is

the contact wetting angle of carbon by electrolyte.

Capillary pressure is inversely proportional to the pore radius, and the flow of

electrolyte in porous media may be considered the flow of viscous liquid in the

channels with a small radius. Laminar flow takes place [62], and rate of flow is

directly proportional to the square root of time.

Another type of flow is in the pores when the surface of pores is wetted by liquid.

According to [62, 63], the viscous friction of liquid influences the type of flow. The

flow rate is proportional to time in the power of 0.2–0.3.
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The existence of the first or second type of flow depends on the balance between

capillary forces and external pressure. In porous materials with a bimodal structure,

two types of flow may coexist. According to [63], the critical radius of permeable

pores, at which one type of flow changes to another, is

rk ¼ �2σEl � cos θ
g ρAl � hAl þ ρEl � hElð Þ : ð2:31Þ

The laminar flow of electrolyte will be in carbon cathode materials with pores

greater than 25–30 μm.

Computer simulations [61, 62] have shown two types of flow in the porous

structure of carbon blocks in isothermal conditions. Electrolyte will flow in the

laminar regime in big pores and cracks with above-critical dimensions down the

lower surface of cathode blocks at a speed of 5–7 mm/h. The infiltration of carbon

cathode blocks with porosity below the critical diameter proceeds at a speed of 2–

2.4 mm/h (Fig. 2.50).

However, at startup, the temperature field in carbon cathode blocks is far from

isothermal [62, 63] (Fig. 2.50). The movement of the “crystallization point” of

electrolyte at startup takes place at a speed of 4.3–4.6 mm/h (of course, this speed

may depend on the type of preheating, startup, CR, and so forth).

The comparison of movements of “point of crystallization” of electrolyte and the

speed of penetration of electrolyte show that the latter may be sufficiently faster for

pores above the critical diameter (Fig. 2.49). It means that in such a case in

nonisothermal conditions (startup), the movement of penetration of electrolyte in

big pores will be determined by the movement of the crystallization point. In carbon

cathode blocks with pores below the critical dimension, the movement of

Fig. 2.50 Isothermal regime of electrolyte flow in the porous carbon cathode blocks: 1—flow in

permeable pores, with dimension below critical radius (25 μm); 2—flow in permeable pores with

dimensions above critical diameter of pores
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electrolyte through pores will be sufficiently slower compared with the movement

of the crystallization point. It means that electrolyte may reach the refractory barrier

layer though the pores of carbon cathode blocks within several days.

That is probably the answer for various industrial experiences, where sometimes

the melt of electrolyte reaches the lower surface of carbon cathode blocks within

half a year, but sometimes it reaches the refractory layer within 1–2 weeks.

The calculations showed two types of behavior of electrolyte flow through

porous carbon cathode blocks [61–64] at startup:

– In carbon cathode blocks with pores below the critical dimension (25� 5 μm),

the velocity of filtration of electrolyte in a flow-spreading regime will be 2–

2.4 mm/h, which is lower than the velocity of the crystallization point movement

(4.3–4.8 mm/h). Due to the increase in the thermal conductivity of carbon block

and increased heat flow, the crystallization point after a certain period (7–8 days)

will go up to the upper surface of the cathode and will block the penetration of

liquid electrolyte (Figs. 2.51 and 2.52). The interaction of electrolyte and the

refractory layer will start after many months, because electrolyte will crystallize

in the pores of the carbon cathode block, not reaching the refractory layer.

– In carbon cathode blocks with pores above the critical dimension, the velocity of

filtration of electrolyte in a laminar regime will be 5–7 mm/h; it will be bigger

than the velocity of the crystallization point movement (4.3–4.8 mm/h). The

penetration of electrolyte will be governed by the movement of point of crys-

tallization (Fig. 2.51); after 96–110 h, the interaction of electrolyte and refrac-

tories will start up, resulting in the formation of “lenses” (to be described later).

Selected industrial trials show [41, 61, 64] that electrolyte may reach the

refractory barrier layer within 4–6 days. That was shown of a set of experimental

cells with thermocouples under the carbon blocks and in refractory layers. It was

Fig. 2.51 Temperature gradients between the upper and lower surfaces of carbon cathode blocks

at startup of reduction cells according to Panov [36]: 1—before pouring electrolyte; 2—after 23 h;

3—after 7-h; 4—after 3 months of operation
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considered that electrolyte has reached the thermocouple (in alumina cover) when

the thermocouple stops indicating the temperature.

2.3.9 Carbon Ramming Paste

From a materials science point of view, carbon ramming paste between the carbon

cathode blocks and in the seam lining is the same carbon cathode material. The

finished properties of baked ramming paste are the same, and the testing is almost

the same. Yet it is an unfinished product that will receive the properties only after

preheating and startup.

The decision to use carbon ramming paste between the carbon cathode blocks

and in the peripheral seam sometimes is met with some puzzlement among the

refractory producers, who know that in ferrous metallurgy, this technical decision

was ended many years ago. Yet this decision has served aluminium producers for

many years, and it doesn’t seem they are going to introduce something new.

Raw materials for carbon ramming paste are the same: gas-calcined or electri-

cally calcined anthracite (described in Sect. 2.3), sometimes a small amount of

grained graphite, and silicon carbide grain. The raw materials for binders should

provide the possibility of installation, while the temperature of the ramming paste is

about 30–40 �C. In order to provide good rammability at ambient temperature,

usually the producers add some organic substances to coal tar pitch or use synthetic

organic binders.

Fig. 2.52 Nonisothermal flow (at startup) of electrolyte through the porous media of carbon

cathode blocks: 1—through permeable pores below critical radius (25 μm); 2 – through permeable

pores above critical radius; 3—movement of crystallization point of electrolyte [63, 64]
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Initially, hot ramming pastes were used in repair shops of the smelter, but cold

ramming pastes give fewer problems due to ecological issues. Certain effects are

made to reduce the polyaromatic hydrocarbons in the binders in order to avoid

fumes at preheating.

The processing of ramming paste is very much like the preparation of anthracite

graphite carbon cathode blocks—only without shaping and baking parts (Fig. 2.19).

The raw materials are preheated and mixed in the mixers with pitch-based

preheated binders and then packed into packs or barrels.

When considering the final properties the ramming material receives during

preheating of the cell and startup, it is necessary to remember that the temperature

of carburization goes from the surface of the rammed material to the lower end of

the shaft or seam, and the process takes a rather long time.

The Testing

According to a generalization on testing of cathode materials [98], the ramming

pastes before installation are tested for rammability [99], apparent density [100],

dilatation (expansion–shrinkage curve during baking) [101], and baking loss and

loss of volatiles [102].

Also, the determination of organic binder content might be useful [103]. Green

apparent density is measured on rammed samples, while the rammability is mea-

sured using a Fisher sand ramming machine (Fig. 2.53). The density is measured as

a function of the number of strokes.

Ramming paste has numerous key properties, one of which is the expansion–

shrinkage dilatation curve and its mismatch, the expansion curve of the cathode

block. During preheating, the organic binder of ramming paste carbonizes, and the

volatiles fly away. At the moment of carbonization of the binder, some shrinkage is

inevitable; however, the carbon block expands, and the question is whether, in the

course of preheating, no gaps would appear between the paste and the blocks

(Fig. 2.54).

After baking, the ramming paste is tested for apparent density [42–44], open

porosity [46, 47], cold crushing strength [26, 27], thermal conductivity [38], and

electrical resistivity [21, 22]. Also, it is possible to measure the ash content [51, 52]

(Table 2.11).

Currently, the most popular are gas-fired preheating and resistance preheating of

reduction cells. During the preheating, the cathode bottom becomes a unit, and the

organic binder of ramming paste in the shafts and seams loses volatile matter and

becomes hard. Of course, the surface and subsurface layers of the ramming paste gain

the service temperature sufficiently quicker than the bottom layers. The pore structure

of the ramming paste is formed during baking. Even if the grain size composition of

the ramming paste is chosen properly, the pore size distribution in the baked ramming

paste may differ, depending on the preheating regime. Generally speaking, the pore

size distribution of a ramming paste, installed in the peripheral seam as well as in the

shafts between the blocks, may have different values because the temperature
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increase in these different places will differ. Figures 2.55 and 2.56 demonstrate the

difference in pore size distribution of the ramming paste in the peripheral seam and in

the shafts between the blocks.

The ratio of the surface of shafts between the blocks, filled in with ramming

paste, to the surface of the cathode is usually 0.6–0.9 %. However, we recall that
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local infiltrations of electrolyte may cause local overheatings, so pore size control

of the ramming paste is also desirable.

The ratio of the surface of a peripheral seam, filled in with ramming paste, to the

surface of the cathode (if combiblocks are not the part of the construction) is 1.5–

2.5 %. At startup, usually the temperature of the peripheral seam is low and

sufficiently lower than the freezing point of electrolyte. Even in normal operation,

the temperature of the peripheral seam is not high, and usually it is covered against

penetration of electrolyte with a side ledge. However, sometimes [41] during dry

autopsies, the peripheral seams are fully infiltrated with electrolyte, and so it is

worth controlling the pore size distribution.

Table 2.11 Properties of ramming paste

Property Value

Apparent density, g/sm3

Green 1.5–1.62

Baked 1.34–1.48

Cold crushing strength, MPa 16–26

Open porosity, % 18–27

Electrical resistivity, mkΩ ∙m 65–110

Volume expansion, % 0–2.5

Relative shrinkage, % <0.15–0.3

Thermal conductivity<W/m ∙K 5–7

Baking loss, % 9–10

Thermal coefficient of expansion, K�1 � 10�6 4

Ash, % <5–7

Fig. 2.55 Pore size distribution in baked (without infiltration of electrolyte) ramming material

from the shaft between the carbon blocks. Porosity is 18 %
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Installation of the Ramming Paste

The ramming paste installation is done by machine (Fig. 2.57) or hand rammers

(Fig. 2.58). Ramming paste preheated to 30–50 �C (in the repair shop) is poured in

the shafts at a certain height and rammed. Usually, the brick layers make five to

seven ramming cycles, which means that each portion of ramming paste is rammed

in the shaft, and then the next portion is poured. It is necessary to obtain a good and

permanent densification during ramming. Before the installation, it is necessary to

check the green apparent density in rammed state. At installation, the simplest way

to check on the proper achieved density is the use of an impact penetrometer. The

depth of penetration gives an idea of the rammed density. Overcompaction is also

undesirable, because it may lead to stratification at preheating and startup. Poor

compaction leads to big porosity and the appearance of big pores—channels for

penetration of electrolyte.

The preparation of the ramming paste remains state-of-the-art; the same may be

said about the installation, even with the help of ramming machines (Fig. 2.57).

During preheating and startup, the ramming paste is considered to absorb the

thermal tensions and sodium swelling. Usually, baked ramming paste is more

porous than carbon cathode blocks and less strong; however, the hardness of

ramming paste is superior to the hardness of graphitic and graphitized cathode

blocks because of the hardness of anthracite, which is the main constituent

(Fig. 2.58).

It is not easy to separate the deviations of the properties and the defects of

installation of the ramming paste, which finishes with shutdowns of the cells.

Usually, the stratification (Figs. 2.59 and 2.60) of the rammed paste is caused

either with overcompaction or with some problems with a binder (which may be

Fig. 2.56 Pore size distribution of baked (without infiltration of electrolyte) rammed material

from peripheral seam. Porosity is 21.2 %
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caused by too low a ramming paste temperature). Also, it might be caused by

preheating of the cell.

The gaps between the rammed paste and the cathode blocks appear due to

problems with the binder (which may be caused by too low a temperature of the

ramming paste or cathode blocks). More rarely, it is caused from problems with the

grain size composition. Also, it might be caused by preheating and problems in a

mismatch of the thermal expansion of the ramming paste and the cathode blocks. It

is likely the most serious defect, which causes immediate leakage of the electrolyte

in the refractory layer.

Fig. 2.57 Machined ramming of peripheral seam
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2.4 Coatings of Carbon Cathode Blocks and New Cathode
Materials. Drained Cathode

Carbon cannot be considered optimal cathode material for Hall-Heroult reduction

cells. The optimal cathode material should have [105]

– high electric conductivity,

– high thermal shock resistance,

– low porosity,

Fig. 2.58 Hand ramming

of the peripheral seam

Fig. 2.59 (a, b) Possible stratification of the ramming paste at preheating of the cell in the shafts

between the blocks and in the peripheral seam (strongly undesirable)
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– good wettability by the molten Al,

– high wear resistance,

– small rate of electrolyte flow in capillary permeable pores,

– good contact with current conductors,

– high chemical inertness,

– high resistance to sodium intercalation and to the movement of sodium to

refractory.

There is no known carbon material that would fit all these requirements. A deep

body of research on noncarbon cathode materials for the Hall-Heroult process was

carried out, beginning in the 1980s [106]. At that time, it was believed that the

implementation of noncarbon cathode materials would give a longer service life

and considerable energy savings due to decreasing the anode–cathode distance

(CAD) and the cathode voltage [107–110]; some improvements were expected in

increasing the current efficiency.

Yet it is necessary to remember that the expectations on energy savings could be

fully realized with the implementation of a drained cathode construction. In a

drained cathode, Al will flow to some vessel due to the slopes of the cathode; the

Al film will be very thin. This design really gives the ability to decrease energy

consumption due to of the decrease in voltage drop. It has been reported that the

wetted surface of a traditional reduction cell permitted a 1–2 % increase in the

current efficiency and an improved cathode current distribution [111] (Fig. 2.61).

More close to the above-stated requirements are some carbides, borides, and

nitrides of refractory metals and their compositions. The chemical requirements for

such materials are

– no interactions with Al,

– no interactions with electrolyte,

– no solubility of these materials in the molten Al.

Fig. 2.60 The gap between the ramming paste and the cathode block after preheating and startup

(strongly undesirable)
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Thermodynamically, there are many compounds that wouldn’t interact with

molten Al. However, it is necessary to take into account that in a Hall-Heroult

process on the surface of the cathode, there is always a thin film of electrolyte, so it

is necessary to consider the possible interaction of the material with electrolyte

(in the absence of oxygen). The third requirement is a low solubility in the

molten Al.

We will not pursue a full theoretical analysis on the fulfillment of the above-

mentioned nonoxygen high-temperature materials to these three (no interaction

with aluminium and electrolyte, no solubility in aluminium) requirements. Ther-

modynamically [106, 112, 113], the Gibbs energy of interaction of the compounds

with the components of alumina-electrolyte melts at 1,100 �C (which is partly the

theoretical analysis) is increasing in the scheme

TiB2 < ZrB2 < HfB2 < VB2 < NbB2 < TaB2 < MoB2 < CrB2 < WB2:

The possibility of carbides interacting with aluminium is increasing in the scheme

TiC < ZrC << NbC < HfC < VC < CrC < TaC < MoC < WC:

Nitrides of refractory metals interact with aluminium, giving aluminium nitride

[114]. The absence of interaction of borides and carbides, which are on the left side

of the schemes, was proved experimentally [115].

Thermodynamical analysis of interaction at 1,230 K or 957 �С of borides,

carbides, and nitrides with electrolyte, containing 10 % alumina, gives the follow-

ing rows of resistivity:

TiN < TiC < TiB2;

Fig. 2.61 Schematic view of drained cathode
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ZrN < ZrC < ZrB2:

Hence, the closest to the above-stated conditions (no interactions with Al, no

interactions with electrolyte, no solubility of these materials in the molten Al) are

titanium boride and titanium carbide.

There is information on industrial trials of wetted cathodes, made from TiB2-TiC

and TiB2-C; probably good results might be with the compositions TiB2-ZrB2,

TiB2-TiN, TiB2-MoSi2 [116, 117], and TiB2-WSi2 [118]

It is necessary to remember that titanium boride is soluble in aluminium

[106]. The reported solubility of titanium boride [119] is (ppm Ti) � (ppm

B)2¼ 1.21� 104 at 960 �C, and typical wear due to solubility is 0.98 kg/m2

[120]. The consequence is that even if one doesn’t take into account abrasion

wear and the solubility of binders for titanium boride grains, the coatings should

be thick; the thickness should be some millimeters.

From a materials science point of view, the requirements are the minimum

possible porosity and the absence of the additives that can promote corrosion.

Such materials—dense titanium boride—based compositions—were made in the

1980s and 1990s. They were compositions with a titanium boride matrix (usually

70–80 % TiB2, with admixtures of carbon, carbides, borides, and ferrous and nickel

alloys), with good electrical conductivity and relatively high corrosion resistance,

produced by hot pressing, self-propagating high-temperature synthesis (SHS), or

sintering, in the form of plates with a thickness of 10–20 mm. The main barriers for

the implementation of such plates in the reduction cells of existing constructions

were high cost and absence of glues for gluing or adjusting of these plates to the

current conductors. The problem of implementing titanium boride plates may arise

as a part of the project on drained cathodes and inert anodes.

The main advantage of titanium boride–based coatings is that the application of

coatings doesn’t require changing the design of the cell and is not costly. Another

advantage is that the depth of the coating is millimeters, and again it is not costly.

There are many papers on titanium boride coatings of carbon materials by

plasma spray method, electrochemical deposition, and slurry methods. Usually,

researchers started their investigation trying to make a dense coating. Making a

dense titanium boride coating on a carbon by a more or less industrial technique is

not an easy job, and the continuation of these research projects tended to technol-

ogies of porous titanium boride coatings. The follow-up papers considered whether

porous titanium boride coatings might enhance the wetting of the cathode by

aluminium, might enhance the erosion resistance, and to some extent might be a

barrier for the penetration of sodium and electrolyte in the cathode.

The investigations on applications of wetting coatings on the bottom cathode of

reduction cells may be divided into investigations on application of coatings on

carbon blocks at the plant-producer of the blocks and investigations on application

of coatings on the carbon cathode in the readily constructed cell. In the first variant,

there are no limitations on the temperature of the process, while in the second

variant, the temperature of the process should be limited to 900–1,000 �С.
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Plasma spray of titanium boride requires special equipment, preheating of

carbon blocks, probably a protective atmosphere, and likely intermediate coatings

to achieve good adhesion and a rather long time period [121, 122]. In plasma, the

particles have a temperature of several thousand degrees, and it is possible to make

dense titanium diboride coatings. However, such temperatures require protection of

the surface of coated material from oxidation and from cracking due to a mismatch

in thermal expansion coefficients. The thermal spray-coating process usually takes

place at 1,200–1,300 �C, and the attempts to make titanium boride coatings by

thermal spray didn’t give dense coatings.

For starters, we have plasma spray devices, which allow us to apply coatings on

large objects, so there is theoretically a possibility of performing the plasma spray

process in a cell. Additionally, it looks more attractive to make such coatings at the

plant, producing the cathode blocks, to make the bottom cathode lining from such

blocks, and to cover the surface of the gaps between the blocks and peripheral

seams by titanium boride slurry.

It is possible to make electrolithically deposited coatings in special cells and in the

cells under operation [123, 124]. Thermodynamically, it is possible to receive the

deposited coatings, combining the addition of titanium compounds in electrolyte, and

boron oxides to the carbon anode material. Metal oxides dissolve in electrolyte; the

ions of metals discharge at the cathode and deposit on the cathode as titanium boride

and titanium carbide. The problem involves the poor controllability of the process

and the need to fulfill the required purity of aluminium (in titanium and boron

content). Once small amounts of boron oxide and titanium (in the form of oxide of

salt) are added, it is possible to obtain the metal of required purity and quality, but the

coating process lasts for a long time and is poorly controlled.

Some papers describe the process of fabrication of pitch or resin based compos-

ite coating [125], it has high coking value and good adhesion to carbon cathode

blocks. The filler is titanium boride. Sometimes the fillers are not only titanium

boride but also carbon fibers [126–128]. At preheating of the cell, the pitch

carbonizes, giving a coke (carbon) matrix. Although there were the statements of

thermodynamic calculations and the stated possibility of the appearance of titanium

carbide, it doesn’t looks probable that the reaction of carbon with titanium will

proceed at a considerable rate at 900–1,000 �C.
A series of publications was devoted to the implementation of titanium boride

coatings having an oxide binder [129–131]. A slurry of alumina sol with titanium

boride filler is applied on the surface of the carbon cathode bottom by spraying or

with a brush. The coating is dried, so the water evaporates, and then during the

preheating, alumina sol transforms into alumina, which becomes the binder for

titanium boride filler. In formed coatings, the content of titanium boride particles is

70–80 %, so they form a continuous matrix, which makes the coating

electroconductive. It has been said that the alumina that appears is in

α-modification, which is less soluble in cryolite. The advantages of this method

are that the shafts and seams are coated in the same way as the carbon blocks.

Another advantage is that the material becomes hard at relatively low temperatures.

The application of alumina sol is a typical nano method. In this particular case, it
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allows us to make a relatively dense coating at a relatively low temperature

(conventional sintering of alumina particles requires temperatures of 1,200–

1,500 �C). The thickness of these coatings is up to 2–3 mm.

The alumina binder of the coatings slowly dissolves in cryolite, and within 2–3

years, the surface of the cathode becomes free of this coating. The advantages of

such a coating may be the decrease of cryolite penetration in the cathode during

startup and the possible prolongation of the service life due to the existence of the

coating on the surface for a certain period. There is information on another

mechanism of exfoliation of such coatings [132]. One mechanism is dissolution

of alumina binder in cryolite; another variant is the formation of aluminium carbide

under the coating, which results in mechanical tensions between the surface of the

cathode and the coating and subsequent cleavage.

It is probably necessary to keep in mind that the general feature for all research

devoted to the technology of titanium boride coatings in the constructed cell is that

at temperatures below 1,000 �C (it is very difficult to achieve higher temperatures at

an aluminium smelter), the coatings will be porous, and the porosity will be

relatively high. The binder in pitch titanium boride compositions is about 30 %;

the pitch transforms coke with a negative volume effect (the coking value of pitch is

about 50 %). The pores should appear in such coatings. The same situation occurs

with alumina sol binder. The alumina particles that appear occupy about 30–40 %

compared to the volume of alumina sol binder of the initial mixture.

Another approach is the technology of “gradient” coating on carbon cathode blocks.

It is applied in the shop of a carbon-producing plant. After preshaping of the green

mixture of graphite and anthracite in the mold of a vibro press, a thin layer of titanium

boride particle is placed on the upper surface, and the entire pressing is performed, so

that the layer of titanium boride particles with a binder is pressed in the green shape.

The following procedures are conventional: The green shape is placed in the baking

furnace, and the coating of titanium boride (composition of coke with titanium boride)

appears on the surface. This layer is about 10 mm thick, is porous, cannot protect the

carbon part of the block from cryolite penetration, and, of course, should improve the

wear resistance. There has been no research information devoted to decreasing the

cathode–anode distance in the cells with such a cathode bottom [133].

The cost of dense titanium boride plates (porosity below 5 %) is 10–20 times

higher than the cost of the cathode carbon materials, even if we are speaking about

the most costly graphitized impregnated blocks. Dense titanium boride materials

have excellent strength, wear, corrosion resistance, and wettability, yet their appli-

cation may be economically efficient to implement the construction of the reduction

cell with inert anode and wettable cathode.

The idea of porous titanium boride coatings, which to some extent increase wear

resistance and improve the wettability of the cathode by molten Al, might be

efficient for graphitized blocks [133, 134]. This research will require not only a

good coating with good permanent adhesion, but some research on the construction

and reduction technology as well.
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2.5 Side Lining

The side lining of Al reduction cells is a part of the construction. It cannot influence

current efficiency; if everything is good with the cell design and technology of

reduction, the service life is usually not limited by the side lining. The energy

consumption might be influenced a little by the construction of the side lining, but

the problem is not easy.

2.5.1 Side Lining Materials

The side-wall lining of reduction cells should withstand the following:

– chemical interaction with electrolyte (described in Sect. 2.3);

– erosion interaction of circulating metal (due to the Lorentz forces) and the bath

with particles of alumina;

– oxidation of the upper part of the side wall (above the bath) in complex

oxidative-reduction atmosphere of CO/CO2 and vapors of fluorine and sodium

compounds;

– oxidation of the back side (contacting the steel shell) if there are gaps between

the shell and the side lining or air leakage in the collector bar windows.

The side lining materials of reduction cells are carbon blocks and silicon carbide

blocks. Anthracite-based carbon side blocks were used for many years. As a

continuation of R&D in the application of carbon side blocks, many approaches

were offered (Table 2.12):

– anthracitic graphitic side blocks (with synthetic graphite);

– with the addition of silicon carbide;

– with impregnation of the surface with molten and gaseous silicon;

– with impregnation by salts of boric acid;

– graphite-based blocks with increased oxidation resistance.

The trials with the implementation of silicon carbide (SiC) side-wall blocks

started in the 1980s, and now it is a proven lining element for cells with high

current. Anthracitic graphitic side-wall blocks are still used in cells with low

current, and they will probably be changed for SiC blocks if the design of these

cells is not changed. For Soderberg technology reduction cells, the application of

SiC is not effective (or should be accompanied by a complex work on design and

thermal balance).

The technology of carbon side-wall blocks is very similar to the technology of

anthracitic graphitic cathode bottom blocks (Figs. 2.20 and 2.21). The requirements

for carbon side-wall blocks are similar to the requirements for bottom blocks but

easier: moderate strength, moderate sodium swelling, relatively high resistance to

oxidation and to corrosion by bath and by aluminium.
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The main advantages of SiC side lining compared with carbon side lining are

higher corrosion resistance to electrolyte and aluminium, higher oxidation resistance,

and higher thermal conductivity. Higher electrical resistivity is also an advantage.

The thickness of carbon blocks is 150–200 mm. The higher corrosion resistance

of SiC permits one to use side-wall blocks with a thickness of 50–100 mm (more

frequently, 65–70 mm) (Fig. 2.62).

It is necessary to emphasize that according to the principles of reduction cell

design, the side lining should be covered by a 30–50-mm side ledge, which is the

side lining’s main protection from corrosion. So due to the proper thermal balance,

the guaranteed frozen side ledge has a priority in design.

2.5.2 Carbon Side Lining; Causes for Decay

The side lining of the cell withstands

– the chemical action of the electrolyte [135],

– erosion by bath with the alumina particles and aluminium circulating due to the

Lorentz force and due to the movement of the gas bubbles that appear during the

reduction,

– oxidation by oxygen from air in the redox atmosphere and the vapors of fluorine

and sodium compounds in the upper part of the lining (above the melt),

– oxidation near the shell (in case of oxygen flow because of poor airtight seal of

the bus bar windows).

According to the Hall-Heroult reduction cell heat balance [136, 137], approxi-

mately 35 % of heat is transferred away through the sides (Fig. 2.6).

Consequently, the requirements for the side lining materials of a reduction cell

are

Fig. 2.62 Side ledge in

reduction cell
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– high thermal conductivity,

– high corrosion and erosion resistance to the bath and aluminium melts,

– high oxidation resistance.

Carbon anthracite side-wall blocks were used for a long time. The reaction

between air oxygen and the carbon starts beginning at 400–500 �С; at 900 �С, the
reaction rate is considerable. Additives to the material of carbon side-wall blocks

make oxidation slower. The carbon side lining deteriorates due to oxygen in the

upper part (Fig. 2.63) or in the lower part from the side of the shell (in case of air

leakage through busbar windows).

Bath and aluminium circulation enhance the wear of carbon side-wall blocks due

to erosion, so the combination of chemical attack and erosion takes place. The

biggest wear is at the border of bath and aluminium, as the formation of aluminium

carbide is enhanced in the presence of cryolite, which acts as a solvent for oxide

layers and aluminium. Chain reactions (2.27, 2.28, 2.29 and 2.30) are in Sect. 2.3.

The producers of carbon materials offered several decisions to increase the

properties of carbon side lining (Table 2.12). There were variants of anthracite-

Fig. 2.63 (a, b) Schematic degradation of carbon side-wall block and the photo of ruined carbon

side lining in the cell
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based carbon side lining materials with increased thermal conductivity and corro-

sion resistance:

– with graphite;

– with boric acid salt impregnation;

– with addition of SiC;

– with Si-impregnated working surface.

There were no significant results in the application of carbon side-wall materials

with enhanced characteristics in the reduction cells, and the current technical

decision is silicon carbide side lining. Yet it is necessary to mention that a carbon

side lining is in use in low-current cells, especially in Soderberg technology.

2.5.3 Silicon Carbide Side Lining

Attempts to use silicon carbide as a side lining material started in the 1980s when

the problems with carbon side lining began at the reduction cells with increased

current. The technical solution was the application of nitride-bonded silicon car-

bide. Within the next 20 years, several variants of SiC side lining designs were

tested (Fig. 2.64a–f):

– SiC block 20–30 mm thick, preventing the carbon block from contact with the

bath and aluminium (2.64a);

– SiC block 20–30 mm thick in contact with steel shell, preventing leakage of the

melt in case of carbon lining damage (2.64b);

– SiC “ring,” promoting increased heat transfer in the upper part of the side lining

(2.64c);

– SiC block 20–30 mm thick, with a 10–20-mm heat insulation layer for decreas-

ing heat transfer (2.64d);

– SiC block 60–100 mm thick, in contact with steel shell, with carbon artificial

side ledge, preventing SiC block from contact with the bath and aluminium

(2.64e);

– SiC block 60–100 mm thick, in contact with steel shell, with carbon side-wall

block, preventing SiC block from contact with the bath and aluminium (2.64f).

This design was named “combiblock.”

In the course of the trials, designers came to the variant of SiC block that is 60–

100 mm thick without heat insulation with a carbon artificial side ledge, preventing

the middle and lower parts of the SiC block from contact with the bath and

aluminium. The upper part of the carbon artificial side ledge was slightly above the

border “cryolyte–aluminium.” This is the typical construction (2.64e). The continu-

ation of this design with an artificial side ledge was the “combiblock” (2.64f).

As we know, carbon side-wall blocks are installed “side to side.” The thickness

of carbon side-wall blocks is 150–200 mm, while the thickness of SiC blocks is

sufficiently smaller. There were trials of installing SiC side-wall blocks having a
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step (Fig. 2.65a) or a rounded and curved side surface (Fig. 2.65b) in order to

prevent electrolyte leakage through the shaft. The trials showed that the “flat side to

flat side” variant with mortar between the blocks, covered by a side ledge, provides

normal operation of the cell.

Combiblocks have strong and weak features. For instance, the application of

combiblocks helps to diminish the” human factor” in the construction (homogene-

ities of the ramming paste at production and ramming, the problems of pore size

distribution, lamination of ramming paste, problems of heating at startup of the

cell). Combiblocks are more reliable in achieving the desired properties, which is

important for the heat balance.

Additionally, the weight of the combiblock is sufficiently higher, which presents

some problems during construction. Another problem is the minimization of the

shafts. Usually, the thickness of SiC side-wall blocks is 65–70 mm. There was a

tendency to increase the thickness of side walls to 100 mm for installation in the

350–400-kA reduction cells; however, the trials showed that the proper thermal

balance of cell protects the side wall better than increasing the thickness of silicon

carbide.

Initially, the corner side-wall lining in the corners of the reduction cells was

performed with straight blocks with inclinations (Fig. 2.66a), but a more accepted

Fig. 2.64 The tested SiC side lining variants

Fig. 2.65 The tested variants of joining side-wall SiC blocks: (a) step; (b) rounded and curved

side surface
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variant now is a rounded corner block (Fig. 2.66b). There still exist variants of

installing carbon corner blocks (while the sides are lined with SiC) or simply filling

the corners with carbon ramming paste.

2.5.4 Variants of Silicon Carbide Materials (and Others)
as a Side Lining

Nitride-bonded silicon carbide (silicon nitride–silicon carbide material) is not the

only variant for application as a side lining material. Here is a list of variants:

1. Oxide-bonded (aluminosilicate), sintered, porosity about 15 %

2. Oxide-bonded, sintered, porosity 5–6 %

3. Nitride-bonded SiC (bonded with silicon nitride)

4. SiAlON-bonded SiC (comments ahead)

5. Self-bonded SiC—Si-SiC

6. Self-bonded SiC—SiC-SiC

7. Recrystallized SiC

8. Aluminium nitride

9. SiC-TiB2

10. Oxide materials

As shown in laboratory experiments, nitride-bonded SiC is sufficiently more

corrosive-resistant, comparing with aluminosilicate-bonded SiC (sintered in air).

Currently, nitride-bonded silicon carbide is the main and only material for SiC side

lining.

Nitride-Bonded Silicon Carbide: Elements of Technology

Conventional refractories shrink during thermal treatment and sintering. Shrinkage

is about 10–20 %; due to the sintering process, refractories becoming stronger and

Fig. 2.66 The shape of SiC side lining of the corners: (a) 1—steel shell; 2—SiC corner blocks; (b)
rounded corner block
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less porous. The process for the formation of nitride-bonded silicon carbide is

“reaction sintering.” During reaction sintering, the porosity decreases and the

strength increases, but the shrinkage is less than 1 %. The melting point of SiC

[138] and the energy barrier for the dislocation’s movement (Nabarro–Peieirls

barrier) are very high, so the sintering of SiC takes place at 2,100–2,300 �C.
Reaction sintering gives a chance of diminishing the temperature. During reaction,

sintering in the green shape silicon reacts with nitrogen (in nitrogen atmosphere),

and silicon nitride appears according to the reaction

3Si þ 2N2 ¼ Si3N4: ð2:32Þ

Silicon nitride occupies some part of the space between the grains of SiC. To

determine the volume of silicon atoms, we divide the atomic weight of silicon by its

real density:

the atomic volume of silicon is
28

2:3
¼ 12:17; ð2:33Þ

the atomic volume of Si3N4 is
140

3:19
¼ 43:89: ð2:34Þ

One of the reagents (N) comes to the reaction zone outside; hence, the mol volume

of reactant (Si3N4) is bigger than the initial atomic volume of reagent (Si), and the

volume change is 120 %:

ΔV=V ¼ V Si3N4= 3V Si ¼ 43:89= 3 � 12:17ð Þ ¼ 43:89=36:51 ¼ 1:2: ð2:35Þ

Thus, in the process of reaction sintering, the porosity diminishes because the

volume of the reagent (Si3N4) appearing in the pores is bigger than the volume of

the initial silicon grains. The theoretical decrease of porosity in nitride-bonded SiC

is easily calculated, taking into account the porosity of the green shape and the

amount of silicon in the green mixture.

The weight of Si3N4 is bigger than the weight of Si in the green shape:

Δm=m ¼ m Si3N4= 3m Si ¼ 140=84 ¼ 1:67: ð2:36Þ

The theoretical weight increase of the green shape in the process of sintering of

nitride-bonded SiC is easily calculated, taking into account the amount of silicon in

the green mixture.

Yet it is necessary to take into account that in industrial furnaces, the real weight

increase is 60–80 % of the theoretical. The ratio of the real weight increase to

theoretical weight increase may be a good estimate of the completion of the

nitridation process.

Nitride-bonded silicon nitride is a material with porosity 14–19 %; the structure

of the material is represented by big grains of silicon carbide, surrounded by fine

grains of silicon nitride (Figs. 2.67 and 2.68).
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Usually, N-SiC producers finish the process of thermal treatment above the

melting point of silicon, which is 1,410 �C. In the green shape, the silicon is in the

form of fine grains, and the surface of the reaction is rather high. If the green shape is

fired at an increased velocity, silicon might melt, and the surface of the reaction will

diminish several times; as a consequence, the full nitridization will not take place.

According to [139], the reaction between silicon and gaseous nitrogen is started

beginning at 1,100–1,200 �С. The reaction may take place with solid silicon and in

gaseous phase due to evaporation of silicon. At a certain temperature, the pressure

of silicon becomes sufficient, and the vapors of silicon will react with nitrogen. The

silicon nitride that appears will condense on the surface. The limiting phase for the

reaction between the gaseous nitrogen and solid silicon will be the diffusion of

nitrogen atoms to silicon through the layer of silicon nitride. According to [140], on

the surface of silicon appear the areas of silicon nitride and the areas of nonreactive

silicon, and through those, the evaporation of silicon takes place.

Fig. 2.67 (a) The structure and (b) principal scheme of formation of N-SiC
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The reaction of silicon and nitrogen is strongly exothermic, ΔQ (1,400 �С)¼
720 kJ/mol [141]; the material is heated additionally due to heat going out, and the

final stages of N-SiC formation are poorly controlled. In the final stages of

nitridization, the temperature of the process is higher than silicon’s melting point,

and presumably at least some part of free silicon is in the gaseous phase. The

difference between the temperature in the middle of the shapes and near the edge

might be critical from the viewpoint of final properties.

In refractories, there are usually no gradients of porosity and density, while in

N-SiC, gradients of porosity and density always exist [142, 143]. Sometimes the

gradients of porosity are 1–2 %, but sometimes they may reach 5–7 % (Fig. 2.69).

The reason for this is the overheating of the middle of the shapes due to the

exothermic reaction of silicon nitridization. Volatile silicon tends to move in places

with a lower temperature; presumably the reaction of silicon and nitrogen

Fig. 2.68 The structure of nitride-bonded silicon carbide. 1—coarse SiC grain; 2—needlelike

α-Si3N4; 3—β-Si3N4
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predominantly takes place near the edges of the shape. This is the cause for the

different color of the finished product at its cross section.

It is believed that the reaction of nitrogen and solid silicon gives predominantly

β-silicon nitride, while the reaction of nitrogen with volatile silicon gives α-silicon
nitride. Cubic γ-modification of silicon nitride may be synthesized only at high

pressures. The parameters of α- and β-modifications of silicon nitride are quite

similar Table 2.14).

In N-SiC refractory product, the silicon nitride phase is normally a mixture of α-
and β-modifications, but the α/β ratio may differ considerably. In some N-SiC

refractories, α-Si3N4 is predominant, while in others, β-Si3N4 is predominant.

Usually, there is no commercial N-SiC with 100 % α- or β-Si3N4 (Table 2.14).

Usually, there are always some minor leakages of air in industrial processes.

Another source of oxygen may be the organic binders, which decompose at

relatively low temperatures and might become the constituent of a nitrogen atmo-

sphere. It is quite common for silicon oxynitride to appear in the final composition.

Later we will discuss the benefits of silicon oxynitride in corrosion and oxidation

resistance.

Fig. 2.69 Porosity

gradients in different

70-mm-thick N-SiC blocks

according to [143]

Table 2.13 Porosity and

composition of N-SiC near

the surface and in the middle

(the porosity of the green

shape is 17–19 %, and the

width of the green shape is

70 mm) [143]

Near surface Middle

SiC, % 76.8 78.8

Si3N4, % 24.4 22.7

α/(α+ β) 0.49 0.46

α, % 12.0 10.4

β, % 12.4 12.3

Si free, % 0.2 0.1

SiO2 – –

(Al2O3 + Fe2O3 + CaO), % 1.3 1.28

Fe2O3, % 0.94 1.0

Porosity, % 16.6 16.2
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Combiblocks

As we stated previously, there are currently two variants in the side linings of

reduction cells: an N-SiC side lining with rammed carbon paste, and a combiblock

(Fig. 2.70)—N-SiC block with glued carbon block (or artificial side ledge).

An N-SiC lining is the same as described previously. As for the carbon part of

combiblocks, depending on the design of the cell, it may be anthracitic graphitic

(usually with 0 % graphite) or graphitic (specifications for the carbon part of

combiblocks appear in Table 2.15).

Usually, the glues are carbon-containing phenolic or nonphenolic thermal set-

ting or air setting resins.

There are advantages and disadvantages in the application of combiblocks.

Silicon carbide blocks weigh on average 30–45 kg and are relatively easy to install

by hand. Combiblocks weigh from 60 kg to 80–85 kg and require some mechani-

zation in installation. Problems with gaps appear in the installation of combiblocks

(if the steel shell is in use for 2 or 3 cycles). The gaps between combiblocks are

strongly undesirable, but it is not easy to solve this problem when the width of a

combiblock is 300–400 mm. So some smelters buy SiC blocks from one producer,

the carbon part of combiblocks from another producer, and first install the SiC

lining, then the carbon part of the combiblock, and then make the ramming of the

peripheral seam (but with combiblocks, the peripheral seam is not wide).

Fig. 2.70 Combiblocks
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Changes in SiC Lining in Service and the Mechanisms of Decay

Changes in N-SiC side lining occur from the first hour of baking and the startup and

do not finish until the final hours of service [142–145]. Yet in the properly designed

cell (from the point of baking, startup, reduction technology), shutdown of the cell

due to the side lining does not take place.

More likely, the entire degradation mechanism of SiC-Si3Ni4 side lining is

oxidation [146–149] according to reactions (2.37, 2.38, 2.39 and 2.40), with

following reactions of silicon oxide with salts (2.41, 2.42, 2.43 and 2.44). It is

necessary to mention that temperatures of 800–900 �С are not critical for the

oxidation of SiC and Si3N4. Yet in the presence of sodium and fluorine compounds,

the reactions proceed more rapidly. Volume effects of SiC and Si3Ni4 oxidation are

described in Sect. 1.7:

SiCþ 2O2 ¼ SiO2 þ CO2 gð Þ; ð2:37Þ
SiCþ 3CO2 ¼ SiO2 þ 4CO gð Þ; ð2:38Þ

Si3N4 þ 7O2 ¼ 3SiO2 þ 4NO2 gð Þ; ð2:39Þ
Si3N4 þ 6CO2 ¼ 3SiO2 þ 6CO gð Þ þ 4N2 gð Þ; ð2:40Þ

9SiO2 þ 4Na3AlF6 ¼ 4Na2SiO3 þ SiF4 гð Þ þ 4AlF3; ð2:41Þ

Table 2.15 Properties of carbon part of combiblocks

Unit Value

Graphite content % ~30 100

Real density g/sm3 ISO 9088 	1.89 2.0–2.2

Apparent density g/sm3 ISO 5017 	1.55 1.58–1.65

ISO 12895-1

Porosity % ISO 12895-1 
22.0 
19

Thermal conductivity W/m ∙K DIN 51908 	10 	30

ASTM C767

ISO 12987

Cold crushing strength MPa ISO 10059-1 	30 26–30

Flexural strength MPa ISO 12986-1 	10 	10

Elastic modulus GPa ASTM C747 >10 >10

Thermal expansion coefficient

(25–525 �C)
10–6 К�1 DIN 51909 
3.0 2.4–3.0

Ash % ISO 8007 <3 
1

Electric resistivity (20 �C) μΩ/m ISO 11713-2000 30–40 15–20
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3SiO2 þ 4NaF lð Þ ¼ SiF4 gð Þ þ 2Na2SiO3: ð2:42Þ

In the presence of CO2, SiC and Si3Ni4 may react directly:

2SiCþ 2NaAlF4 gð Þ þ 2O2 ¼ 4SiF4 gð Þ þ 2NaAlSiO4 þ 4C; ð2:43Þ
2Si3N4 þ 2NaAlF4 gð Þ þ 2CO2 ¼ 3SiF4 gð Þ þ 3NaAlSiO4 þ 6Cþ 4N2: ð2:44Þ

The oxidation of the upper part of the SiC lining probably proceeds according to

these reactions:

Na3AlF6 ¼ 2NaFþ NaAlF4 гð Þ; ð2:45Þ
4SiO2 þ 2NaAlF4 гð Þ ¼ 4SiF4 гð Þ þ 2NaAlSiO4; ð2:46Þ

4SiO2 þ 4NaAlF4 гð Þ ¼ SiF4 гð Þ þ 2Na2SiO3 þ 4AlF3; ð2:47Þ
3SiO2 þ 4NaF гð Þ ¼ SiF4 гð Þ þ 2NaSiO3: ð2:48Þ

According to [144, 145], the degradation mechanism of the SiC side lining is

equal for all service conditions and has three stages of aging. In the first stage, the

oxidation is rather rapid and the decay of the thermal conductivity is rather low, so

that the second phase takes place (when the silicon oxide layer is formed). In the

second phase, the rate of oxidation is permanent, and the second phase lasts for

a long period—a number of years. Then (when the silicon oxide content reaches

15–20 %) the third phase takes place—relatively rapid growth of silicon oxide

content. At the end of the third phase, the silicon oxide content reaches 28–39 %,

while the thermal conductivity drops to 5–7 W/m ∙K. The aim is to slow down the

arrival of the third phase, when the thermal conductivity drops because of the

increased silicon oxide content (Fig. 2.71).

Lowering the porosity during service may have a positive effect (diminishing the

oxidation surface). However, it is necessary to keep in mind that the oxidation

reactions have a positive volume change, which may lead to the cracking of the

refractories (Fig. 2.72).

Sulfur from the anode may be a catalyst for the oxidation of SiC and Si3Ni4.

Shutdowns of reduction cells due to failures of SiC side-wall blocks are not

common (Fig. 2.71). Once again, in normal operation, an SiC side lining is covered

by a side ledge. The exceptions are startup, periods of overheating due to operation

decay and possible magnetic instability, and increased velocities of electrolyte. Due

to the increased velocity of electrolyte in the cell, there may be no side ledge at least

on some parts of blocks or at some blocks. Cracking of SiC side lining (at Fig. 2.72b)

is exotic (which may be influenced by overheating of the deck plate—for example,

using under the deck plate fireclay castable with thermal conductivity 1–2 W/m ∙K
instead of SiC castable with 5–9 W/m ∙K). Overheatings of electrolyte for a long

time with reduction technology decays will promote the dissolution of the side

ledge and slow corrosion of SiC blocks. Reduction specialists know that even in

properly designed reduction shops, there are local places with uncompensated
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magnetic fields (especially near studs in the outermost cells in a row), which are

risky for an SiC lining.

Oxidation due to an overheated upper part of SiC blocks usually may be seen as

white layers on SiC blocks, which may become cracked in the future.

If a steel shell is overheated, the oxidation of the steel shell may give an iron

oxide layer up to 30 mm thick [150] that may become an additional thermal barrier,

but it also may give additional strain to the SiC block.

Fig. 2.71 Eroded SiC

block

Fig. 2.72 Microstructure of oxidized N-SiC (a) and silicon carbide lining, broken in the upper

part (b)
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Corrosion Resistance Tests for Bath and Molten Aluminium

The rod test is accepted for laboratory corrosion testing. All rod tests may be

considered to be dynamic, because in all tests the corrosive liquid moves near the

tested samples either due to the electrolysis process or because of rotation or lifting

and dipping.

The rods are 10� 10� (100–130) mm, in the melt of the bath and aluminium.

The existing variants of the rod test imitate the service of the SiC side lining in

slightly different ways, giving a different corrosion resistance for the materials of

different producers.

There is a variant of testing with the preoxidation of samples at 900 �C in

moisture for 100 h. The cryolite resistance is determined by volume change after

22 exposures to bath without voltage. This kind of testing may be considered as

static although it is a tough variant of testing.

The world-accepted test for corrosion resistance is the SINTEF test (Fig. 2.73a).

A lab reduction cell [151–154] comprises graphite crucible. On the bottom of the

crucible there is a TiB2-coated cathode, the anode is in the upper part, and the tested

SiC rods, dipped into the melts of aluminium and bath, are exposed to the bath,

aluminium, and oxygen in the presence of vapors. The lab reduction cell is in the

furnace. The corrosion resistance is determined by the volume change (Fig. 2.73b).

The inventors [151] made a corrosion resistance scale, determined by the volume

loss of the samples (Tables 2.16).

Fig. 2.73 (а) Laboratory reduction cell for the SINTEF corrosion resistance test to bath and

aluminium and the samples (b) after testing [150]
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Actually, in the test [144, 145] the corrosion resistance at the second stage of

service [144, 145] is determined, while during the test of nonoxidized samples

[151–154], the corrosion resistance at the first phase is calculated.

There are variants of the corrosion test with a supply of CO2 to the bath with

simulation of the reduction atmosphere to the upper part of the blocks and some

other modifications [155–159].

Usually, the side-wall lining does not fail; more frequently, the shutdown of the

cell takes place due to the bottom cathode block. However, sometimes there are

shutdowns of cells due to the side-wall lining. Most problems with the side lining

occur with problems with the design of the pots or in case of deviations of reduction

technology (overheating, etc.).

In the first case, the side ledge is removed due to increased bath circulation, and

in the second case, it dissolves due to increased temperature. In both cases, the side-

wall lining is exposed to the direct action of the molten electrolyte and aluminium,

which might be the reason for the side lining failure.

Existing corrosion tests do not reflect all causes of side-wall lining failure, so the

possibilities for the enhanced development of the corrosion test do exist.

There is a variant of testing [159] that involves rotating SiC rods in the melt and

periodically dipping and removing [160] the tested samples. Of course, these

methods give slightly different corrosion resistance values.

Some authors wrote [161–163] that Si3Ni4 is less corrosion-resistant than SiC.

Yet we didn’t manage to find numerous experiments proving this. Probably the

reason for such a statement is that in N-SiC refractory, the grains of SiC are coarse

(up to 2–3 mm), while Si3Ni4 grains are fine (below 10 μm), so a kinetic factor of

reaction plays a role.

There are opinions that β-Si3Ni4 is superior to α-Si3Ni4 in corrosion resistance to
cryolite. We didn’t manage to find evidence of this statement. The grains of β-Si3N4

tend to have an isomorphic shape (sometimes a short prismatic shape) with length/

diameter from 1 to 2–2.5. It is likely that the suggestions on the superior corrosion

Table 2.16 The scale used to

characterize the degree of

corrosion based on volume

loss [151–153]

Volume loss (%) Degree of corrosion

<0.1 0

0.11–1.00 1

1.01–2.00 2

2.01–3.00 3

3.01–4.00 4

4.01–5.00 5

5.01–6.00 6

6.01–7.00 7

7.01–8.00 8

8.01–9.00 9

>9.00 10
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resistance of β-Si3N4 come from the fact that the reaction surface of α-Si3N4 is

higher because the grains of α-Si3N4 are elongated, tending to a needlelike and

whiskers shape with l/d > 5 due to the deposition of α-modification after the

reaction of gaseous N and volatile Si.

Speaking about testing for corrosion resistance to cryolite and aluminium, it is

possible to say that all existing methods give the idea of corrosion resistance and are

a good tool for sorting and rejecting materials. Yet probably these methods are

rather far from real quantitative estimation for forecast. However, it is difficult to

say if these methods might be quantitative even after serious adjustments. Also, it is

worthwhile to remember that corrosion by molten cryolite is not the only way for

SiC material to change its properties. At some smelters in specifications the test for

oxidation resistance in steam according to ASTM 863 recently appeared

[164]. According to this test, the samples are subjected to oxidation in a steam for

500 h. The volume expansion of trial samples is a criterion of resistance to

oxidation. Such testing is probably a good addition, estimating the oxidation

resistance of the upper part of SiC blocks near the deck plate.

Silicon Carbide—Based (and Non-SiC-Based) Side-Wall Materials

and the Application Possibilities of Other Materials

Self-bonded SiC, sintered SiC, aluminium nitride (AlN), SiAlON-bonded SiC,

titanium boride—SiC composition, oxide materials were considered to be promis-

ing for application as a side lining of the reduction cell.

The initial laboratory tests on the application of SiC began from oxide-bonded

SiC. Lab tests showed that N-SiC is as corrosive-resistant as O-SiC. There was a

hope that SiAlON*-bonded SiC would be more resistant [165], but the experiments

proved opposite. In experiments, also AlN (sintered and reaction-sintered), SiC

with TiO2 addition, aluminium titanate, Al-Mg, and Al-Ni spinels were tested

[166–168].

Aluminium nitride might be the ideal material for side lining because it cannot

give any impurities to the Al melt, while the thermal conductivity of AlN is close to

the thermal conductivity of metals. In reality, AlN is not resistant to oxidation in the

presence of fluorine vapors above the bath level. The vapors of fluorine compounds

penetrate the grain boundaries and cause intensive oxidation. According to the lab

corrosion tests, sintered SiC and recrystallized SiC are superior to N-SiC in

corrosion resistance, yet they are sufficiently more expensive. The attempts to

diminish the sintering temperature (and the cost) by the addition of titanium

diboride resulted in deterioration of corrosion and oxidation resistance [35].

Silicon-self-bonded SiC showed good corrosion resistance in the lab; however, it

is necessary to remember that Si-SiC contains up to 10 % free Si, which may be the

impurity in Al. Even more resistant to corrosion in the lab was SiC material with

oxide additives and porosity below 5 %. The SiAlONs are a class of compounds

found in the 1970s [166, 167]. The name of the compounds is the abbreviation of

the elements forming the compound—Si, Al, O, and N. Probably the more
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“scientific” name for these compounds might be aluminium silicon oxynitrides.

SiAlON is a compound, or continuous solid solutions with a very large homoge-

neity range (the solubility of AlO in Si3N4 lattice is up to 67 %) and general formula

Si6-zAlzOzN8-z;

while z may vary from 0 to 4.2. In initial trials [147], a z-value of 3 was used, but

low z-values might be of interest.

There are certain possibilities for the optimization of the structure, yet it seems

less likely that some new materials might be applied instead of N-SiC. The changes

might be a drained cathode and inert anode application.

Corrosion tests have shown that self-bonded SiC material has superior corrosion

resistance [161]. The barrier for the application of SiC-SiC materials is their high

cost (compared to N-SiC). The service records of 300-kA cells showed that side

lining is not the limiting factor of the service life of high-amperage cells. The

applications of new materials that differ from N-SiC seems unlikely. Yet there are

possibilities of R&D in the direction of increasing the oxidation of N-SiC and

decreasing the gas permeability (N-SiC material has certain potentials for improv-

ing these characteristics).

Currently, N-SiC refractory, for one thing, is a material that satisfies the require-

ments of the Hall–Heroult process on corrosion resistance and thermal conductiv-

ity; additionally, it is considered to be cost-effective although it is not an optimal

material for side lining of the Hall–Heroult process from a materials science

viewpoint.

Increased energy costs compel Al producers to reduce energy consumption. It is

worthwhile remembering that in Hall–Heroult reduction cells, 30–40 % of the heat

is dissipated through the upper part of the side lining (Fig. 2.6a). Recent designs

(Fig. 2.6b) have accounted for the latest trends, and the lower part of the side lining

has changed into constructions with less heat flow.

Yet there is a serious doubt that even if the ideal material (or combination of

materials), resistant to electrolyte and aluminium without side ledge, is found (tin

oxide, ferric nickel spinel in combination with titanium boride, etc.), it would be

possible to make a side lining of a reduction cell as a lining of a classical

metallurgical device with proper heat insulation, which might decrease the heat

flow by a factor of 10. The idea of suitable material might be realized using a

construction made from a combination of two or three different materials (e.g.,

from tin oxide or nickel ferrite, resistant to electrolyte, and from titanium boride,

resistant to molten aluminium), even in spite of the fact that in the existing process,

the level of the border of electrolyte and aluminium moves along the height of

the cell.

However, the heat of reaction of the reduction of Al (2.1, 2.2, 2.3, 2.4, 2.5, 2.6,

2.7 and 2.8) should dissipate; a total of up to 50 % of the heat should either be

utilized or dissipate. Otherwise, problems with overheating of the electrolyte will

occur, and maintaining the required temperature would require increasing the
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surface of the cathode, where reactions (2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7 and 2.8) take

place, and decreasing the cathode current density.

2.5.5 Silicon Carbide Mortars, Ramming Mixes
and Castables for Installation of SiC Side Lining

According to today’s concept of reduction cell construction, SiC blocks are “glued”

to the steel shell. Silicon carbide–based mortars (cements) are used as a glue.

Usually, there is no problem to “glue” an SiC block to the new steel shell (of the

first campaign); it is flat and smooth. However, the shells of the second and third

campaigns have dents, cavities, and hollow imprints, and these should be filled in to

avoid hollows filled in with air (which are very good barriers for heat transfer).

These gaps, dents, and hollow imprints are filled in with SiC “leveling mixes”

(Fig. 2.74).

The SiC lining should be installed in the steel shell of a reduction cell on a

peripheral brick lining attached tightly to the steel shell. Usually, SiC ramming mix

is poured and leveled on the peripheral brick lining, and an SiC block is installed on

Fig. 2.74 The inner side of

the steel shell with leveling

mix that filled in some dents

and cavities

172 2 Refractories and Carbon Cathode Materials for Aluminium Reduction Cells



this layer, strictly normal to the surface. Silicon carbide–based mortar is uniformly

placed on the back side of the SiC block to create a tight and smooth joint between

SiC and steel. After SiC blocks are installed and the deck plate is welded, the gap

between the deck plate and the upper part of SiC blocks is filled in with SiC-based

ramming mix. The thermal conductivity of air is extremely low, and where there are

air gaps, there will be local overheatings, which will cause the side ledge, protecting

the SiC lining, to dissolve (Fig. 2.75).

If there are cavities or misprints, first it is necessary to trowel the cavities with an

SiC castable, do the leveling, and then give it the chance to dry. After that, the SiC

mortar should be applied and the SiC lining installed (Fig. 2.76, Table 2.18).

Silicon carbide mortars are high-quality cements consisting of 75–85 % fine

silicon carbide. Small amounts of organics are added to the compositions for

plasticity, and the addition of alumina cements, high-quality clay, fine silica, or

solid/liquid sodium silicate gives the compositions binding properties (Table 2.9).

The mortars are prepared in mixers with water. They are applied on standard

cement technology—in plastic states they are placed and leveled on the torque

and the main surface of the block. Then the block is installed on the side line to the

shell and is knocked accurately by rubber hummer. During installation, it is

necessary to avoid air gaps (Table 2.19).

The difference between the mortar and the leveling mix or ramming mix is the

grain size composition. Fine SiC powders are used for the mortars, while for the

leveling mix and ramming paste (some producers reach required properties of

leveling mix and ramming paste in one composition SiC castable of concrete),

producers typically use three grades of grain size composition, whereas the coarsest

grain size may reach 2 mm. The binders for SiC castables (concretes) are either

alumina cements or sodium silicate (castables on alumina cements have a limited

storage time). Sodium silicate may be added to the dry mix in dry form, but also the

mix with liquid sodium silicate may be prepared right before the installation of the

SiC side lining. Some smelters agree with additional labor efforts. The difference

between the leveling mix and the ramming paste is plasticity and adhesion ability;

Fig. 2.75 Air gap between

SiC side lining and the steel

shell
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Fig. 2.76 Installation of the corner SiC block

Table 2.18 Properties of SiC castables—leveling mix and ramming mix

Properties Unit

Castable for

leveling

Silicon carbide

ramming mix

Value

SiC, min % 84 85

Bulk density, min g/cm3 2.3 2.5

Thermal conductivity at 1,000 �С, min W/

m ∙K
7 ~6.5

Adhesive strength after heating to 110 �С
within 24 h, min*

MPa 1.8

Adhesive strength after heating to 1,000 �С
within 3 h, min*

3.5 20

Cold crushing strength, min MPa

110 �C� 24 h 35 50

1,000 �C� 3 h 80 90

Modulus of rupture, min MPa

110 �C� 24 h 20

1,000 �C� 3 h 25

Linear change, max % �0.1

110 �C� 24 h �0.3

1,000 �C� 3 h

Storage life, max Month 12 12

мес.
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the leveling mix should be able to fill in and adhere to a gap of 500� 500 mmwith a

thickness up to 50 mm, and the bond should be rather firm.

The adherence ability of the mortars for gluing of SiC block to the shell is

measured according to ISO 13655-4:2004 [169].

Sometimes misunderstandings occur between the bricklayers and the producers

of SiC-based castables. In the language of refractory producers, a castable that

should be installed in the cavity of a steel shell is called a troweling mix, but

bricklayers at smelters continue to call it a ramming mix. This latter term is more

likely for the composition that is filled in between the deck plate and the upper part

of an SiC block (Fig. 2.76).

In the fabrication of combiblocks, high-quality organic resin glues are used to

glue an SiC block to the carbon part. Likely the only requirement for this glue is

high adherence in order to install the combiblock in the cell.

The corrosion resistance of SiC mortar to cryolite in the cup test is below 1 sm2,

which is 5–6 times lower than common fireclay bricks (Table 2.20), yet modern

LCCs demonstrate even more corrosion resistance. The adherence of such mortars

is not high, which presents certain problems during construction of cells, and there

might be other variants of materials (e.g., phosphate-bonded) for installation of SiC

side lining. However, the described technical decisions described earlier in this

chapter provide working constructions. In well-designed reduction cells, there are

no shutdowns due to the leakages of electrolyte of molten Al in the gaps between

SiC blocks. In well-designed cells, there are no air gaps between the shell and SiC

side lining that cause overheating and oxidation or dissolution of SiC block.

Sometimes on smelters SiC mortars are used as brick mortar at brick laying of

fireclay bricks of the refractory layer below cathode blocks. In some smelters SiC

castables are installed in plastic state as a layer below carbon cathode blocks above

the refractory layer. In both cases, the goal is to prevent electrolyte penetration in

the refractory layer.

Table 2.19 The properties of SiC mortars

Properties Unit Value

Bulk density, min g/cm3 2.5

SiC, min % 85

Adhesive strength after heating to 110 �С within 24 h, min* MPa 3.5

Adhesive strength after heating to 1,000 �С within 3 h, min MPa 5

Thermal conductivity at 1,000 �С, min W/m ∙K 5
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2.6 Refractory Barrier Materials of the Cell Lining. Dry
Barrier Mixes and Bricks. Properties and Chemical
Resistance. The Processes During Service. Interactions
with Infiltrated Electrolyte. Change of Properties.
Lenses

2.6.1 Bricks and Dry Barrier Mixtures

Carbon cathode blocks with collector bars are installed on a refractory layer that is

made from fireclay bricks or dry barrier mixtures (DBMs). In Al reduction cells,

this refractory layer is usually called a “barrier refractory layer” because the

temperature under the cathode blocks is relatively small if we think in refractory

terms. The main purpose of the refractory barrier layer is to stop infiltration of

electrolyte—in other words, to be the barrier for the infiltration of electrolyte.

The infiltration of electrolyte in refractory (and then in the heat insulation) layers

has two negative consequences:

1. The thermal conductivity of refractories infiltrated by electrolyte may change by

a factor of 3–5, while the thermal conductivity of heat insulation materials may

change by a factor of 10–50 [170–174]. The heat flow through the bottom

increases, the thermal balance of the reduction cell changes, electrolyte (with

alumina) starts to crystallize on the surface of cathode blocks, forming a bottom

sludge and decreasing the surface of cathode, and there might be changes with

the current distributions, the current efficiency, and the energy consumption.

2. Depending on the circumstances, the “lens of products” of reactions of infiltrated

electrolyte and the refractory barrier layer, having a thickness up to 40–70 sm,

may press the carbon cathode blocks from inside the reduction cell, causing

bending strains and cracking. Such a phenomenon happens—and not rarely—if

the pores in the carbon cathode blocks are above 25–30 μm (this is described in

Sect. 2.3) (Fig. 2.77).

Fireclay bricks (alumina silica bricks, alumina calcium oxide silica bricks, and

other silicate bricks) are not optimal barrier materials for Al reduction cells. As we

have mentioned, cryolite-based electrolyte for Al reduction is a substance that

dissolves alumina better than anything else. Certainly, it will dissolve all

alumina-based refractory compositions and almost all other oxides similar in

chemical structure to alumina. From a chemical point of view, the effective

refractory barriers against the penetration of cryolite might be tin oxide, nickel

oxide, compounds of nickel oxide, iron oxide, or zinc oxide (such as spinel Fe

NiO3). These oxides almost do not react with NaF and aluminium fluoride

[175]. Yet the cost of these materials, which is 50–100 times higher than that of

firebrick, provides the impetus to find less costly variants of alumina silica

materials.
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There were attempts to make barriers between the carbon blocks and refractory

layer from electrolyte penetration, using steel plates and plates of window glass.

These barriers didn’t find industrial application. We will discuss other barriers later.

Alumina Silica Refractory Barriers

Long ago, the refractory layer was made from powdered alumina that was poured

on a layer of heat insulation. After shutdown of the cell, the alumina, infiltrated by

electrolyte, was used for the production of alumina. The main disadvantages of such

a variant are high thermal conductivity and low resistance to electrolyte. This type

of refractory lining is not used today.

The properties and compositions of refractory barrier materials used in reduction

cells (including corrosion resistance according to cup test) appear in the Table 2.20.

Fireclay-type bricks with a porosity of 13–15 % are preferred over fireclay bricks

with a porosity of 22–25 %, although they are more expensive. Some researchers

consider a slightly lower alumina content of bricks to be an advantage. Of course,

the geometrical tolerances of bricks should be rather strict and should not exceed

�1–2 mm, because with these tolerances, the brick lining from one side of the

brick and from another side of the next brick may double. The current tendency is to

make brick lining from small blocks that are 250 mm � 250 mm � 65 mm by

320 mm � 250 mm � 65 mm (and to avoid using bricks of standard sizes, 230 mm

� 114 mm � 65 mm) in order to decrease the number and total length of the shafts

between bricks.

There have been nonexclusive points of view on the optimum chemical compo-

sition of refractory barrier bricks. According to [176], the upper layer (contacting

Fig. 2.77 The “lens” of interaction of infiltrated electrolyte and refractories
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the cathode bottom blocks) should be made from high-silica fireclay bricks, while

the lower layer should be made from fireclay bricks containing more alumina.

According to the other point of view [177], the upper layer should be made from

high-silica fireclay bricks for a reduction pot with graphitic or graphitized carbon

cathode blocks and from fireclay bricks containing more alumina for a reduction pot

with semigraphitic blocks (30–50 % carbon).

It seems obvious that fireclay bricks with a porosity of 13–15 % and a perme-

ability of 0.05–0.1 μm2 is preferable to a 22–25 % porosity fireclay brick, because

the corrosion resistance (cup test) of a low-porosity brick is 1.5–2 times higher. This

has also been confirmed in industrial testing. There is no doubt that strict dimen-

sional tolerances and minimization of shafts in fireclay bricks are preferable.

There is a belief that the question on the optimal silica/alumina ratio in fireclay

brick for reduction cells will not be resolved with a strict proportion. Indirect

evidence for this belief are numerous industrial trials of using silica bricks, pow-

dered silica sand, all variants of fireclay brick, powdered fireclay, mullite bricks,

alumina bricks, powdered alumina, and red constructional bricks as a refractory

barrier layer.

Dry Barrier Mixtures

Dry barrier mixtures are used instead of refractory (fireclay) barrier bricks and as a

powdered dumping for installation of carbon cathode blocks, and sometimes as a

dumping between barrier bricks and heat insulation. These refractory compositions

are used without water and should withstand the penetration of cryolite to heat

insulation. The active use of DBMs in the lining of reduction cells started in the

1980s. There have been no strict preferences or negative considerations on using

DBMs and their advantages over brick linings. Undoubtedly, DBMs are preferable to

fireclay brick, having a porosity of 22–25 % and dimensional tolerances of �3 mm.

There are several compositions of DBMs, as seen in Table 2.20.

Dry barrier mixtures are applied instead of barrier refractory bricks. There are

variants of refractory lining only from DBMs (instead of a layer made entirely of

refractory brick) or a partial change of one or two layers of bricks to DBMs.

The certain advantage of DBM application is time. The lining by DBM (using

flat vibrator) takes sufficiently less time compared to a brick lining. The disadvan-

tage is the dust during installation and vibro compaction. Another advantage is the

lack of shafts through which cryolite may penetrate to the heat insulation layer.

The thermal conductivity of a DBM is a little lower than that of fireclay brick

(at least at preheating and startup). Usually, at retrofit of reduction cells, designers

prefer not to change anything, so the heat flow through the bottom in such cells may

decrease in the beginning of the operation.

Publications [179, 180] describe that cryolite reacts with grains of alumina

silicates, forming a viscous layer on the surface. According to [179, 180], this viscous

layer prevents the penetration of cryolite to the refractory and heat insulation lining.

This layer doesn’t crystallize or solidify and remain viscous—it doesn’t crack.
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This mechanism may take place, but not on the entire surface of the cell and not

anytime. In reality, even within a surface of 5 sm2 there may be two types of

interactions—that described above and the penetration of cryolite melt in the depth

of DBM without forming a viscous layer. In the latter case, there is no protection

against cryolite penetration, and the cryolite melt will freeze, only reaching the

place with the freezing point.

2.6.2 Corrosion Resistance Testing

The approved method of testing of fireclay brick for corrosion resistance to

electrolyte is the standard ISO 20292 [182]. The hole is drilled in the brick, or it

is preformed in a castable, then the electrolyte is poured in the hole, and the brick is

placed in the furnace. After the exposure, the brick is cut, so that the change to the

square of the hole may be measured. The degree of corrosion is calculated in the

surface of corrosion. The lower the square of corrosion is, the more corrosion-

resistant the material will be (Fig. 2.78).

The variation of the cup corrosion test is [183] in using the graphite crucible for

electrolyte. The porosity of the graphite crucible may vary. The graphite crucible is

placed on a refractory layer. In this type of test, the sodium vapor is taken into

account. If the porosity of the graphite crucible is 12–14 %, the result depicts the

interaction of refractory with sodium, which moves in graphite. If the porosity of

graphite is 28 %, the result depicts the interaction due to the capillary movement of

Fig. 2.78 Vibration of dry barrier mix during installation in the cell
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electrolyte through pores of carbon [184–186]. Experiments have shown that in

case of testing the refractory in three variants, there will be different results on

corrosion resistance, which points out the complex character of interaction.

Siljan [187] has found a good correlation between the corrosion resistance in a

cup cryolite corrosion test and the depth of cryolite infiltration. A 220-kA reduction

cell was lined with eight different alumina silica refractory materials and switched

off for investigation of refractory conditions after 500 days. The results proved the

good correlation. However, it appears that it is not a strict correlation from a

physicochemical point of view between the interaction during hours and the

kinetics of penetration of the melt within many months.

It has been stated [187] that there is a good agreement between the corrosion

resistance (cup cryolite resistance test, 24 h, 950 �C) and the silica content in

alumina silica refractory. In the beginning of the process, a silica-rich layer appears

that plays the role of a protective layer. Rather often the segregation of the melt on

the silica reach and fluoride reach parts takes place (Fig. 2.79). Usually, the cup

cryolite resistance of refractories increases as the porosity decreases.

2.6.3 Chemical Interaction of Sodium Fluoride Salts
with Alumina Silica Refractories

There are many possible chemical reactions among cryolite, sodium fluoride,

alumina, silica, and mullite [181, 188–193]. Classical considerations on the corro-

sion resistance of refractories have limited significance for the problem of corrosion

resistance to cryolite and are good from an educational and informational point of

view due to the extra low viscosity of cryolite melt and unique corrosion ability of

Fig. 2.79 The results of cup test for cryolite resistance of fireclay brick and low-cement castable

(concrete)
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cryolite melt to alumina and alumina-containing compounds. The multifactorial

behavior of electrolyte, multicomponent refractory lining, multivariability of chem-

ical reactions, and limited knowledge on the mechanisms of sodium penetration to

the refractory lining make the physical modeling almost impossible. We can discuss

only approaches that could lead to partial encapsulation of the refractory and heat

insulation lining.

Many chemical reactions are possible thermodynamically between the compo-

nents of electrolyte and the components of refractory lining. The interaction may be

described as a reaction between solid and liquid reagents on the border of solid

reagent in case of no mixing and in case of permanent feeding with one component.

However, the dissolution limit of alumina and silica in cryolite is about 10 % at

950–960 �C [185], and the penetrated electrolyte will relatively rapidly reach the

saturation limit, become viscous, and stop dissolving the refractory. The tempera-

ture of the melt should be close to the crystallization point.

Mullite, 3Al2O32SiO2, may interact with sodium fluoride (NaF), giving cryolite

and nepheline, 3NaAlSiO4:

6NaF lð Þ þ 2Al2O3 � 2SiO2 ¼ 3NaAlSiO4 lð Þ þ Na3AlF6: ð2:49Þ

The possibility of the reaction of cryolite with mullite, giving gaseous silicon

fluoride, has been confirmed experimentally:

Na3AlF6 lð Þ þ 3SiO2 � 2Al2O3 ¼ 2NaF lð Þ þ 3NaAlSiO4 lð Þ þ 3Al2O3

þ SiF4 gð Þ; ð2:50Þ
18NaF lð Þ þ 2 3Al2O3 � 2SiO2 sð Þ þ 5SiO2 sð Þ

¼ 9NaAlSiO4 lð Þ þ 3Na3AlF6 lð Þ; ð2:51Þ
18NaF lð Þ þ 2 3Al2O3 � 2SiO2 sð Þ þ 14SiO2 sð Þ

¼ 9NaAlSi3O8 lð Þ þ 3Na3AlF6 lð Þ; ð2:52Þ
3NaAlSiO4 lð Þ þ 6SiO2 sð Þ ¼ 3NaAlSi3O8 lð Þ; ð2:53Þ

6NaF lð Þ þ 3SiO2 sð Þ þ 2Al2O3 lð Þ ¼ 3NaAlSiO4 lð Þ þ Na3AlF6 lð Þ; ð2:54Þ
6Na3AlF6 lð Þ þ 23SiO2 sð Þ þ 2 3Al2O3

� 2SiO2 lð Þ

¼ 18NaAlSiO lð Þ þ 9SiF4 gð Þ; ð2:55Þ
78NaF lð Þ þ 17Al2O3 lð Þ ¼ 5 Na2O � 11Al2O3ð Þ sð Þ þ 13Na3AlF lð Þ

þ 3NaAlSiO4 lð Þ: ð2:56Þ

The alumina component of refractory may react with sodium fluoride, giving

sodium aluminates and cryolite:

12NaF lð Þ þ 34Al2O3 ¼ 3 Na2O � 11Al2O3ð Þ þ 2Na3AlF6: ð2:57Þ
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The products of the reactions of cryolite components with alumina silica refrac-

tories are albite (sodium feldspar) and nepheline, which may coexist with cryolite.

The solubility of alumina and silica in cryolite and sodium fluoride lowers as the

acidity of the system decreases, and the freezing point of the system decreases as

the silica content increases (from nepheline to albite).

There were certain hopes on calcium and magnesium alumina silicate as possible

barrier layers, preventing interactions of refractories with electrolyte [194–197]. These

minerals are a little more expensive than alumina silica refractories, but the cost is not

sufficiently bigger. The basis for these hopes was the fact that the products of interac-

tions of anortite (CaAl2SiO8), forsterite (MgSiO4), and olivinite with sodium fluoride

will have the freezing points above 900 �С, and the melts will crystallize [194, 195].

The volume effects for the reactions were calculated [198], taking into account

that one constituent comes from outer space:

for reaction (2.49): 1.21;

for reaction (2.50): 1.34;

for reaction (2.51): 1.78;

for reaction (2.52): 1.93;

for reaction (2.53): 1.31;

for reaction (2.54): 1.13.

It is almost impossible to estimate the real value of each reaction. However, the

calculation of the volume effect gives the real cause of heaving (Fig. 2.80) of the

cathode bottom due to interaction of infiltrated electrolyte with refractories and forma-

tion of the lenses that press on carbon cathode blocks and cause cracking (Fig. 2.81).

Fig. 2.80 The cell with bottom heaving before dry autopsy
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Fig. 2.81 (a, b) Cross section of cells lining, showing lenses of interaction of electrolyte with

refractories instead of the refractory layer. It is possible to see the flow of aluminium in the cracks

of cathode blocks
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The lenses were 250–300 mm high and 1.5–2.5 m in length, and the heaving in

the center was up to 100 mm.

The upper part of the lens (50–70 mm below the carbon block) is formed by

albite, nepheline, cryolite, and sodium fluoride [199]. The middle part of the lens

(100–150 mm below the cathode block) consists of a mix of albite, nepheline,

cryolite, sodium fluoride, quartz, and mullite. In the lower part of the lens (200–

250 mm below the cathode block) the part of unreacted fireclay was 30–50 %,

which depicts the kinetics of interaction, followed by infiltration of electrolyte.

Sodium Vapor Degradation

It has been considered [200, 201] that the major part of sodium formed according to

the reaction

Al 1ð Þ þ 3NaF in cryoliteð Þ ¼ 3Na in Carbonð Þ þ AlF3 in cryoliteð Þ ð2:58Þ

dissolves in the electrolyte and oxidizes near the anode, yet some sodium is

transported through the carbon cathode block downward to the lower surface of

the cathode block. It has been reported that the sodium pressure might be up to

0.02–0.03 atm:

5SiO2 sð Þ þ 4Na vð Þ ¼ Si sð Þ þ 2Na2Si2O5 s;1ð Þ; ð2:59Þ
2Al2O3 sð Þ þ 3Na gð Þ ¼ Al 1ð Þ þ 3NaAlO2 sð Þ: ð2:60Þ

The reaction of sodium with refractory compounds gives metallic Al and Si, but

it has been reported that the direct transformation of fireclay shamotte compositions

is possible with nepheline and albite.

Sodium also reduces albite and can react with nepheline:

NaAlSiO4 sð Þ þ 4Na gð Þ ¼ Si 1ð Þ þ Na2O sð Þ þ NaAlO2 sð Þ; ð2:61Þ
3=2 NaAlSi3O8 sð Þ þ 4Na gð Þ ¼ Si 1ð Þ þ 2NaSiO3 sð Þ þ 3=2 NaAlSiO3 sð Þ: ð2:62Þ

Sodium may interact with SiF4 and NaAlF4 in gaseous state [202]:

4Na vð Þ þ 2NAl F4 vð Þ þ 2Al2O3 þ 9SiO2 ¼ 6 NaAlSiO4ð Þ þ Siþ SiF4 gð Þ; ð2:63Þ
4Na vð Þ þ SF4 vð Þ ¼ 4NaFþ Si: ð2:64Þ

Direct evidence of silicon balls and drops to some extent proves this concept. From

Prof. Øye’s viewpoint, the mechanism opens the way for the transport of electrolyte

through permeable pores due to the capillary forces [181].
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2.6.4 The Influence of Porosity and Permeability
on Corrosion Resistance of Refractories

According to Poiseuille’s law, the velocity of liquid in a capillary is

dh=dt ¼ d2�Δp� �
= 32�η�hð Þ; ð2:65Þ

where d is the diameter of a capillary, Δp is the difference in pressure, η is the

viscosity of the liquid, h is the depth of infiltration, and t is time.

The capillary pressure of the liquid is

Δp ¼ 4σcosΘð Þ=4ή; ð2:66Þ

where σ is surface tension and Θ is the wetting angle. Combining Eqs. (2.65) and

(2.66) gives

h ¼ d � σ cos Θð Þ�=4ή: ð2:67Þ

According to Eq. (2.65) (not taking into account the temperature gradient and

possible chemical interaction of the melt with the surface of a capillary), the depth

of infiltration is directly dependent on the diameter of the capillary, surface tension,

and wetting angle and is inversely proportional to the viscosity.

The viscosity is strictly dependent on temperature; it is strongly recommended to

keep (at least in the design of the cell) the isotherm of the freezing point of

electrolyte near the lower edge of the carbon cathode blocks. Generally speaking,

the surface tension is dependent on the composition of the melt in the capillary

(taking into account the interactions with the walls), but in practice the wetting

angle of alumina silicate refractory by cryolite melt is close to zero.

However, Eq. (2.65) states that the diameter of the permeable pores (and,

consequently, the permeability) should be minimal, but the value of porosity

doesn’t affect the corrosion by cryolite melt. A reasonable limitation for the pore

diameter in the refractory might be 3–5 μm.

A zero contact angle of wetting gives optimal physical contact between the melt

and the refractory for the beginning of chemical reactions. An absence of chemical

interactions or a low rate of the reactions gives the melt the ability to penetrate.

Within some time, the viscous albite melt will appear on the surface of permeable

pores, limiting the next penetration.

The viscosity of the melt in the system NaF-AlF3 follows the Arrhenius

equation:

η ¼ Aexp B 1=T � 1=Tmð ÞR½ �: ð2:68Þ

The solute in the melt alumina increases the viscosity. On the contrary to the

freezing points, the viscosity of the melt strongly depends on the alumina/silica

ratio in the reaction products. There is information that the solubility of albite in
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cryolite is rather high. In lab tests, it has been shown that with big concentrations of

silica in the melt, there may be segregation of the melt: low-viscous melt with an

increased concentration of fluorides, and high-viscous melt with a high concentra-

tion of silica. According to [189], the viscosity of nepheline reach melt may be

several orders lower compared to the viscosity of albite reach melt.

Hence, for the formation of viscous albite reach, cryolite melt, which could be

the barrier for the penetration of sodium compounds inside the refractory lining,

is a problem of conditions for the segregation of the melt into low-viscous melt

with increased alumina content and high-viscous melt with increased silica

content.

However, it looks like this question can be solved by changing the composition

of the refractory. It is likely that the conditions for the formation of a viscous albite

layer are in controlled input of sodium compounds. Formally, this condition is

realized with excess sodium fluoride and excess reactant—a refractory with silica

content above 60 % [190] when there’s a rapid reaction of base melt with reactant

with a high specific area (low-grained component of DBMs).

At a low rate of infiltration and low reactivity of the refractory, or, on the

contrary, at rapid penetration of cryolite through the gaps, the low-viscous melt

will appear in the lining, which will become low-viscous only in the case of real

barriers. This is realized with application of the bricks with small-dimension pores,

and the chemical composition doesn’t play a significant role.

It is more likely that the structural factors (pore size distribution and consequent

permeability) have more influence on corrosion resistance (according to cup test)

than chemical composition [203, 204] (Fig. 2.82) (Table 2.21).

Fig. 2.82 Pore size distributions in fireclay brick (1) and in two low cement castables LCCs (2, 3)
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2.6.5 Some More Words on Barriers for Electrolyte
Penetration

– An alumina silica refractory is far from being the optimal material for a

refractory barrier. Although some theoretical considerations on the silica/alu-

mina ratio may exist, other variants should be found.

– There is a long history of trials with different barrier materials: silica block,

silica powder, alumina brick, alumina powder, red constructional brick, mullite

brick, various combinations of mullite brick of fireclay brick in the upper and

lower layers.

– Chemical considerations suggest that tin oxide, ferric nickel spinel, zinc oxide,

and their variations might be good barrier materials; however, these compounds

don’t meet economic considerations. Also, these compounds are not stable to

sodium vapor.

– SiC-based refractories look (in the form of preshaped or not previously shaped

castables or mortars)like more probable barrier materials.

– Structural considerations suggest limiting the pore size in the refractory material

and decreasing the length of the shafts between the refractory barrier bricks.

– The advantage of DBM is the absence of shafts although the limitation of the

pore size in a DBM is impossible.

– The cryolite resistance of LCCs is superior (according to cup test) to medium-

cement SiC castables.

– Alumina silica DBMs and refractory bricks of relatively big shapes, with low

permeability and low pore size, more or less successfully provide the service life

of reduction cells within 6–7 years, and some cells reach service over 10 years.

– But probably the best barrier is the accurate temperature control of the freezing

point isotherm in carbon cathode block and the limitation of electrolyte flow

through the pores and consequent limitation of the pore size in carbon cathode

blocks.

Table 2.21 Properties and cup corrosion resistance to cryolite of fireclay bricks and LCC cast-

ables [200–203]

Properties

LCC material Fireclay material

A B A B C

Open porosity, % 17.1 17.8 22 21.8 21.8

Permeability, μm2 0.02 0.01 0.45 0.08 0.19

CCS, MPa 93 91 30 35.3 42.2

Al2O3, % 20.7 72.4 >30 >28 >28

SiO2, % 65.3 22.3 ~60 ~65 ~65

СаО, % 1.4 1.5

Corrosion resistance, % 12 5 42 48 45
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2.7 Heat Refractory Insulation Materials for the Lining
of Reduction Cells

Although in refractory practice there are hundreds of heat insulation materials, the

list of heat insulation materials for the lining of reduction cells is rather limited. For

one thing, economic considerations add some limitations, but for another, the heat

insulation materials in reduction cells should withstand mechanical compression

loads without deformation at temperatures up to 900 �C for a long time, and

numerous inexpensive fiber heat insulation materials don’t correspond to this

requirement. In the Hall–Heroult reduction cell, the heat insulation materials should

withstand the pressure of the layer of the electrolyte, the layer of molten aluminium,

cathode carbon blocks (taking into account collector bars), and the refractory layer.

Currently, only four or five heat insulation materials are used in the lining of

reduction cells: diatomaceous (moler) and perlite bricks, vermiculite and calcium

silicate blocks (slabs), and sometimes lightweight fireclay bricks (but their thermal

conductivity is relatively big, while the cost is not small) and fiber fireclay bricks.

2.7.1 Diatomaceous (Moler) Heart Insulation Materials

Diatomaceous earth is a silica reach porous fossil rock refuse of light gray, light

yellow, and light pink color, formed by shells of diatomaceous weed. The shells

were deposited on the bottom of water reservoirs, and mud clay between these

shells cements the deposits. Diatomaceous ore exists on all continents; probably the

most famous is in Denmark (Fig. 2.83).

In good diatomaceous ore, there is more that 70 % silica. Due to the small pore

dimensions (pore diameter 5–100 μm), diatomaceous materials have low thermal

conductivity.

Clay minerals, which are part of diatomaceous ores, determine the plasticity at

shaping, the sintering process, and the service temperature. Probably the three main

variables in diatomaceous ores are the nature (and dimensions) of diatomaceous

shells, the nature of clay minerals, and the ratio of diatomaceous shells to clay

minerals [205, 206]. These variables vary from deposit to deposit, so the properties

of diatomaceous bricks from different deposits differ.

The shaping of diatomaceous bricks may be performed by pressing, by extrusion

with subsequent cutting, and by slurry technology (pouring in the molds followed

by drying). Sometimes in order in increase the porosity, wooden chips and sawdust

are added to the mix or to the slurry. The firing is performed at a temperature of

800–900 �C in the tunnel kilns. The standard technological procedure is cutting in

order to have strict dimensional tolerances.

The possible defects are only dimensional tolerances and cavities (in case of

slurry processing), but it is necessary to keep in mind the safe service temperature

(Fig. 2.88). In large part the safe service temperature is determined by the clay
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binder of the deposit. Figure 2.88 shows the linear change dependencies of two

diatomaceous bricks, made from materials from different deposits.

2.7.2 Perlite-Based Heat Insulation Materials

Perlite is a high-silica glassy acidic volcanic rock mineral, whose chemical com-

position is close to granite, and contains about 15 % of chemically bonded water. At

heating, due to evaporation of this water, perlite blows up with considerable volume

effect, forming light porous material. The number of blowups (showing the number

of times the volume increased at heating) of the best perlites is about 20. It is

possible to obtain materials with round isolated pores at rapid heating at 800–

900 �С.
Perlite heat insulation materials may be made cement-bonded (without firing)

and fired clay–bonded. The service temperature of good perlite-based heat insula-

tion materials may be up to 1,200 �C and is determined by the binder.

The possible defects are only dimensional tolerances and cavities.

Fig. 2.83 Diatomaceous shells at multiplication
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2.7.3 Vermiculite-Based Heat Insulation Materials

Vermiculate ore is a result of the erosion and disintegration of black mica and the

subsequent geological hydrothermal interaction. Probably the best-known deposit

of vermiculite ore is in South Africa. Vermiculite is magnesium potassium hydro

alumino silicate, with approximate formula (Mg+2, Fe+2, Fe+3)3
[(AlSi)4O10] · (OH)2 · 4H2O, a type of hydrated biotite mica. Vermiculite expands

at heating to 650–1,000 �С up to 18–25 times. Before expansion, the density is 2.4–

2.7 g/sm3; after expansion, the density is 0.15–0.3 g/sm3. The blowup (thermal

expansion) of vermiculite is usually performed in fluidized bed furnaces. The

expanded vermiculite has a low thermal conductivity and is a good heat insulation

material.

Vermiculate-based heat insulation materials may be made with firing and with-

out firing. The first step in processing is refining and expansion (blowup). In fired

processing, the expanded vermiculite is mixed with clay and shaped in blocks by

pressing and then fired in a tunnel kiln up to 900–1,000 �C. Fired materials do not

contain water and do not absorb water from the atmosphere; the safe service

temperature of fired vermiculite blocks is superior to the safe service temperature

of unfired ones.

At processing of unfired vermiculite heat insulation materials, expanded grained

vermiculite is mixed with small amounts of aqueous solution sodium or potassium

(ore mixed of sodium and potassium) liquid glass. The mix is pressed and the blocks

are heated at 250–300 �C. Unfired vermiculite materials are cheaper, but the final

properties of the material are reached after the installation of the materials in the

reduction cells, preheating, and startup. At preheating, a considerable amount of

water escapes from the liquid glass binder, and it is necessary to take this into

account at preheating. Unfired vermiculite heat insulation materials may addition-

ally absorb up to 3–4 % water from the atmosphere at storage (in addition to 5–6 %

of the existing water in liquid glass binder). During preheating of the reduction cell,

this water should evaporate, and that is a little bit less convenient compared with

fired materials.

The safe service temperature of unfired vermiculite heat insulation materials is

determined by the binder and may vary considerably, depending on processing and

the sodium/potassium ratio (Fig. 2.90). The materials with sodium liquid glass

binder have a lower safe service temperature than materials with potassium liquid

glass binder, because of different high-temperature deformations (Fig. 2.84).

Other than safe service temperature, usually in vermiculite-based materials there

are no defects, and the dimensional tolerances at pressed materials are perfect

(Fig. 2.84). If something is not going steadily in the fluidized furnaces, the density

of grained vermiculite might increase, which leads directly to an increase in the

thermal conductivity of materials. On the contrary, if some problems appear with

temperature in a fluidized bed furnace and vermiculite doesn’t exfoliate properly, it

might start exfoliating during the service, which is not desirable.
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Beginning from 1,000 �C, the slow transformation of vermiculite to

clinoenstatite occurs, which may lead to cavities and decay of the thermal conduc-

tivity properties. That is why although the melting point of vermiculite is 1,350 �C,
even for fired materials, the safe service temperature should be considered as

1,000–1,100 �С. For unfired vermiculite-based materials, the question about safe

service temperature is sufficiently trickier.

2.7.4 Calcium Silicate Heat Insulation Materials

Calcium silicate heat insulation material is a synthetic material produced from silica

(refined diatomaceous ore or milled silica sand) and of calcium oxide (high-quality

calcium carbonate chalk or lime) with the addition of organic fibers (in order to keep

shape after pressing). Pulp slurry from the mixer is squeezed out, pressed, and after

exposure at air placed in the autoclave with steam pressure about 10 atm and

temperature 120–130 �C. The synthesis of xonolite [207] mineral takes place at the

above-mentioned conditions, and actually it is the end of the technological process.

The dimensions of calcium silicate boards may be up to 2,500 mm � 1,500 mm.

At preheating and during startup of the reduction cell, calcium silicate boards

lose physical water and chemically bonded water (in total, up to 10 %), and the

burning out and degradation of organic fibers take place.

Usually in calcium silicate slabs, there are no geometrical defects (the torque

sides of blocks may be grinded); however, the technology of the material is

complex and needs accurate processing: There are no problems in the service

stability of calcium silicate at high temperatures if there are no problems with

Fig. 2.84 Lining of the reduction cell: installation of heat insulation vermiculite blocks
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processing. However, transformation of xonolite into tobermorite leads to shrink-

age and the loss of insulation properties (Fig. 2.91).

Thermal Conductivity of Heat Insulation Refractory Materials

for Reduction Cells

In Chap. 1, we showed that the temperature dependence of refractory and heat

insulation materials usually is a complex function. Yet for diatomaceous, vermic-

ulite, lightweight fireclay, and calcium silicate materials in temperature intervals,

the temperature dependence is linear (Fig. 2.91). The linear character of the

temperature dependence of thermal conductivity reveals the peculiarities of heat

transfer in lightweight refractory materials [206] (Fig. 2.85).

Lightweight fireclay (density: 400–500 kg/m3) and some kinds of diatomaceous

materials have the largest thermal conductivity values. The processing of light-

weight fireclay materials includes relatively high-temperature firing (giving good

contacts between the grains), while the pores are big (up to millimeters). This is the

reason for the relatively large thermal conductivity of lightweight fireclay com-

pared to materials with similar density.

The thermal conductivity of diatomaceous and vermiculite heat insulation mate-

rials is similar. Diatomaceous materials have a very fine pore structure; in such

materials, the radiation effect on the thermal conductivity is low. An interes-

ting dependence of thermal conductivity vs. temperature appears in

Fig. 2.86—diatomaceous bricks with density 400, 500, and 600 kg/m3 have different

values of thermal conductivity at 200 �C, but rather similar values at the temperature

of service—400–600 �C. At such temperatures, the thermal conductivity of materials

Fig. 2.85 Thermal conductivity of heat insulation materials: 1, 2—diatomaceous bricks; 3—
lightweight fireclay brick; 4—diatomaceous brick; 5—vermiculite slab; 6—calcium silicate slab
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with different densities is equal (this is the evidence of the effect of small pores on the

thermal conductivity value). From a practical point of view, it means that the heat flow

through the bottomof the cell will be similar for diatomaceousmaterials with different

densities, but with infiltration by electrolyte, denser materials are preferred.

In vermiculitematerials, the radiation effect on thermal conductivity is low, because

the mica sheets are the barriers for the radiation thermal conductivity.

Calcium silicate materials have the finest structure; the thermal conductivity of

calcium silicate is approximately 1.5 times lower compared to diatomaceous and

vermiculite thermal insulation. The inner surface temperature of calcium silicate

materials is ~ 80 m2/g, and the particles have dimensions of 0.05–0.1 μm. Such a

structure gives a very high thermal resistance of pores and intergrain contacts,

which is the reason for such a small conductivity of calcium silicates.

The constancy of thermal conductivity is guaranteed by the constancy in

processing and raw materials. It is strongly recommended to make control check

tests of the thermal conductivity when changing suppliers, because the reference

data on thermal conductivity may vary and change, depending on raw materials,

processing, and the method of testing (see Sect. 1.6).

2.7.5 Thermal Aging of Heat Insulation Materials at Service
and Thermal Conductivity of Infiltrated Heat
Insulation Materials

During service at elevated temperatures, there is a thermal process called “thermal

aging.” Thermal aging of heat-insulating materials takes place even in the absence

of chemical reagents. At elevated temperatures and permanent pressure, there is a

Fig. 2.86 Thermal conductivity of diatomaceous bricks with different densities
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partial sintering process at the contacts of the grains, and these contacts become

stronger, which increases the conductive constituent of thermal conductivity.

According to records of industrial research obtained in the course of dry autopsy

[207–211], the increase in the thermal conductivity of diatomaceous materials in

the absence of infiltration is 10–15 % after 60–65 months, while the increase in the

thermal conductivity of calcium silicate after the same period is 3–5 %.

The increase in the thermal conductivity of heat insulation materials due to

infiltration by electrolyte is sufficiently higher.

High-porous heat insulation materials cannot be resistant to the aggressive melts

of fluoride salts. During conventional service of the reduction cells, the heat insula-

tion materials are protected from infiltration by electrolyte by the barrier refractory

layer. However, in reality, there is a slow infiltration through the gaps between the

bricks, infiltration through big pores and holes in DBMs, and possible sudden

penetrations through cracks. According to the data of dry autopsies [207–211], the

infiltrated diatomaceous and vermiculite materials contain up to 15 % cryolite, up to

29 % sodium fluoride, and up to 6 % calcium fluoride. The thermal conductivity of

infiltrated heat insulation materials increases dramatically, giving values of 5–21 W/

m ∙K, so the increase in thermal conductivity may be up to 25–70 times!

Infiltrated heat insulation materials deform under compression sufficiently eas-

ier, so that their thickness may decrease by a factor of 2–4 (Fig. 2.87).

For the producer of aluminium, it means that the heat flow through the bottom

increases, and to prevent the occlusion of the bottom by sludge, he or she should

increase the voltage of the cell, which may result in an increase in the temperature

of the electrolyte, the dissolution of the side ledge, and power consumption losses.

Fig. 2.87 Picture of dry autopsy: due to pressure and the formation of the lens, the height of the

heat insulation layer decreased
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Safe Temperature of Service for Heat Insulation Materials

in Reduction Cells

According to standards ASTM 155 [212] and ISO-2245 [213], heat insulation

materials are divided into groups corresponding to certain classification tempera-

tures. The classification temperature corresponds to reheat change 2 %.

The classification temperature is a guide mark for the use of heat insulation

materials in the lining of the reduction cell, but it does not correspond to safe

service temperature of the material.

Heat insulation materials may undergo some sintering and, as a consequence,

additional shrinkage at temperatures close to the temperature limit of safe service

and at permanent pressure.

Figure 2.88 contains the dilatation curves of two different diatomaceous heat

insulation materials. The process of additional sintering starts in material 1 at 830–

840 �C, so the service temperature for this material shouldn’t exceed 800 �C. This
assumption is confirmed by creep testing at 900 �C (Fig. 2.89), where the time

dependence for diatomaceous material never reaches the plateau within 24 h, and

reheat change (shrinkage) is more than 3 %.

According to ISO 2245, unfired vermiculite heat insulation materials are in

group 100. The dilatation curves of vermiculite materials show a large variety of

behaviors at increasing temperature. It looks like materials 1, 2, and 3 were not

blown up (expanded) up to certain degree, and at increasing temperatures, the

materials expand additionally. This process cannot be considered desirable during

preheating and startup in the reduction cell. Also, the softening points of these

materials are too low. The behavior of materials 4 and 5 fits the standards; however,

the softening point of material 4 is approximately 50� lower than the softening point
of material 5. According to the classification of ISO 2245 [213], both materials are

in group 100, corresponding to reheat change below 2 %, when tested at 1,000 �C.

Fig. 2.88 Linear change at

heating for diatomaceous

materials from different

deposits
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The dilatation curves of calcium silicate materials (Fig. 2.91) are only an

illustration that materials that look normal at visual observation may demonstrate

a different behavior at heating.

In ASTM-155 [212], one recommendation is to use the material at least at a

temperature 30� lower than the classification temperature. The best variant is to

have information on the softening point of the dilatation curve and the temperature

load deformation behavior, because heat insulation material may demonstrate high

shrinkage after the softening point (materials 1 and 3 in Fig. 2.90) and rather steep

behavior (Fig. 1.15 in Sect. 1.4) (Fig. 2.91).

It should be noted that for short periods, heat insulation materials may some-

times withstand temperatures near the softening point without shrinkage [214]. Yet

at preheating and startup of the cells, when the carbonization process in the rammed

parts is not finished and the cathode bottom might shift even one millimeter down,

that might be enough for the appearance of a thin gap between the carbon block and

the rammed material, through which electrolyte might start to penetrate in the

refractory lining.

Fig. 2.89 Creep

dependence of heat

insulation materials at

900 �C: 1—diatomaceous

material 1; 2—
diatomaceous material 2;
3—vermiculite material 1;
4—calcium silicate

material 1

Fig. 2.90 Linear change at

heating for different unfired

vermiculite heat insulation

materials
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Chapter 3

Refractories and Heat Insulation Materials
for the Cast House

3.1 Cast House

Aluminium alloys are cast in the cast houses of aluminium smelters and at the cast

houses of the plants for the secondary aluminium. At smelters, the raw liquid

aluminium is transported from the reduction shop in the ladles. Primary aluminium

ingots are shipped to the cast house of the secondary aluminium plant from the

aluminium smelter. The organization of the cast house at the smelter and of that at

the secondary aluminium plant has some differences.

The reduction of alumina-electrolyte melts gives metal, containing 99.8–

99.85 % Al. The conventional raw aluminium is 99.5–99.7% Al. Raw Al from

reduction cells contains admixtures, and it is refined before pouring. After treatment

with flux, raking of the slag, adjustment of temperature, and chemical analysis, the

molten Al is considered to be ready for pouring.

Usually at the smelters, the production of the cast house includes small and large

ingots, extrusion billets, rolling ingots (slabs), T-ingots, and sometimes Al wire.

Raw Al from the reduction shop is poured in the holding furnace, and it is used for

primary Al ingots or for alloys in the form of extrusion billets, rolling ingots (slabs),

and T-ingots. In the holding furnaces, the raw Al is kept for a certain time for

degassing, for the addition of the master alloys and admixtures for the preparation

of alloys, and for the addition of fluxes for the removal of admixtures.

There are three groups of admixtures in raw Al: nonmetallic, metallic, and

gaseous. Nonmetallic admixtures are electrolyte, alumina, aluminium carbide,

carbon particles, and oxide spots. They are taken from the reduction cell at tapping.

Metallic admixtures are iron, silicon, titanium, sodium, and calcium. They come

from raw materials. The gaseous admixture in raw Al is mostly hydrogen.

For primary Al, the molten metal of a slightly different composition from

different cells is mixed in the holding furnace. The mixing (together with purifica-

tion and degassing) is done in certain proportions in order to obtain metal of a
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certain quality, corresponding to a certain grade. It is poured from the tap hole

through the launder to the ingot casting machine.

To receive alloys, there are additional purification and alloying procedures. Raw

Al is purified from metallic and gaseous admixtures and from sodium and calcium

by a gas purging technique. Aluminium goes through the launders to the degassing

unit and then to the direct chill mold.

The metallurgical equipment of cast houses at smelters includes ladles for

transporting raw Al from the reduction shop to the cast house (Fig. 3.1), stationary

or tilting holding furnaces, degassing units, induction furnaces for remelting of

disposal or wastes and preparation of alloys, and gas-fired furnaces for remelting of

disposal and wastes.

The typical metallurgical device on the secondary Al plants is a combined

melting and holding furnace. Metal is loaded in the melting furnace either through

the side windows or from above (if the roof is removable); it is melted in the

melting furnace and then goes through the launder to the holding furnace. The metal

arrives at the secondary Al plant already purified of gas and some admixtures. There

are no other principal differences.

The metallurgical equipment of cast houses at secondary Al plants is melting

furnaces, stationary or tilting holding furnaces, degassing units, crucible- or

channel-type induction furnaces for remelting of disposal or wastes and preparation

of alloys, and gas-fired furnaces for remelting of disposal and wastes.

Usually in the cast houses of smelters, primary Al (Table 3.1) ingots and

low-alloyed extrusion billets, rolling ingots (slabs), and T-ingots are cast. The

cast house of the secondary Al plants produces highly alloyed extrusion billets

and rolling ingots (Table 3.1).

Fig. 3.1 The ladle
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3.2 Physical and Chemical Interaction of Refractories
with Aluminium and Aluminium Alloys

The melting point of Al is only 660 �C, and the temperature of the molten Al in

holding furnaces is in the range of 700–750 �C, so for a long time it was considered

that in an Al cast house it is possible to use the refractories for ferrous metallurgy.

Initially, the fireclay brick was a main refractory in the Al cast house. Later, some

alumina silica refractories and alumina refractories appeared. The trend of refrac-

tories for the Al cast house started to appear around the mid-1980s.

In comparison with other metals (ferrous industry), Al

– has a very low viscosity (at 700–800 �C, the viscosity of Al is close to the

viscosity of water),

– has a high wetting ability,

– oxidizes at the temperature of processing.

The refractories should withstand high chemical corrosion (which increases at

alloying), erosion, thermal shock, and mechanical loads. The action of fluxes is not

as severe as in ferrous metal

3.2.1 Chemical Interaction of Aluminium and Aluminium-
Based Alloys with Components of Refractories

Table 3.2 [1] gives the first assumption of interactions of Al and Al-based alloys

with oxides, which are the base of refractories. Silicon oxide, iron oxide, titanium

oxide, and sodium oxide can be deoxidized by Al:

4Alþ 3SiO2 ! 2Al2O3 þ 3Si: ð3:1Þ

In the presence of magnesium (the most common component of aluminium alloys),

spinel may be the product of the reaction:

Table 3.1 Classification of

aluminium alloys
Alloy group Mechanical forming group Casting group

Primary 1ХХХ 1ХХХО

Al-Cu 2ХХХ 2ХХХО

Al-Mn 3ХХХ

Al-Si 4ХХХ 4ХХХО

Al-Mg 5ХХХ 5ХХХО

Al-Mg-Si 6ХХХ 6ХХХО

Al-Zn 7ХХХ 7ХХХО

Al-Li, other 8ХХХ
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Mgþ Alþ 2SiO2 ! MgAl2O4: ð3:2Þ

According to the main laws of thermodynamics, the value of Gibbs energy

ΔG shows the route of the reaction. The reaction proceeds if ΔG is below zero,

and arrows in Table 3.2 show the route.

The values in Table 3.2 do not show the following circumstances:

– In the melt of Al, there are always impurities (sodium, potassium, and gases) and

admixtures (magnesium, strontium, zirconium, etc.). These impurities and

admixtures are, for one thing, the corrosive agents, but additionally, due to

their activity, they increase the corrosive action of Al.

– Oxides in compounds (silicon oxide in calcium silicate, magnesium silicate, and

aluminium silicate) are less active and less reactant.

– As is always recommended for the analysis of thermodynamic data, it is neces-

sary to take into account not only the thermodynamic probability, but also the

kinetic factor and the properties of materials as well: bonding phase, porosity,

and type and shape of pores, and so on.

In fireclay and other alumina silica refractories, the interaction with Al proceeds

from the first hours of the service. The practical proof for this is the increased

silicon content in Al during the first 2–3 days [2, 3] if the metallurgical service is

lined with fireclay or alumina silica refractories. After that, a layer of so-called

corundum – a mixture of partly oxidized aluminium and partly reduced silicon –

covers the lining and prevents Al melt from contamination by silicon (but doesn’t

stop the infiltration of Al inside the refractory).

Thermodynamically, reaction (3.1) is possible at all temperatures of service.

Aluminium wets the refractory, which opens the possibility for a phase-to-phase

reaction. Aluminium melt infiltrates through the open pores. The pore dimensions,

through which the melt cannot penetrate due to the capillary effects, vary depending

on the temperature, structure, and composition of refractories, as well as on the type

of Al alloy.

Table 3.2 Gibbs energy of reactions of aluminium and magnesium with oxides at 1,000 �С [1]

G (kJ/mol)

Al + 3=4SiO2
1=2Al2O3 + 3=4Si �138.3

Al + 3=2FeO 1=2Al2O3 + 3=2Fe �374.2

Al + 3=2Na2O
1=2Al2O3 + Na �289.9

Al + 3=4TiO2
1=2Al2O3 + 3=4Ti �110.2

Mg + 1=2SiO2 MgO + 1=2Si �97.2

Mg + FeO MgO + Fe �134.1

Mg + Na2O MgO + Na �205.3

Mg + 1=2TiO2 MgO + 2Ti �123.2

Mg + 1=3Al2O3 MgO + 2=3Al �39

Mg + Al2O3 MgAl2O4 + �33.5

Mg + 4=3Al2O3 MgAl2O4 + 2=3Al �72.5
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For a general understanding, the following is list of comparative data:

– The critical pore dimension (through which the melt cannot penetrate due to the

capillary effect) for molten steel – about 30 μm;

– for molten cast iron – 5 μm;

– for Al melt – 0.5 μm.

Due to the appearance of silicon on the surface of capillary pores according to

reaction (3.1), the infiltration of molten Al increases. In an Al holding furnace,

fireclay brick is metallized (infiltrated) after 2–3 years, and mullite brick is after 3–

4 years. In the course of these interactions, the refractory gains weight, and the

weight increase of fireclay brick is up to 3 kg (starting weight about 4.5 kg), while

the weight increase for alumina brick is 1 kg (starting weight about 6.5 kg) [2, 3].

Generally, the decay of alumina silica refractories in the presence of molten Al is

described in the literature [3] as

On the triple border “refractory–air–molten Al” (Fig. 3.2), molten Al interacts

with oxygen from the air, giving “corundum” (here the term “corundum” is for

the mix of alumina with alumina, partly reduced by aluminium). This process is

activated by magnesium and other metals. As a result, the outgrowth appears on the

walls, which decreases the volume of the furnace. These outgrowths are removed

mechanically, but as its strength is big, as well as the adhesion, cracks appear in the

lining. These cracks allow the infiltration of Al.

Aluminium penetrates the lining through pores; in the pores, Al may react with

silicon oxide, titanium oxide, and iron oxide. This process is accompanied by an

increase in thermal conductivity.

Fig. 3.2 Corundum growth at the border of metal and refractory
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The process should be passivated (stoped) by the films of alumina on the surface,

but the presence of alcalies together with fluorine and chlorine from fluxes (in the

gaseous phase) prevents the appearance of dense films.

Molten Al cannot interact with aluminium oxide, magnesium oxide, barium

oxide, or calcium oxide. In the 1960s, magnesia bricks were used for the lining of

furnaces. At that time, this decision was not accepted in industry due to the low

thermal shock resistance of magnesia bricks (in melting furnaces, this factor is

essential). The previously mentioned refractory materials are sufficiently more

expensive compared with alumina silica refractories. Generally speaking, there

are other compounds (yttrium oxide and zirconium oxide) that also may be resistant

to molten Al, as Table 3.3 shows.

Table 3.3 Gibbs energy for

reactions of aluminium and

magnesium with oxides,

Т¼ 1,000К (according to [1–

4])

Reaction ΔG (kJ/mol)

4Al + 3SiO2¼ 2Al2O3 + 3Si �528.25

8Al + 3 � 3Al2O3 ∙ 2SiO2¼ 13Al2O3 + 6Si �1,101.80

4Al + 3TiO2¼ 2Al2O3 + 3Ti �432.05

2Al +Cr2O3¼Al2O3 + 2Cr �483.35

2Al + 3ZnO¼Al2O3 + 3Zn �618.40

2Al + 3FeO¼Al2O3 + 3Fe �374.20

2Al + 3Na2O¼Al2O3 + 6Na �289.90

2Mg+SiO2¼ 2MgO+Si �97.20

Mg+FeO¼MgO+Fe �134.10

Mg+Na2O¼MgO+2Na �205.30

2Mg+TiO2¼ 2MgO+Ti �123.20

3Mg+Al2O3¼ 3MgO+ 2Al �39.00

Mg+ 2Al + 2SiO2¼MgO ∙Al2O3+ 2Si �72.50

Mg+ 0.5O2 +Al2O3¼MgO ∙Al2O3 �33.50

2Al +Y2O3¼Al2O3 + 2Y +254.70

2Al + 3CaO¼Al2O3 + 3Ca +232.10

4Al + 3CaO ∙ SiO2¼ 2Al2O3 + 3CaO+ 3Si �178.50

2Al + 3 MgO¼Al2O3 + 3Mg +116.90

4Al + 3 MgO ∙SiO2¼ 2Al2O3 + 3MgO+ 3Si �98.30

4Al + 3ZrO2¼ 2Al2O3 + 3Zr +4.15

4Al + 3ZrO2 ∙SiO2¼ 2Al2O3 + 3Si + 3ZrO2 �527.60

4Al + 3 MgO ∙SiO2¼ 2Al2O3 + 3MgO+ 3Si �98.30

2Mg+SiO2¼ 2MgO+Si �97.20

Mg+FeO¼MgO+Fe �134.10

Mg+Na2O¼MgO+2Na �205.30

2Mg+TiO2¼ 2MgO+Ti �123.20

3Mg+Al2O3¼ 3MgO+ 2Al �39.00

Mg+ 2Al + 2SiO2¼MgO ∙Al2O3 + 2Si �72.50

Mg+ 0.5O2 +Al2O3¼MgO ∙Al2O3 �33.50
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Compounds containing magnesium, barium, calcium, and aluminium are the

main antiwetting agents for the refractories for Al; it is to some extent the conse-

quence from the data appearing in Table 3.3.

Another consequence from Table 3.3 is that silicates of magnesium, calcium,

and zirconium (which are more available based on cost considerations) can interact

with aluminium.

The same cost considerations promote research activities in refractories for

molten Al in the direction of the enhancement and advancement of the structure

and properties of alumina silica refractories, which are not optimal materials for

contact with molten Al.

3.2.2 Antiwetting Admixtures to Alumina Silica Refractories

There are several publications [4–16] on admixtures of barium sulfate, aluminium

fluoride, aluminium borate, aluminium titanate, calcium silicate (wollastonite),

aluminium nitride, and silicon carbide and its combinations in alumina silica

refractories for decreasing the wetting ability of Al in these refractories.

Barium sulfate, BaSO4, is introduced in amounts up to 5–10% in concrete

compositions (if calculating barium oxide) and up to 5% in the green mixtures of

bricks. It is considered to have a good antiwetting effect. Above 1,000–1,100 �С,
BaSO4 slowly decomposes, giving barium oxide and gaseous sulfur oxides. This

reaction (3.3) is accompanied by a negative volume effect and the appearance of

cavities:

BaSO4 ¼ BaOþ SO2 þ 1=2O2: ð3:3Þ

According to [8, 9], the antiwetting effect of barium sulfate decreases above

1,050 �С. This probably takes place due to the transformation of barium sulfate

into celsian BaAl2Si2O8:

BaOþ Al2O3 þ 2SiO2 ¼ BaO � Al2O3 � 2SiO2: ð3:4Þ

Barium alumina silicate celsian also may be an antiwetting agent, although is a

lower degree than barium sulfate. Barium sulfate transforms into celsian in service

in concretes and in phosphate-bonded bricks as well. Celsian is stable until

1,500 �С.
Barium oxide also may interact with alumina, giving barium aluminium spinel

or barium hexaaluminate BaO ∙ 6Al2O3:

BaOþ Al2O3 ¼ BaO � Al2O3; ð3:5Þ

BaOþ 6Al2O3 ¼ BaO � 6Al2O3: ð3:6Þ
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Aluminium fluoride and calcium fluoride (fluorite) also are introduced in a green

mixture of refractories up to 5–7 %. The mechanism of their antiwetting action is

probably similar. They are not stable in an oxidizing atmosphere and slowly

oxidize, yet their transformations differ. Aluminium fluoride interacts with

silica [6–8]:

2AlF3 þ 2SiO2 ! Al2F2SiO4 þ SiF4; ð3:7Þ

which slowly decomposes into mullite and silicon tetrafluoride:

2Al2F2SiO4 ! 3Al2O3 � 2SiO2 þ SiF4: ð3:8Þ

Aluminium fluoride may interact with calcium oxide, giving calcium fluoride [8, 9]:

2AlF3 þ 3CaO ! 3CaF2 þ Al2O3: ð3:9Þ

In the beginning, the antiwetting action is probably due to anions of fluorine, and

after the transformation of anorthite (СаAl2Si2O8), it is due to the calcium atom in

anorthite.

The temperature of the transformation of calcium and aluminium fluorides is

1,200–1,250 �С, which means that the temperature interval of their application is

a little higher than that of barium sulfate.

One point of view is that the antiwetting action is due to the cation part, and tone

may suppose that the antiwetting action would increase with the increasing ionic

radius in the range aluminium, calcium, magnesium, barium.

Another point of view is that the antiwetting action is due to the anionic part

[13]; barium sulfate in the presence of oxygen may react with molten aluminium,

and the antiwetting action takes place due to the occupation of permeable pores

with the products of reaction:

3BaSO4 þ 8Al þ 6O2 ¼ 3BaO � Al2O3 þ Al2 SO4ð Þ3: ð3:10Þ

Antiwetting additives increase the wetting angle up to 105–125�; consequently, the
infiltration will depend on the hydrostatic pressure of the layer of Al. Barium sulfate

transforms into celsian, barium spinel, and barium hexaaluminate, and the

antiwetting action decrease, and consequently, the wetting angle increases, and

the wetting ability of Al increases. In service, these processes take 2–4 years.

There have been publications [14] on the antiwetting additive wollastonite

(calcium silicate, CaSiO3). Wollastonite is not wetted by Al and might be a good

refractory for Al. Unfortunately, at 1125 �С, β-wollatonite transforms into

α-wollastonite with a big volume effect. The temperature of the phase transforma-

tion is a temperature of safe application as a refractory material. It is too low for

using wollastonite-based material for furnaces; however, it is used in the runners,

where the temperature cannot be too high. As a compound of refractory mixes, it

transforms into anorthite.
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It is considered [8] worth adding together admixtures of barium sulfate and

calcium fluoride. The decrease in the antiwetting ability of refractory after 1,000 �C
will not be sharp.

3.2.3 Wetting of Alumina Silica Refractories by Molten
Aluminium and Aluminium Alloys

The wetting behavior depends on several factors. In an oxidizing atmosphere, there

is always reaction wetting, which means that molten Al reacts with oxygen, giving

oxide films. This process is intensified near a refractory that is on the border “gas–

liquid–solid.” There is a lot of data on the wetting of oxides with molten Al in

vacuum, which has limited significance for the metallurgy of Al [17–25]. The

surface of real refractories is rough, which increases wetting. Fluxes give potassium

and sodium chlorides; sodium and aluminium fluorides come with electrolyte and

also influence the wetting ability. These are all reasons why the values of the

wetting angle of Al differ. Figure 3.2 depicts data gathered by [17] from many

references [18–25]. The wetting angle varies from 90 to 160� near the melting point

of Al, whereas at 900–1,000 �С it varies from 30 to 80� (Fig. 3.3).
In papers devoted to the wetting of real refractories [20–24], the measured

wetting angle differs from 80 to 140�. It decreases with increased temperature. In

industrial furnaces, there are always elements of wetting. Without antiwetting

additives, the wetting angle is 80–140� at 700 �С, and at 900 �С, it varies from

80 to 110�. If the wetting angle is more than 90�, the hydrostatic pressure of Al

at a depth of 50–300 mm will be from 1,13� 103 Pa (at depth 50 mm) to 6� 103 Pa

(at depth 300 mm).

Fig. 3.3 Summarized data on wetting of alumina silica materials by molten Al [16]
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Ph ¼ ρAlg hAl; ð3:11Þ
where Ph is the hydrostatic pressure, ρAl is the density of molten Al, hAl is the height
of the Al layer, and g is the gravitational acceleration

from 1,13� 103 Pa (at depth 50 mm) to 6� 103 Pa (at depth 300 mm).

The capillary pressure in the pores is

Pk ¼ �2σAl � cos θ
rk

; ð3:12Þ

where Pk is the capillary pressure, σAl is the surface tension of molten Al, θ is

the wetting angle; the infiltration of Al in the pores of the refractory will depend on

the dimension of permeable pores.

So for the refractories without anti-wetting additives (considering the angle of

wetting 100�) the critical pore radius at the depth of 100 mm will be 10 μm. If the

angle of wetting will be 120�, the critical pore radius at 300 mm will be 30 μm
[26]. Generally speaking, the critical pore radius is 10–20 μm for refractories

without antiwetting additives. In general, antiwetting additives increase the wetting

angle to 105–125�, so the critical pore radius will be bigger. As antiwetting additives
decompose, the wetting angle increases, and the critical pore radius increases at

service in 2–4 years.

3.2.4 Some Words on Corrosion Mechanism

Aluminium can react with oxides on the surface of the refractory and in the pores. If

Al reacts on the surface, the liquid product of reaction (silicon) will dissolve in Al

and will be taken away. It should not be calculated as a product in a calculation of

Fig. 3.4 The pore size distribution of low cement castables (1, 2) and mullite brick (3)
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the volume effect. The volume effect of the reactions on the surface of the

refractory is negative, which means that there will be no continuous film. If Al

reacts with oxide in the pore, the liquid product of the reaction (silicon) will

crystallize in the pore because the melting point of silicon is 1,410 �C, while the

temperature of the melt is below 800 �C. In this case, the product of the reaction

should be taken into account when one calculates the volume effect. Thus, there are

two values of volume effects of reactions – on the surface of refractories and in the

pores (Table 3.4).

The volume effect of reactions on the surface is negative; the reaction products

occupy less space than reactants do, meaning there will be no continuous film, and

Al will continue to penetrate inside the refractory. The silicon that appears in the

pores (especially in dead-end pores) will crystallize, and the volume effect of some

reactions is positive, which means that the products of reactions might incline the

pores, causing spalling and cracking [15, 16] (Table 3.5).

The porous film of the aluminium oxide that appears is not a barrier for the

reactions of Al with constituents of the refractory. Molten aluminium and magne-

sium will continue to penetrate inside the refractory through pores (which will not

Table 3.4 Capillary pressure of molten aluminium (Pa� 103) in pores of different dimensions for

different wetting angles

r of pore (μm)

Wetting angle (�) 5 10 15 20 25 30 40

95 0.30 1.50 1.00 0.75 0.60 0.50 0.37

100 0.60 3.00 2.00 1.50 1.20 1.00 0.75

110 1.17 5.85 3.90 2.92 2.34 1.95 1.46

120 1.72 8.61 5.74 4.31 3.44 2.87 2.15

130 2.20 11.02 7.35 5.51 4.41 3.67 2.75

140 2.61 13.09 8.72 6.54 5.23 4.36 3.27

Table 3.5 Volume effects of reactions of aluminium with oxides [26–28]

No. Reaction

ΔG
(kJ/mol)

ΔV/V (%, volume effect)

On the surface In pores

4.1 4Al + 3SiO2¼ 2Al2O3 + 3Si �528.25 �47.25 �81.10

4.2 8Al + 3 � Al2O3 ∙ 2SiO2¼ 13Al2O3 + 6Si �110.80 �66.20 �80.4

4.3 2Mg+SiO2¼ 2MgO+Si �97.20 �44.30 �68.05

4.4 3Mg+Al2O3¼ 3MgO+ 2Al �39.00 �49.70 �49.70

4.5 Mg+ 2Al + 2SiO2¼MgO ∙Al2O3+ 2Si �72.50 �49.88 �80.20

4.6 Mg+ 0.5O2 +Al2O3¼MgO ∙Al2O3 �33.50 �99.00 �99.00

4.7 Mg+ 2O2 + 2Al¼MgO ∙Al2O3 �65.80 116.40 116.40

4.8 3Mg+ 3Al2O3 ∙ 2SiO2¼ 3 MgO+ 2Si

+ 3Al2O3

�72.50 �77.80 �94.70

4.9 3Mg+ 3Al2O3 ∙ 2SiO2¼ 3MgO ∙Al2O3 + 2Si �82.50 �83.50 100.30
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be closed by the products of reactions and through cavities that appear due to the

reactions with a negative volume effect). Alumina silica compounds will continue

to interact, the cavities will be filled by aluminium, and so the metallization of

refractory will take place. This phenomenon is well known among engineers who

work with melting and holding aluminium furnaces (Figs. 3.5–3.7).

Sodium on the surface of molten aluminium may also add its input in the

corrosion of refractories. Reactions (3.13) and (3.14) proceed with a negative

volume effect, which also doesn’t promote the formation of continuous alumina

film:

3Na2O � 11Al2O3 þ 2Al ¼ 6Naþ 34Al2O3; ð3:13Þ

Fig. 3.6 The mechanism of degradation of refractory due to the negative volume effect of

reactions of Al with refractories

Fig. 3.5 Corroded by

infiltrated aluminium

refractory grain
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Naþ SiO2 ¼ 2Na2Oþ Si: ð3:14Þ

The same may be said about the formation of sodium aluminate: The density of

alumina is 3.96 g/sm3, while the density of sodium aluminate is 2.69 g/sm3:

Al2O3 þ Na2O ¼ 2NaAlO2: ð3:15Þ

In industry, there is a belief [2, 3] that the corrosion of refractories by molten Al is

inversely proportional to the alumina content in the refractories. This point of view

is not quite correct, because alumina can react with magnesium, giving alumina

magnesia spinel. The reaction (Table 3.4) proceeds with a positive volume effect,

which may cause spalling and cracking.

As we mentioned earlier in this chapter, fireclay, mullite, and alumina refrac-

tories have been used for the layer that is in contact with molten Al. There were

trials of magnesia, zirconium, aluminium titanate, and silicon carbide refractories.

The results of these trials cannot be called unsuccessful. Most likely, these trials

were sustainable for the entire range of actions necessary at implementation of a

new material. In a limited amount, these materials are used today (crucibles for

secondary Al for low-pressure dye casting, runners between melting and holding

furnaces for special alloys, burner blocks, tap hole blocks). Yet the existing

technical decision is to use alumina silica refractories with a relatively sophisticated

structure and antiwetting additives.

As mentioned earlier, alumina silica refractories are far from being ideal mate-

rials for contact with Al. Yet modified alumina silica structures (Fig. 3.4) provide a

service life up to 10–15 years, which is comparable with the time of technical

obsolescence. It is achieved via three approaches: antiwetting additives, increasing

alumina content, and modifying the structure. It is worth to mentioning that the

singe approach for the formation of refractories that are more or less resistant to

molten Al doesn’t give the desired result: Adding antiwetting additives to fireclay

Fig. 3.7 X-ray difractogram of Al-corroded alumina silica refractory
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material with relatively big pores and low alumina content doesn’t provide the

result; dense low-cement castables without antiwetting additives slowly corrode,

and corundum appears on the walls at the level of the metal. To achieve a

considerable service life, it is necessary to implement all three approaches.

The alloys of the fourth, fifth, and seventh series (Table 3.1), which are those

with silicon, magnesium, and zinc, are the most corrosive to refractories. In the

furnaces for master alloys for the preparation of conventional aluminium alloys, the

temperatures are higher, and the antiwetting additives decompose relatively fast

(which promotes additional porosity in the structure of refractories). Usually,

refractories without antiwetting additives are used in the furnaces for the prepara-

tion of master alloys.

3.2.5 Tests for Corrosion Resistance

Traditionally, the corrosion resistance of refractories to molten Al was checked by

cup test [29, 30]. It is a widely used, simple, and cheap technique. Aluminium is

poured or placed in pieces in a “cup” that was drilled in the brick or in a previously

formed “cup” in the concrete. Usually, the dimension of the cup is 40� 40 mm. The

brick or prepared sample of concrete with aluminium is placed in a furnace for a

certain period of time (the most common time is 72 h; however, experiments may

last from 12 h to weeks). The temperature may vary from 730 to 1,200 �C [14–16,

31, 32]. After cooling, the sample is cut to determine the interaction surface of the

refractory with Al as well as the state of the surface. It is possible to estimate the

surface of the reacted refractory; it is a static test. The molten Al is not stirred. This

method can give an approximate estimation (Fig. 3.8).

There are modifications to the corrosion test. In [32], rods of 25� 25� 51 mm

are immersed in the alloy with 5 % Mg, the temperature is 850 �C, the time of

testing is 4 days, and magnesium is added to maintain the 5 % concentration.

In order variant of testing [33] the amount of Al in the crucible is bigger, the

concentration of Mg is maintained at 6 %.

Usually, testing castables for corrosion is done at temperatures of 800 �C and

1,200 �C, which reflects the service conditions of the castables in the furnace.

In test [30], samples of 2.54� 2.54� 22.86 sm are immersed in molten Al with

5% Mg and analyzed after 4 days of exposure at 1,150 �C, mainly on the triple

border “refractory–metal–air.” A rod test at elevated temperatures gives more

information than a cup test, but it is more time-consuming and more expensive.

There are no strict criteria when choosing refractory materials for Al melting and

holding furnaces. The action of fluxes is not taken into account, but their influence

on corrosion resistance in the metallurgy of Al is not much. If the material is not

corrosion-resistant, it is possible to estimate the depth of penetration: The deeper

the penetration, the less resistant the refractory.

Advanced refractories effectively withstand Al corrosion. Even after one or two

weeks, there may be almost no interaction. In such a case, it is impossible to
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estimate the depth of penetration in mm/h or mm/day. Qualitative estimations

without certain numerical values may be used, such as whether or not cracks appear

on the border with metal, adhesion of the metal to the refractory (easily removed or

not), change in the color of the refractory, and so on.

3.3 Refractory Materials

Currently, conventional fireclay brick is a rarely used material for the lining of

holding or melting furnaces. The alumina content of conventional refractories for

molten Al is 57–85 %. The application of pure alumina refractories doesn’t add

sufficient service life, but it does add cost.

Castables are more convenient refractories than bricks at this time. The main

principles for the structure of corrosion refractories (castables and bricks) that

are resistant to Al are low porosity (<13–15%) and low gas permeability

(<0.4–0.5 μm2), while most pores are smaller than 3–4 μm.

Advanced bricks for molten Al are made from white bauxite with low iron

content and a fine pore structure; they are phosphate-bonded and contain barium

Fig. 3.8 Cup corrosion test of fireclay brick and LCC. The LCC refractory is unchanged
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sulfate. The filler for low-cement castables and ultra-low-cement castables are

bauxite or alumina (fireclay is rare).

Usually, the service life of melting furnaces is lower than that of holding

furnaces due to mechanical interactions and thermal shock. Consequently, the

requirements for holding furnace materials are stricter in terms of thermal shock

and strength.

Mechanical interactions are a serious factor for holding furnaces that melt ingots

and billets. They may weigh up to hundreds and thousands of kilograms, and once

they fall, even from a low height, the interaction is high.

At electromagnetic stirring in the holding furnaces, the refractory should with-

stand erosion. The erosion is not as big as in reduction cells, but it should still be

taken into account.

There is almost no thermal shock in the holding furnaces [if not accounting for

the material-charging doors and feeding cavity (hole)]. The refractories of the

melting furnaces should withstand thermal shock at loading of the cold metal.

Also, at the beginning of melting, the metal is overheated; its temperature is

sufficiently higher than necessary for the holding furnace. The overheating of the

metal in the beginning is inevitable, but it may cause cracking.

Castable technology is more popular for the lining of holding and melting

furnaces. The shaft between the bricks is a weak point in the lining. The porosity

of the mortar in the shaft may be even twice higher than in the brick, and the pore

size distribution is not controlled. Also, it is necessary to take the human factor into

account, such as the variations in the thickness of shafts, some remaining cavities,

and so forth (Fig. 3.9).

The brick lining also has some advantages. It is less frequently subjected to

mechanical interactions in holding furnaces. The shafts between the bricks are the

Fig. 3.9 The failure of the holding furnace from bricks. Aluminium, which penetrated through the

shafts between the bricks, can be clearly seen
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natural border for the crack propagation. However, Al infiltrates the shafts, and the

lenses of Al in the lining change the thermal balance of the lining and of the furnace.

Low-cement castables (LCCs) and ultra-low-cement castables (ULCCs) with a

high-alumina filler are more frequently used than medium-cement castables

(MCCs) (Table 3.6). The advantage of the castables is the absence of shafts. The

strength characteristics of LCCs and ULCCs are quite comparable with bricks and

sometimes are superior to bricks. However, the shaft may have a positive role as a

barrier for crack propagation. To some extent, the disadvantage of castables is the

increased human factor.

It was thought that the temperature of the melt in the furnaces is in the range

750–800 �С and that under the roof is below 1,000 �С. The current tendency is the

intensification of the melting processes, and sometimes in the beginning of melting,

the temperature of Al in contact with the refractory may be as high as 900 �С.
Antiwetting additives at such temperatures decompose, and their effectiveness thus

diminishes. It is better in such cases to use bricks and castables without additives,

which provides high corrosion resistance due to the low permeability and narrow

pore size distribution.

The working layer of the furnaces above the level of molten metal is made from

conventional alumina silica bricks and castables. The temperatures are in the range

of 1,000 �С, and even under the roof it is below 1,200 �С, so the requirements for

refractories are not strict.

The barrier layer should prevent the infiltration of Al in the heat insulation layer.

It is necessary for a brick lining, but it is desirable for a castable lining (because

there is no guarantee that the crack wouldn’t propagate through the working layer of

castables). The barrier layer is made from castables, and there is no need to add

antiwetting additives to it (although sometimes people do add them).

Currently, furnaces do not have arched roofs; flat roofs are more conventional.

The roofs may be two- or three-layer (in order to diminish the heat flow). Some-

times the roof is made from monolithic blocks, but it is covered above with heat

insulation. The usual requirements for the refractories apply for the roof, including

moderate thermal shock resistance (>30 thermal air cycles) and no deformation at

1,200 �C (refractoriness above 1,500 �С). Usually, the roof’s material is a conven-

tional castable with fireclay filler. The second layer is heat insulation castable, and

the third layer is a fiber slab.

The feeding cavity (hole) is the most abraded part of the furnace. The material of

the feeding hole should withstand thermal shocks, mechanical shocks, and abrasion.

If material of the feeding hole is worn out, it is a path for the heat flow and instability

in the service of the furnace. The lower part of the feeding hole is made from high-

strength bricks or castables, while the upper part is made from the castables with

sufficient thermal shock resistance (above 30 thermal air cycles). Sometimes metal-

lic fiber is added to castables to increase the abrasion and thermal shock resistance.

It is possible to use various heat insulation materials for the melting and holding

furnaces. Fiber materials are usually not used in the bottom, but they may be used in

the walls and in the roof. Materials that may withstand relatively high pressures at

relatively high temperatures (diatomaceous bricks, vermiculite slabs, calcium
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silicate boards) are used for the bottom. Fiber heat insulation and calcium silicate

boards are the most effective thermal barriers, which allow a relatively large

freedom for designers. Castables with vermiculite, fibers, and lightweight fireclay

granules might also be used sometimes. The current tendency in furnace design is

decreasing the thickness of the lining by using highly efficient thermal insulation.

Almost all the materials just mentioned may be used in induction furnaces,

ladles, and launders.

3.4 Elements of Lining Design

The viscosity of the molten Al is close to the viscosity of water. One of the

principles of protection of the lining from infiltration of Al (and Al leakages

through cracks) is designing the lining in such a way so that Al will crystallize in

the working layer (Al’s freezing point of 660 �C should be in the working layer). It

is acceptable for the freezing point to be in the barrier layer, but having the freezing

point of aluminium in the heat insulation layer is unacceptable.

The calculation of the location of the freezing point in the lining is a part of the

thermal balance calculation (which is a very complicated problem) and the calcu-

lation of the heat flow through the multi-layer lining (side wall or bottom). The heat

flow in different parts of the furnace will differ (heat transfer from the area above

the metal and from the area with metal) [34].

The total heat flow (flux) resistance of the multi-layer lining,

Rk, is the sum of the heat flow resistances of each individual layer [35]:

Rk ¼ Rαi þ Rλ1 þ Rλ2 þ Rλ2 þ Rλ3 þ Rαa; ð3:16Þ

and the thermal conductivity λ is inversely proportional to the heat flow resistance:

λ ¼ 1=Ri: ð3:17Þ

The total heat flow through the multi-layer lining is calculated as

Q ¼ Sk ti � tað Þ; ð3:18Þ

and the temperature drop in any layer is

ti � ti�1 ¼ ti � tað Þ Rαi=Rk: ð3:19Þ

Approximately 20–30 years ago, in the mid-1980s and 1990s, it was possible to

see a two-layer liming of melting and holding furnaces with a total thickness up to

1,000 mm in the bottom (mullite or fireclay brick plus diatomaceous brick or

vermiculite slab), as seen in Fig. 3.10a. The paradox is that having additional

heat insulation layers – whose purpose was to decrease the heat flow through the
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lining – didn’t allow the heat insulation layer to realize its properties. The crystal-

lization point of Al moved to the heat insulation layers. When liquid aluminium

reached the heat insulation layers, the thermal conductivity of the lining increased

dramatically. The consequence was overheating the walls.

Conventional heat insulation materials (Table 1.6) have a low thermal conduc-

tivity and can withstand large temperature gradients; this property gives new

capabilities in the design of the three- to four-layer linings (Fig. 3.10b). The

freezing (crystallization) point of Al usually is in the working refractory layer,

while the thickness of walls is in the range of 400–500 mm (the thickness of the

bottom lining is within 600 mm).

In case the heat insulation layer is made from high-porosity materials, it is

necessary to provide the insulation of these materials from water in the concretes

(castables) by polymer film or any other variant.

If castable technology is used to make the refractory bottom, it is necessary to

use cast framework forms. The side lining can be made by casting and gunning.

The casting of the bottom is made by carts (Fig. 3.11), which are rectangular

spaces, boarded by cast framework forms. The casting is made in line, leaving the

neighboring carts empty (for example, the sequence of casting is 1, 3, 5, 7, 9, 11,

Fig. 3.10 Temperature gradients in linings. (a) three layer lining with freezing point of Al in the

working layer; (b) three layer lining with freezing point of Al in the working layer; (c) two layer

lining with freezing point of Al in the insulation layer

1 2 3

4 5 6

7 8 9

10 11 12

Fig. 3.11 The carts of the

bottom
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and then 2, 4, 6, 8, 10, 12). When a multilayer lining is made, only one layer is cast

in one set. The shafts are not flat but have a special form (Fig. 3.12). The casting of

the side walls is also made, leaving the neighboring carts empty.

3.4.1 Some Words on Drying and Preheating of Furnaces

Drying and preheating of furnaces are very important operations. If the furnace is

lined with bricks, it is recommended to make the preheating after at least 24 h, so

that the lining mortar and the plastic masses will become dry and become more or

less rigid. In order to diminish the tensions, it is recommended to do a 24-h

exposure at 800 �C; after that, the heating rate is determined by the thermal

shock resistance of the refractory.

If the furnace is made from castable refractories, the water is in the pores

(physically bonded water) and in the structure of the hydrates (chemically bonded

water). Drying is the evaporation of physically bonded water through the permeable

pores, which cause tensions. If these tensions are higher than the strength of the

dried material, then cracks will appear in the material, sometimes a single crack,

sometimes numerous cracks, sometimes shallow, sometimes cracks through the

material. During the drying and preheating, the strength of the dried material

diminishes and increases several times.

Fig. 3.12 The shape of cast (a) and precast (b) blocks in the refractory bottom (c) of the holding
furnace
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In MCCs, the first temperature interval for the decreasing of strength is

110–300 �С, when the hydrates of calcium aluminates are decomposed. The other

temperature interval of decreasing strength is 700–800 �С (the exposure is

recommended), and then the growth in strength takes place. In LCCs and

ULCCs, the strength increases continuously as the temperature increases. In

LCCs and ULCCs, the amount of alumina cements is low, and the reactive silica

and alumina form gels; upon dehydration, these gels bond the grains of the filler,

and the porosity is lower than that of MCCs.

The evaporation of water below 100 �C is insignificant, and it is difficult to

control the rate of heating. The rate of heating for the furnace with a working layer

from castables and a heat insulation layer from preliminary heat-treated boards or

bricks is a little bit quicker compared with the rate of heating for the furnace with all

layers made from castables, because the water should evaporate through the lining.

Exposure at 400 �C is required for both linings, but with LCCs, it is not as

necessary. If the furnace is stopped for some reason, preheating is possible to do

at increased rates of heating, because the lining doesn’t contain water (Fig. 3.13). It

has been reported [36] that colloidal silica binders in castables gives the ability for a

serious decrease in the dry-out and heating time of the refractory lining of holding

furnaces.

Uncompensated thermal expansion of refractories in the holding or melting

furnace may lead to damage to steel shells and the chipping and spalling of the

refractory lining. Usually, the design of the furnaces includes temperature shafts

that compensate for the thermal expansion. There are several constructions of

temperature shafts. The main problem is to give the refractory the ability to expand,

leaving some space for this expansion, yet eliminating leakage of the metal in this

gap; that should compensate for the expansion. Thermal insulation materials are

used sometimes in these gaps, but the problem is to hide these gaps, filled in with

heat insulation, from the leakage of the metal.

If the width of the holding furnace is 6 m, and the bottom is made from an LCC

with thermal expansion 6� 10�6К–1, the flat roof is made from MCC blocks with

the same thermal expansion coefficient. If the temperature in the bottom and on the

roof is 800 �C, the expansion of the bottom and the roof will be

Fig. 3.13 The approximate rates of preheating of the furnaces with lining: (a) the working layer is
from castables, and the heat insulation layers are from bricks or slabs; (b) the working, barrier, and
heat insulation layers are from castables; (c) the lining is from bricks, slabs, or preshaped castables

according to [36]
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6� 10�6K�1 � 800� 6� 103mm ¼ 28:8 mm:

The calculation is made without accounting for the expansion of concrete blocks
upon preheating. Only thermal expansion at increasing temperature of the fired
material is calculated.

Sometimes the gaps for the compensation of the thermal expansion are made

near the walls under the side lining, and the gaps are filled with ceramic fiber

materials, taking into account 50 % shrinkage of this fiber material.

Another variant of compensation is the construction of a “fish tail” between the

concrete blocks, where the gaps between them are filled in with ceramic paper

(Fig. 3.14).

In stationary melting and holding furnaces, the distance between anchor bolts

should not exceed 500 mm in the walls in the vertical direction and should not be

less than 1,200 mm in the horizontal direction. In the roof, the distance between

anchor bolts should be within 450 mm. For tilting furnaces, these distances should

be smaller.

In the Al industry, the temperatures are not high. Steel anchor bolts can be in

service up to 1,100–1,200 �C. Above these temperatures only anchor bricks should

be used.

3.5 Melting and Holding Furnaces

There is almost no difference in the constructions of melting and holding furnaces.

The metal may be loaded from above and sideways. The molten Al is transferred to

the holding furnace through the runner or through the metal inlet well. Usually,

melting furnaces are heated by natural gas, and holding furnaces are heated by

natural gas or by electric heaters. Holding furnaces with electric heating are easier

to operate, but it is necessary to change the heating elements periodically. The

heating elements are made from nickel chromium alloys, frequently placed in a

steel tube. Silicon carbide heaters are sometimes used in small melting furnaces.

Fig. 3.14 The temperature gaps between the preshaped concrete blocks
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The upper and side-wall loadings of metal in the holding furnaces have advan-

tages and disadvantages. Tilting furnaces are easier in service but have stricter

requirements in terms of the design and quality of the refractory lining. The load of

Al furnaces may vary from 20 to 120 t; the decision on the load is based on the

capacity of the industrial line. Sometimes on small plants there are constructions

combining the melting zone and the holding zone in one furnace. The depth of the

molten metal is in the range of 900–950 mm, sometimes reaching 1,100 mm, and

the productivity is about 30–35 t/h.

The typical flux (there are the variations) is KCl ∙MgCl2 (melting point 488 �С);
it interacts with impurities and with Al as well, giving Al and sodium chlorides. At

holding, these chlorides (dross) appear on the surface and are taken off. The

temperature of molten aluminium alloys at casting is 690–710 �С (Fig. 3.15).

The requirements to refractories were mentioned earlier: porosity <15 %; aver-

age pore size <5 μm; and low wetting by Al.

The service life of melting furnaces is lower than that of holding furnaces

because of the mechanical action of ingots at loading. Consequently, the require-

ments for refractories for melting furnaces are tougher.

A modern concept is lining melting and holding furnaces by castables, yet a

brick lining is more resistant to thermal shock and mechanical stresses. One of the

decisions is the application of preshaped blocks (Fig. 3.16). Multilayer blocks are

cast and heat-treated in a refractory plant and shipped to an Al plant for installation

in the steel shell.

The advantages are the homogeneity of the refractories, the decreased installa-

tion time (compared with the cast works in the steel shell, following drying), and no

need to have specialized division for the cast works and the workers. The disad-

vantage is the gaps between preshaped blocks, which are filled in by castables and

plastic mixes.

The roof in contemporary melting and holding furnaces is flat and made from

preshaped castable blocks. The precast blocks consist of two or three layers with

heat insulation and are hung on anchor bolts. The pads between the preshaped

blocks are fiber materials. In tilting furnaces, the roofs are usually not from

preshaped blocks and are made by gunning. If there is a chance that a temperature

at the roof will exceed 1,200 �C, the refractory anchor bricks are used.

Fig. 3.15 Melting furnace:

1 – insulation, 2 – working

refractory layer, 3 –

refractory lining above the

metal layer, 4 – roof, 5 –

door
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Burner blocks are made from alumina or silicon carbide. The temperature near

the burner blocks of melting furnaces may exceed 1,350 �C. The tap hole blocks

should withstand thermal shock and erosion. Usually, they are made from silicon

carbide or zircon, but also from alumina castables.

The range of heat insulation materials is rather broad. Heat insulation materials

that can withstand relatively high mechanical loads – this list includes lightweight

fireclay bricks, vermiculite slabs, perlite bricks, calcium silicate boards, and

diatomaceous bricks – are used for the heat insulation of the bottom. The pressure

on the walls is lower, so it is possible to use fiber-based boards (in addition to the

above-mentioned materials). Sometimes lightweight castables with fillers, such as

lightweight fireclay, vermiculite, and fiber, are also used for heat insulation.

The temperature regime of the furnaces for the preparation of master alloys

(Al-Mn, Al-Zr, Al-V, etc.) differs from the common melting furnaces; the

temperature at the border of the melt may reach 900–1,050 �С, and the temperature

under the roof is up to 1,200 �С. The corrosion of alloys at such temperatures is

aggressive, and usually the service life of the lining is two times lower. The

antiwetting additives decompose, leaving the bulky structure. Usually, a fine pore

size structure with a small pore dimension is the best protection for such conditions.

Phosphate-bonded bauxite bricks or LCCs with filler from bauxite are used.

Degassing units are used for the refining of Al alloys from gases, fluxes, and

oxide films. The degassing unit is a vane with a depth up to 1 m and sides from

1� 1.5 m to 1.5 � 2.5 m, where alloys are purified with gases (Ar-Cl). The gases

are supplied through the hole in a stirrer. After purification, the alloys go to the

foam filter in a filter box.

Fig. 3.16 Melting furnace from preshaped blocks
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The requirements for refractories for the vanes of the degassing units do not

differ from the requirements for the melting and holding furnaces (Table 3.6). They

are high thermal shock resistance, low wetting by Al, and high erosion resistance.

The same may be said about the refractories for the rotating furnaces for

remelting of dross and wastes (Table 3.6). Such furnaces, having a diameter up to

4 m and a length of 8–10 m, are lined with bricks (in weir walls, inside the inner

lining) and with LCCs (under hexagonal or octagonal inner construction)

(Fig. 3.17).

The main interaction of the lining is mechanical action of the pieces of wastes

and dross and chemical erosion. The service life usually doesn’t exceed 1.5–2 years

(Fig. 3.18).

3.6 Induction Furnaces, Ladles

Induction furnaces are used for making alloys and master alloys and for remelting

of scrap and noncondition billets.

A crucible induction furnace (Fig. 3.19) consists of a refractory crucible, a

water-cooled inductor around the crucible, a steel shell (which takes most of the

mechanical tensions), a pouring crucible lip, and a cup.

The water-cooled inductor is made from copper wire and is a source of electro-

magnetic field, heating the metal in the crucible.

Usually, between the inductor and the refractory layer is a barrier layer that

compensates the movement of the inductor along the crucible and prevents cracks

Fig. 3.17 Rotating furnace

for the remelting of dross

and wastes
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Fig. 3.18 Holding furnace

Fig. 3.19 The lining of the

crucible induction furnace:

1 – barrier insulation of

inductor, 2 – working

refractory layer, 3 – pouring
lip, 4 – cup
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from appearing in the crucible and molten metal leaking to inductor through the

cracks.

In the induction furnace, the metal, which flows through cracks in the crucible to

the inductor, comes to the sphere of a more intensive magnetic field, and it won’t

freeze. The penetration of the molten metal to the inductor leads to a short circuit.

The refractory lining of an induction furnace should have no cracks.

The other peculiarity is that although the temperature of the melt won’t exceed

900 �C, the temperature on the lining may be even higher due to the high concen-

tration of heat near the walls, because of the large heat capacity of billets and ingots

and the enhanced melting regimes.

The induction furnace fails due to cracks and the penetration of molten metal to

the inductor. This cracking may be initiated due to the chemical corrosion. Usually,

the cup doesn’t interact with metal and lasts for many years.

The requirements for the refractory lining of the induction furnace are as

follows [39]:

– Thermal shock resistance (at pouring of the metal) and resistance to static

thermal gradients (the temperature of the metal is up to 900 �C, while the

temperature of the outer wall is 100–120 �C).
– High mechanical strength (the thickness of the crucible is 90–120 mm). The

walls of the crucible should withstand the load of the molten metal.

– High fracture toughness (mechanical stresses at loads of the ingots and billets,

also when the walls are mechanically cleaned by scrapers).

– High resistance to chemical corrosion and to erosion (the metal is circulated

under the influence of the magnetic field).

– The maximum thickness of walls for a 6-t induction furnace is considered to be

120 mm, while for the furnace with a load of 2.5 t, it should be below 90 mm

(otherwise, the electrical and economical characteristics of the furnace will be

diminished).

– It shouldn’t be electroconductive.

– There should be low expansion at firing (otherwise, there are chances of

cracking).

The lining of induction furnaces is made from ramming mixes (water content

below 1%) as well as plastic mixes (water content below 6%); lining by concretes is

rarely made. It is necessary to have the pattern of the crucible. Also, it is necessary

to have a specialized heating element for preheating. Yet the sintering of the

refractory layer takes place only in service, so it is recommended to make exposure

of the furnace with metal for 3 h without electricity and then at a temperature of

750–800 �C for a day.

The normal procedure is to clean the surface of the inner walls of dross and metal

with scrapers; almost all the metal is poured off. The service life of the induction

furnace is 2.5–3.5 years, but sometimes emergency shutdowns take place due to the

failure of the lining.
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3.6.1 Ladles

In a reduction shop, liquid aluminium is taken from the reduction cells and

transported to the cast house. Usually, it is weighed, held for some time, and poured

in the holding furnace for the preparation of alloys.

The refractory lining of the ladles should be resistant to thermal shock, and the

bottom of the ladle should be erosion-resistant. In the tapped aluminium in

the ladles, there is some electrolyte, which also attacks the refractory lining of the

ladles. Usually, the refractory lining is made from the same materials that are used

in the cast house (Table 3.7).

3.7 Launders (Runners), Casting Equipment. Elimination
of Asbestos-Containing Materials

The molten Al flows from the melting furnaces to the holding furnaces, and then

from the holding furnaces it goes either to the billet casting machine or to the ingot

casting machine. The length of the runner (launders) to the ingot casting machine is

1–2 m, and that to the billet casting machine may be up to 30–40 m (sometimes –

two or three holding furnaces provide aluminium alloy for one casting machine).

The requirements for refractory and heat insulation machines differ.

Depending on a casting machine, the runner may have a small cross section (the

surface of the metal< 100 sm2), medium (the surface of the metal¼ 100–200 sm2),

or large cross section (the surface of the metal> 200 sm2). The molten Al releases

heat in the runner. It has been reported [38] that the temperature drop should not

exceed 0.4�/m. The velocity of aluminium in the runner should not exceed 20 sm/s,

which is realized at the slope of a runner of 5–8 mm/m. If the velocity of Al there is

small, the heat release will be larger. It is undesirable for the velocity of Al to have a

possibility of turbulence in the flow (for the quality of the billets).

In terms of heat losses, the height of the runner should be either equal to or 1.5

times the width. In terms of turbulence, the launder should have no slopes, angles,

or knobs. The shape of the launder at Fig. 3.20a is less desirable than the shapes in

Fig. 3.20b, c.

Currently, there are many materials for the launders, but it is difficult to find a

material that combines

– low thermal conductivity,

– high thermal shock resistance,

– high erosion resistance,

– low wetting by molten Al.

The materials used for the launders – alumina silica fiber materials with coat-

ings, fused silica, wollastonite, LCCs and MCCs, heat insulation castables – only

partly satisfy the above-listed requirements.
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The material for the runners to the ingot casting machine should be relatively

light and resistant to erosion (Fig. 3.21).

3.7.1 Casting Equipment (Tooling)

Many articles used at casting of aluminium are called casting tooling. They are

small (sometimes 1–2 kg, others are 10–20 kg), and the consumption of the cast

house may be within tens to hundreds of items per year. Stoppers, glasses, sieves,

siphons, plugs, funnels, terminal boxes, and the like should be thermal shock–

resistant and shouldn’t interact with Al. At a certain time, all these articles were

made from asbestos-containing materials. Currently, they are made from wollas-

tonite and from alumina silica fiber compositions, sometimes with impregnation.

The service life of these articles is within 1–3 months. Usually, there is no need

to stop casting in case there’s damage to such an article; it is possible to change it in

the breaks. The income in the cost of aluminium alloys is not big, and the

prolongation of the service life of casting equipment is usually not a factor to Al

producers. However, the elimination of asbestos in the casting of Al still has some

attention among Al producers. Discussions on the degree of how dangerous asbes-

tos is on the human body are still ongoing [37], but the dangerous influence of

asbestos has been proven.

Fig. 3.20 Shapes of the runners

Fig. 3.21 Aluminium in the launders
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3.7.2 Ceramic Foam Filters

Ceramic foam filters are widely used for the filtration of Al alloys from oxide films,

and they also purify Al from gases and intermetallic inclusions due to their big

surface area. Usually, they have the shape of torque bricks with a height of 50 mm

and sides of 200 mm, 230 mm, 325 mm, 400 mm, 525 mm, and 585 mm, but

sometimes they have a cylindrical shape. The filtration box may be with or without

preheating. The main characteristic of ceramic foam filters is the number of pores

per inch (ppi). Filters with 20, 30, 40, 50, and 60 ppi are used in aluminium cast

houses. The most common are filters with 30 and 40 ppi. Filters with 60 ppi are used

for the filtration of special alloys.

Ceramic foam filters are prepared from polymer foam (which gives the pores

their structure and uniformity to the pore structure) and ceramic alumina slurry

(containing borate and phosphate additives for sintering). The slurry infiltrates the

polymer foam and remains on the walls of the foam. During firing, the polymer

foam decomposes, but the alumina material inherits the pore structure. The cold

crushing strength of such material is 1–1.5 MPa, which is enough for service.
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Chapter 4

Refractories for Anode Baking Furnaces

Carbon anodes are necessary to undertake the Hall–Herault process with prebaked

anodes (Fig. 4.1).

We discussed anode baking furnaces in Sect. 2.3 because the furnaces for baking

cathodes and baking anodes are the same. They have identical construction, the

same problems with refractories, and the same refractories. Probably the real

differences are that the service life of a cathode block should last for 6–8 years,

while the service life of an anode is 30 days; thus, the consequence is the consump-

tion of cathodes and anodes. Another difference is that the raw materials for

cathodes are relatively pure, while the butts of spent anodes are utilized in raw

materials for anodes, which leads to a significant sodium content in green anodes

(from electrolyte). The temperature regime (Fig. 2.28) in anode baking furnaces is

more or less the same. Usually, the producer of anodes is a producer of cathodes as

well; sometimes they keep the furnaces for specialized production, but not always.

4.1 Lining

The lining of anode baking furnaces is made from alumina silica refractories. This

type of refractory actually determines the service life of flue walls of the anode

baking furnace. The heat insulation layers may be made from lightweight fireclay

brick, vermiculite slabs, fiber boards, and other materials

The main characteristic of anode baking furnaces is a service life of the flue

walls and their stability. The flue walls may deform (more frequently in the lower

part of the chamber), and cracks may appear in the flue walls.

In practice, there are two philosophies toward the service of anode baking

furnaces. One philosophy is to run the service of the furnace with minor repairs

and then, after 5–6 years, make an entire relining. This philosophy doesn’t require

large processes for relining and repair – only minor repairs (e.g., patching cracks in

the flue walls). Another philosophy is to make repairs to the flue walls. The service
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of the flue walls in different parts of the furnace differ, and the repairs may change

the most problematic flue walls in the center, leaving unchanged less problematic

flue walls at the periphery. In this scheme, the service life of the furnace may reach

up to 20 years (but the actual service life of the flue walls will be 4–5 times shorter).

This philosophy considers the qualified staff for the repair and permanent supply of

the bricks for the flue walls. Table 4.1 lists the properties of the refractories for

anode baking furnaces.

The staff, employees of the inner part of flue walls withstands thermal shock,

abrasion of the coke, and the influence of the reduction atmosphere. A СО and СО2

atmosphere is combined with action of volatile sodium and fluorine compounds

from the carbon anode butts. The material inside the flue walls interacts only with

flame gases from the burning of natural gas and heavy oil. The usual requirements

to the refractories for the flue walls are thermal shock resistance, minimal shrink-

age, and high temperature of the deformation under the load [3–7].

The book by Prof. Yanko [1] discusses a mechanism of degradation of the flue

walls, stating that the main corrosion agents are aluminium fluoride and sodium

fluoride. The temperature of evaporation of aluminium fluoride is – 950 �С, while
the temperature of evaporation of sodium fluoride is – 1,050 �С. Volatile sodium

and aluminium fluoride penetrate the permeable pores of refractory [1] and interact

with silica, giving volatile silicon tetrafluoride, while sodium oxide is released in

the pores:

3SiO2 þ 4AlF3 rð Þ ¼ 3SiF4 rð Þ þ 2Al2O3; ð4:1Þ
SiO2 þ 4NaF rð Þ ¼ SiF4 rð Þ þ 2Na2O: ð4:2Þ

Fig. 4.1 Baked anodes
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Thus, the degradation of flue walls boils down to the interaction of silica with

volatile fluorides and the increase in porosity.

In industrial practice, the degradation of the flue walls is estimated on the

deformations of the flue walls. If the flue wall deforms, if is difficult to load the

green anodes and to unload the baked anodes. The curvature of the deformed flue

wall may reach 30–50 mm within 3–5 years [2] (Fig. 4.2).

Table 4.1 Refractories for anode baking furnaces

1 2 3 4

Composition, %

AL2O3 62 64 47–48 46

Fe2O3 1.5 1.4 1 1.35

Cao +MgO – 0.8 – 0.75

Na2O+K2O – 0.5 0.6 0.56

Porosity, % 24 20 14 16

Permeability, μm2 – – 0.3–0.6 –

MOR at 1,300�, MPa – – 10 –

CCS, MPa 25 37 45–70 45

Softening point, �C, 1,450 1,520 1,465 1,480

Reheat shinkage, at – – –

1,400 �C, 5 h, % – – 0.15 –

1,500 �C, 2 h, % 0.4 – – 0.15

1,600 �C, 2 h, % – 0.28 –

Thermal shock resistance (air) – 5 15 45

Fig. 4.2 Deformation of the flue walls
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The analysis of the flue wall refractory from the furnace after 3 years of service

showed three zones [2]: a zone contacting carbon; a zone near the flue wall,

contacting flame; and a zone in the middle. In the zone contacting carbon, the

porosity increases up to 40%, and the strength decreases, probably due to reactions

(4.1), (4.2), (4.3), (4.4), and (4.5). Free silicon and sometimes free carbon are

detected.

SiO2 þ CO rð Þ ¼ SiOþ CO2 ð4:3Þ
SiO2 þ CO rð Þ ¼ Siþ CO2 þ 1=2O2 ð4:4Þ
SiO2 þ 2CO rð Þ ¼ SiOþ Cþ CO2 ð4:5Þ

There are almost no temperature gradients in the flue walls, but sodium compounds

really precipitate in the pores, sometimes in a bigger amount near the flue wall,

sometimes at all cross sections, and the interaction of sodium compounds with

alumina silica refractory is the main mechanism of flue wall decay. In the flue wall

near contact with the flame, the amount of glassy phase is sufficiently larger than

the part of the flue wall in contact with carbon.

The increase in porosity may cause cracking. The increase in the glassy phase

leads to deformations at high temperature, resulting in a barrel-like shape of bricks

and the flue walls itself. Both mechanisms may cause slopes and cracking. The

industrial estimation based on deformation of the flue walls with time reveals the

increase of the glassy phase due to the evaporation of sodium compounds (Fig. 4.3).

It appears that the degree of mullitization [2] has small influence on creep, initiated

by an increase in the sodium silicate glassy phase (the amount of which may reach

up to 25–30%).

Fig. 4.3 Deformations of

the flue walls during the

service of materials 1 and 2
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Fine pores in refractories cannot be barriers for the vapors of sodium

compounds. Yet the glassy-appearing sodium alumina silicate phase in the pore

of 3–4 μm may close the pore, making a dead end for the subsequent penetration of

sodium compounds inside the refractory. It is more problematic to create such a

barrier in pores of 25 μm (Fig. 4.4).
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Glossary

Alumina, aluminium oxide, Al2O3 the main raw material for the production of

aluminium; however, the main constituent of conventional refractories.

Anode baking furnace a complex construction for the temperature treatment

(firing, sintering, baking) of carbon anode and cathode shapes. The green shapes

are placed in (and after heat treatment taken out) the chambers while the fire is

moving in the flue walls along the chambers.

Antiwetting additives admixtures of barium sulfate, aluminium fluoride, alumin-

ium borate, aluminium titanate, calcium silicate (wollastonite), aluminium

nitride, silicon carbide and its combinations to alumina silica refractories for

decreasing the wetting ability of molten aluminium to these refractories.

In combination with decreasing the pore dimensions, they give good results.

Bending strength, flexural strength, modulus of rupture, MOR gives the com-

bination of compressive and tensile stresses of materials. A simple and conve-

nient method of estimating the mechanical strength of refractories.

Bottom sludge frozen electrolyte (bath) on the cathode bottom, usually near the

side walls. If it expands over the projection of anodes over the cathode bottom,

it reduces the conductive surface of the cathode, where the electrochemical

reaction of aluminium reduction takes place.

Carbon ramming paste a semifinished product used to fill in the gaps between the

end of carbon cathode blocks and the refractory side lining. The raw materials

are the same as for carbon cathode blocks, but the material receives its final

properties during the preheating and startup.

Casting equipment stoppers, glasses, sieves, siphons, plugs, funnels, terminal

boxes, and other small articles for the casting process of aluminium.

Cathode of the reduction cell in general, the entire reduction cell (carbon cathode

blocks, sidelining, refractory barrier layer, heat insulation) is called a cathode.

But sometimes the term “cathode” is used for the electroconductive surface of

the carbon bottom.

Collector bar a steel bar that serves as current lead from the bus bar system to the

carbon cathode blocks.
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Compressive strength, compression strength, cold crushing strength, CCS a

maximum compression tension that material can withstand without breaking

down. A simple and convenient method of estimating the mechanical strength of

refractories.

Creep a plastic deformation of refractories at high temperatures (below the melt-

ing point) under mechanical stress (below the crushing strength).

Cryolite ratio the ratio of molecules of sodium fluoride to aluminium fluoride.

In pure cryolite Na3AlF6 (3NaF ∙AlF3), the cryolite ratio (CR) is 3. The melting

point of pure cryolite is 1,010 �C, but the temperature of electrolyte may be

reduced either by the additives of fluorides or by varying the ratio of sodium

fluoride (NaF) to aluminium fluoride (AlF3). Both variants — additives and

variation of cryolite ratio — diminish the melting point of the bath to

930–960 �C.
Current efficiency the coefficient showing the ratio of the actual mass of alumin-

ium, received from electrolyte by the passage of current to the theoretical mass,

to the mass that should be received according to Faraday’s law. One of the main

controlled industrial parameters on smelters.

Drained cathode aluminium will flow to some vessel in a drained cathode. Due to

the cathode’s slopes, the Al film will be very thin. This will probably become the

basic construction of the future.

Dry autopsy a complex set of actions to investigate the reasons for shutdown of

the cell. This includes investigating the surface of the cell, cleaned of electrolyte

and aluminium, digging trenches in the lining in chosen parts of the cell, and

examining the condition of the lining and the lining materials.

Electrolysis of aluminium, reduction of aluminium, smelting of aluminium,

electro winning of aluminium, Hall–Heroult process process of fabrication

of molten primary aluminium due to high-temperature (~950–980 �C) electro-
chemical reaction of reduction of alumina, dissolved in electrolyte, by carbon.

Electrolyte, bath, molten bath, frozen bath a substance mainly consisting of

cryolite (Na3AlF6), with additions of sodium fluoride, aluminium fluoride,

calcium fluoride, magnesium fluoride, conducting in molten state electric current

and dissolving alumina.

Energy consumption of the reduction process the amount of energy required for

the fabrication of aluminium due to the electrochemical reaction. One of the

main controlled industrial parameters on smelters.

Heat capacity the amount of heat necessary to increase the temperature of the unit

of material 1 K.

Holding furnaces installed at the smelters and at secondary aluminium plants.

In holding furnaces, aluminium from the reduction shop is purified from gaseous

and solid impurities and the alloying additives are added.

Hot modulus of rupture, HMOR the high-temperature flexural strength bending

strength, measured at high temperatures.

Ladle a metallurgical aggregate for the transportation of the molten aluminium

tapped from the reduction cells to the cast house.
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Launder, runner a metallurgical device for the transportation of the molten

aluminium from the melting furnace to the holding furnace and from the holding

furnace to the degassing unit, filtration box to the casting machine.

Melting furnaces installed at secondary aluminium plants for the melting of

aluminium ingots and billets.

Pore size distribution the graph showing the percentage of pores of certain

diameters in the material. The pore size distribution may be monomodal,

bimodal (the most typical), and chaotic. Pore size distribution on materials

plays a big role in the corrosion resistance of refractories.

Preheating of the reduction cell a process to achieve a temperature close to the

normal operational temperature of reduction of the newly constructed (rebuilt)

reduction cell. Usually, preheating may be electric or gas-fired.

Reduction cell, cell, reduction pot, electrolytic cell a metallurgical aggregate for

the production of primary aluminium, having a shape of a shallow vane.

Refractoriness a property to withstand high temperatures without melting.

Reheat change of dimensions irreversible change of dimensions of refractory

shape at heating. It may be negative (shrinkage) or positive (expansion).

Service life of metallurgical aggregate the time between startup and shutdown.

One of the main controlled industrial parameters on smelters.

Shutdown, failure of the reduction cell (and any metallurgical aggregate as

well) emergency stop of the reduction cell’s operation, usually as a result of

leakage of molten aluminium through the cracks in carbon cathode blocks.

Side ledge frozen electrolyte (bath) on the side-wall lining. Protects side lining

from corrosion and plays a positive role in the Hall–Heroult process.

Smelter, aluminium smelter the plant producing primary aluminium according to

the Hall–Heroult process. May also produce secondary aluminium.

Startup a complex sequence of actions to put the preheated reduction cell in

service. These include a sequence of pouring molten electrolyte in the cell,

pouring molten aluminium, and starting the feeding of alumina. In general, the

startup process takes about 3 months before the cell is considered to be in normal

operation.

Temperature conductivity (heat diffusivity) characterizes how fast the temper-

ature in the material is spreading.

The lenses under the carbon cathode blocks appear due to the interaction of

alumina silica refractories with electrolyte that infiltrated through the

permeable pores of carbon cathode blocks. Several reactions are possible,

all of which have a positive volume effect, which causes bottom

“heaving.” raising of carbon cathode blocks in the middle up to 100 mm.

Thermal coefficient of linear expansion a relative increase in the linear dimen-

sion of the material as its temperature increases 1�. Thermal expansion may

cause thermal strains in the material.

Thermal conductivity characterizes the amount of heat being transferred through

the surface of the material.
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Thermal shock resistance the ability of the material to withstand the temperature

drops and rises, that is, to withstand thermal shock.

Volume effect of chemical reaction a ratio of the molecular (atomic) volume of

the reaction products to the molecular volume of reactants. With a negative

volume effect, the material becomes more porous and the continuous dense film

of the products doesn’t appear, while with a positive volume effect, the material

becomes denser, but the appearing products may cause tensions and cracks in the

material. If one of the reactants is gaseous and goes in the material outside, it is

not taken into account in calculation of the volume effect.
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