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The baking of carbon anode in furnace is a vital step in the carbon anode production cycle for
aluminium industry. The green (unbaked) anodes so formed by compaction of recycled anode
butts, coal tar pitch and coke do not possess the required material properties that are desirable
during the utilization of carbon anodes in the electrolysis cell. The baking process transforms
green anodes into baked anodes to achieve these desirable properties to ensure the anodes
withstand the harsh thermal and electrochemical conditions of the electrolysis cell. Therefore,
predicting the baking level of carbon anode is of paramount importance. In the present study, a
thermodynamic and phase-field theory (a mathematical technique for solving interfacial and
phase transformation problems) based model has been employed for prediction of baking level
of carbon anodes during baking. A physically-based internal state variable describing the baking
level is proposed which determines the extent of baking level achieved at a prescribed location
and time in the anode pack. A time-dependant and temperature driven evolution equation for the
baking level is employed using thermodynamics and phase-field based model. A brief
discussion on the application of developed model for prediction of material properties evolution
during the baking process is also presented.

Keywords: Anode-baking, baking level, temperature driven transformation, solid-solid
transformation, evolution of material properties.

1. Introduction

Carbon Anode Baking is one of the most important step in Aluminium production. The term
‘Green anode’ refer to the un-baked anode formed by mixing and vibro-compacting the
ingredients i.e. calcinated petroleum coke, recycled anode butts from reduction cell and coal tar
pitch to form a compact solid block. The so formed un-baked anode is then baked and
subsequently consumed as anode in the electrolytic cell for Aluminium reduction. The chemical
and thermal conditions in electrolytic cell are quite severe that can cause thermal shock, anode
cracking and other undesirable effects. The green anode does not possess the required thermal
and mechanical characteristics that are of paramount importance for usage in electrolytic cell.
The malfunctioning of a carbon anode in a reduction cell can have drastic impact on operational
continuity of an electrolytic cell. In worst case, it can crack and fall into the liquid bath of the
cell leading to operational and production delays. Other direct and indirect effects may include,
but are not limited to, over-consumption, dusting, and decrease in electrical current efficiency.
To overcome these effects, baking of the green anode is carried out in a furnace that changes the
thermo-electro-mechanical behavior of the anode making it suitable for use in the electrolytic
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cell. Both over-baked and under-baked anodes are undesirable. It is therefore of vital
importance to understand the extent of baking level at any time.

The anode baking process is indeed a solid-solid phase transformation (PT) process whereby a
green anode (initial phase) is transformed into a baked anode (final phase). This PT is a second-
order continuous transformation and no latent heat is involved in the transformation from green
to baked anode and that there is a large temperature difference involved between the two phases.
Physically, a second-order continuous transformation may be viewed as a phenomenon where
the transition from one phase to another is taking place very smoothly without changing the
thermodynamics abruptly. The baking process is essentially thermally driven as during the
baking process, green anode is subjected to significant temperature change for a very long time.
Hence, a suitable temperature driven solid-solid PT model can quite accurately simulate the
baking level of carbon anode. Such models can be accurately developed using the Phase field
theory (PFT) and the models so developed are called Phase field models (PFM) [1].

PFT has been evolved greatly over the last few decades. PFT was principally developed to solve
interfacial problems like solidification. The origin of PFT dates back to the work of van der
Waals who developed a density based PFM for liquid-gas system. PFT since has been applied to
a variety of microstructure transformation problems like solidification dynamics, solid-solid
transformation, coarsening, grain growth, dislocation dynamics, and crack propagation [2]. As a
first step, PFM introduces a phase-field parameter which takes discreet value in bulk phases. For
example, in solidification problem, the phase-field can assume a value of 0 in one phase (solid)
and a value of 1 in the other phase (liquid). At the liquid-solid interface, the value of phase field
can be assumed to vary smoothly from 0 to 1 (a diffuse interface model) or sharply (sharp
interface model). Secondly, a thermodynamic free energy (or entropy) functional is developed
that is a function of phase-field and the microstructure transformation parameters like
temperature, strain etc. The variational derivative of thermodynamic free energy functional with
respect to the phase-field provides the necessary driving force for the phase transformation.
Finally, an equation for evolution of phase-field is developed to keep the track of evolution of
the phase-field. The famous time-dependent Ginzburg-Landau equation [3] is utilized for the
evolution of phase-field with respect to time.

In the context of anode baking as discussed previously, one can distinguish two distinct phases
at the start and end of the baking process i.e. the green/unbaked and baked. Since the baking
process is essentially temperature driven, a thermodynamic and phase field based free energy
functional dependent on baking level (phase-field) and temperature can be developed and
utilized to predict the evolution of baking level with time. In the existing literature on PFT,
Levitas and Preston [4] have already developed free energy functional for temperature driven
martensitic transformation (MT). MT is the process whereby Austenite phase of steel is
converted to Martensite phase. The MT can be induced by changing the temperature (on
cooling) or by applying an external stress. Reverse transformation can be achieved by heating
Martensite to form Austenite. Since MT and anode baking have analogies i.e. both are solid-
solid temperature driven PT processes, the already developed function as mentioned in research
work [4] was selected and tailored for anode baking process; owing to the analogies mentioned.
The free energy functional is:

F(T,¢) = % Ag® +(3AG" — A)g* +%(A—4AGT)¢G 1)
where: F (T, @) Free energy functional, J/m®
T Anode absolute temperature, K
o Baking level, fraction
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Figure 1. Scheme for Evolution of Material Properties of Anode

During the literature survey, the author discovered that there is a scarcity of published work
whether theoretical or experimental on the evolution of green anode material properties during
baking process as also mentioned by Amrani et al. [7] Based on the available published sources,
the experimental work on evolution of anode properties during baking process presented by
Amrani et. al could be referred to as they investigated the evolution of material properties
(electrical resistivity, apparent density, internal defects) for scaled down anodes of mass 10 kg
manufactured as per the industrial recipe.

4, Conclusions

PFM is a powerful tool that has recently become more matured and richer to address a plethora
of varied problems. In this work, an introduction to the utilization of PFT to understand the
anode baking process and associated PT of unbaked to baked anode is presented. PFM is an
important tool that can be utilized to predict the baking level of carbon anodes at any time
during the baking process. In this work, we developed a methodology and computational tool
that can predict the baking level at any stage and for any applied anode temperature profile. The
PFM so developed could be further refined and calibrated using experimental results that are
performed in the conditions analogous to the ones encountered by carbon anode during the
baking process. The experimental-based knowledge of variables and parameters required for
PFM in the case of anode baking could be helpful to establish strong technical grounds for
exploring further areas of application of PFM in the anode baking problem like understanding
the evolution of material properties of carbon anode during the baking process.
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