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ABSTRACT

Three-dimensional finite element models have been
developed to determine stress arising in reduction cell anodes
due to temperature gradients and interaction with metal
components. The model results here focus on two important
aspects of the stress distribution and their implications for
anode cracking.

1. The development of thermal shock stress early
in the anode life is investigated, including the
roles of bath heat flux, freeze formation and
anode thermal conductivity.

2. Detailed models of the anode stub region show
a high stress in the carbon at the base of the
stubholes during steady operation. The
sensitivities of this stress concentration to yoke

parameters and material properties are
determined.
INTRODUCTION

Carbon anodes play a central role in the production of
aluminium in Hall-Heroult reduction cells. Thermal,
electrical and mechanical aspects of their performance all
have a large impact on overall smelter profitability. Comalco
has developed finite element models which solve the coupled
temperature, voltage and stress distributions to enable
optimisation of anode design.  This paper focuses on
mechanical aspects, providing an overview of the main
factors controlling stress development from anode setting to
withdrawal.

The carbon stress distribution has two important influences
on anode performance. Firstly, excessive stress fractures the
block with a consequent increase in anode voltage, power
consumption, carbon consumption and process variability.
Crack orientations are usually vertical, either longitudinal or
transverse, or diagonal such that a lower anode corner is
shed.  Secondly, low stub-carbon resistance depends on
closure of the airgap formed between cast iron and carbon
after stub casting, and subsequent establishment of a contact
pressure of at least 1 MPa'l,

Two previous studies of stress in reduction cell anodes have
been published.  Using a simplified anode and yoke
geometry, Weng and Hsu® modelled the transient
temperature distribution from anode setting until steady-state
conditions were achieved. Associated changes in the carbon
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stress distribution and anode deformation were described.
Kummer and Schmidt-Hatting®™ examined the stresses
responsible for thermal shock spalling of anode corners, and
their dependence on a number of anode variables.

The present paper provides a sensitivity analysis of carbon
stress during both the initial ‘thermal shock’ stage and later
steady operation. Earlier studies are extended by
incorporating the effects of initial bath freezing and closure
of the airgap between cast iron and carbon. The implications
of the results for crack formation and propagation are
discussed.

FINITE ELEMENT MODEILS

A four-stub anode with block dimensions of 1650 mm by 910
mm by 550 mm was modelled (only one quarter by
symmetry) using MSC/NASTRAN™., ~ When modifying
anode geometry for sensitivity analyses, care was taken to
retain the same mesh in the regions of interest to avoid any
mesh dependence. The yoke, stubs and cast iron were
modelled as a single generic metal and material properties

were approximated as temperature-independent.  Values
adopted for the baseline models are listed in Table 1.
Table I: Baseline material properties for sensitivity study
Property Carbon Metal
Thermal conductivity, k (W/mK) 5.0 50
Specific heat, ¢ (J/kg) 1200 500
Density, o (kg/m®) 1600 8000
Thermal expansion coefficient, o (10%K) 4.4 15
Young’s Modulus, E (GPa) 4.8 200
Poisson’s Ratio, v 0.20 0.29

Anode- carbon is weak in tension so Maximum Principal
Stress, which defines the direction and magnitude of the
greatest tensile component of stress at a given point, is often
adopted as the simplest failure criterion. In this work,
‘stress’ and ‘tensile stress’ refer to Maximum Principal Stress
unless otherwise stated.

Thermal Shock Model

When a new, cold anode is set in the molten cryolite bath,
large temperature gradients result which create ‘thermal
shock’ stresses within the carbon block. The finite element
mesh (Figure 1) was concentrated around the anode base
where stresses are highest.
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Simple boundary conditions were applied to anode surfaces
above the bath as their influence on thermal shock stress is
minimal. Convective heat transfer from the anode top to an
ambient temperature of 80°C was assumed, with an effective
heat transfer coefficient of 2.5 W/m*K to include cover
thermal resistance. Anode sides above the bath were treated
as adiabatic.
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Figure 1. Finite element mesh for
thermal shock model.
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Figure 2. Immersed surface temperatures used in thermal shock
model, for different carbon thermal conductivities.

A layer of bath freezes on the immersed surface of the cold
anode (bottom 150 mm), and subsequently melts off. This
behaviour was incorporated in the model by proscribing the
time-dependence of the anode surface temperature where
immersed (Figure 2). Surface temperature variation was
extracted from a separate 1D transient model of bath
solidification and remelting, validated by carbon temperature
measurements, which incorporated bath latent heat. The heat
flux from bath into the freeze was set at 20 kW/m? for the
baseline case to produce complete remelting of freeze in four
hours.

Steady-State Model

A stylised four-stub assembly (Figure 3) was employed to
investigate the effects of the main design features on carbon
stress. The stubhole had no taper or fluting and the yoke
arm was a horizontal bar. A temperature distribution to
approximate an anode operating in thermal equilibrium was
applied; temperatures decreased linearly from 1000°C at the
anode base to 800°C at the anode top, and then to 200°C at
the assembly centre.

Contact between the metal and carbon was simulated with
non-lincar GAP elements. These have zero stiffness when
open but exert a normal reaction force and friction when
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Figure 3. Finite element mesh for
steady-state model.
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closed®. The airgap was initiated to 0.5 mm in the cold
anode to mimic shrinkage after casting and allowed to close
by subsequent thermal expansion in the reduction cell. When
varying stub or stubhole diameter, the initial airgap was
scaled according to cast iron thickness.

THERMAL SHOCK STRESS RESULTS
Form of Thermal Shock Stresses

When an anode is first set, expansion of the hot surface layer
creates tension in the cold carbon immediately inside.
Conversely, the surface is in compression due to restraint by
the interior carbon. As heat conducts into the anode, the
layer in tension moves progressivel;r further upward and
inward, following the region where V°T is largest. Figure 4
illustrates the developing stress distribution on a vertical
plane from anode centre to corner.

An initial stress concentration occurs near the anode corners,
resulting from local superposition of the tensile layers formed
parallel to each immersed surface™. The stress direction is
approximately along the anode space diagonal so leads to
corner shedding when thermal shock is severe.

Maximum principal stress [MPa]
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Figure 4. Stress distribution on
vertical section through anode.

Stress within the tensile layer above the rest of the anode
base (‘Central stress’) is relatively uniform. The thermal
expansion load in the longitudinal direction (proportional to
area of anode base and immersed sides) exceeds the
transverse expansion load (base and immersed ends).
Maximum Principal Stress is therefore directed along the
anode length while Middle Principal Stress, still tensile but
about 10% smaller for the modelled block dimensions, is
transverse.  This stress pattern explains the formation of
vertical cracks by thermal shock and their usual bias toward
transverse rather than longitudinal orientations.

Sensitivity Study

The variation of thermal shock stresses with key anode and
process variables was investigated with a series of models
modified from the baseline case. Central stresses were
gauged by the peak stress attained 90 mm above the centre of
the anode base and Corner stresses by the peak at the node
91 mm from the anode corner. (Stresses at other nodes show
very similar sensitivities to changes in variables.) Table II
summarises the results as a normalised stress sensitivitys,

for each variable v:

" k()
v o, \ov),

o

o

Here v, is the baseline value of the variable and o, the
corresponding peak Central or Corner stress. Note that
stress is proportional to vS for small departures from the
baseline value v,.

Table II: Response of peak stress to thermal shock variables

Variable Normalised stress sensitivity
(refer equation 1)
Central stress Cormner stress

Thermal conductivity -0.3 -0.4
Young’s Modulus 1.0 1.0
Thermal expansion 1.0 1.0
coefficient
Anode length -0.03 -0.003
Anode width | -0.3 -0.008
Anode height -0.7 0.01
Immersion depth 0.2 0.1
Bath heat flux 0.05 0.02
Current draw dI/dt <0.01 <0.01

Dependence on Carbon Thermal Conductivity

Both Central and Corner stresses decrease with conductivity
(Figure 5), the basic reason being a lowered carbon
temperature gradient. Higher conductivities increase the heat
flux from the anode surface to interior, so the surface heats
more slowly and the interior faster. However, the reduced
surface heatup rate is partially offset by the resultant
enhancement of heat flow through the frozen crust, this in
turn being damped by an increase in crust thickness.
Omission of these interactions with bath solidification leads
to a sensitivit}f of stress to conductivity about double that
obtained here®.,

—
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Figure b. Sensitivity of Central and Corner stresses
to carbon thermal conductivity.

Dependence on Immersion Depth

Thermal shock stresses increase with the initial depth of the
anode in the bath (Figure 6), due to the greater expansion
loading on the interior carbon. Corner stresses are generally
more sensitive than Central stresses to immersion depth since
anode sides contribute a large fraction of the corner loading.
At larger depths, however, Corner stresses tend to saturate so
display less sensitivity than Central stresses, as indicated in
Table I for the baseline condition of 150 mm depth.

Dependence on Anode Dimensions

Corner stresses are virtually independent of anode dimensions
(Table II) since they arise primarily from surface expansions
in their immediate vicinity.  Central stresses decrease
strongly with increasing anode height (s = -0.7) since greater
restraint by the top portion of the anode reduces the
expansion and therefore tensile stress of the lower portion.
Increasing the anode width also reduces Central stresses (s =
-0.3) as the longitudinal expansion loading (proportional to
area of base and immersed sides) increases more slowly with
anode width than the volume of cold carbon to which it is
applied. Anode length has negligible effect on Central stress
(s = -0.03) since the expansion loading and stressed volume
increase in the same proportion.

Dependence on Anode Current Draw

Resistive heating of the anode has negligible impact on
thermal shock stresses. A simple calculation shows that

160

resistive heating during the first hour is about two orders of
magnitude smaller than conduction from the bath.
Furthermore, the relatively even distribution of resistive
heating through the block minimises any influence on the
temperature gradients responsible for thermal shock.

Dgpendence on Qther Carbon Properties

Thermal shock stresses are directly proportional to both the
Young’s Modulus and thermal expansion coefficient of the
carbon. Stresses also increase, with density and specific heat,
and reduce with Poisson’s Ratio, but there is little scope for
variation of the latter three properties in plant production.
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Figure 6. Sensitivity of Central and Corner stresses
to depth of anode setting in bath.

STEADY-STATE STRESS RESULTS
Form of Steady-State Stresses

As the top of the anode reaches full operating temperature,
radial thermal expansion of the stub and cast iron closes the
initial airgap. High stresses around the stubhole result,
greater on the outer side of the stubhole due to additional
force from expansion of the yoke arms. The tendency of the
carbon block to bow upward, due to the vertical temperature
gradient, increases the influence of yoke arm expansion by
pushing stubholes closer together. Peak tensile stresses occur
at the outer edge of the stubhole base (Figure 7) which acts
as a stress concentrator. A secondary stress maximum, of
smaller magnitude but greater extent, occurs midway between
the stubholes (Figure 7) as a result of yoke arm expansions.
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Figure 7. Steady-state carbon stress.
[Note uneven contour scale]

The response of the peak stubhole stress to a range of design
and process variables was investigated. Results are expressed
in terms of the normalised stress sensitivity defined by
equation (1) and given in Table III. The sensitivities
principally derive from the mismatch between stub/cast and
stubhole expansions (mediated by the airgap) and changes in
the flexibility of yoke arms and stubs.

Table III:  Sensitivity analysis of peak stress during steady-
state operation

Variable Stress sensitivity
(equation 1)
Temperature at base of rod 0.01
Temperature at top of block 1.1
Stubhole diameter -0.3
Stubhole depth -0.6
Stub diameter 0.4
Length of stub above block -0.8
Length of yoke arm 0.7
Vertical thickness of yoke 1.2
Carbon Young’s Modulus 0.3
Carbon thermal expansion coefficient -0.4
Metal Young's Modulus 0.8
Metal thermal expansion coefficient 1.3

Dependence on Anode Height

Models were run at several reduced anode heights to examine
the effect of anode consumption on stress levels. As the
anode height decreases, it provides less restraint to expansion
of the yoke arms. Carbon between the stubholes stretches
further resulting in a considerable increase in the central
stress concentration (Figure 8). Peak stubhole stresses,
however, decline slightly due to the lower force applied by
the yoke arms. The increase in anode top temperature and
reduction in cross-sectional area with anode age (not
modelled here) will tend to raise overall stress levels.
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Figure 8. Increase in stress between stubholes
with anode age.

IMPLICATIONS OF RESULTS FOR ANODE
CRACKING

Sensitivity of Crack Probability to Anode Variables

Baked anode carbon behaves as a brittle material in which
cracks usually initiate at pre-existing microscopic flaws.
Thermal shock cracks have a corner-shedding or vertical
orientation depending on the initiation point, in turn
determined by the stress and flaw distributions. Anodes
which survive thermal shock may still crack later from the
assembly-dominated steady-state stresses.

Direct calculation of thermal shock fracture probability is
difficult, requiring time integration over anode heatup of the
fracture probability distribution. However, by approximating
that the maximum stress reached is uniform in some volume
and zero elsewhere, the effect on crack probability of small
changes in anode variables (i.e. length, conductivity etc.) can

. From Light Metals 1993, Subodh K. Das, Editor
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be estimated by Weibull statistics. The expressions obtained
are functions of the existing crack rate, Weibull modulus ‘m’
and stress sensitivities. Details of the derivation are available
on request.

A quantity termed Thermal Shock Fracture Resistance
(ISFR) can be extracted for application to anode
optimisation.  This predicts relative trends in crack rate,
rather than absolute changes, for small modifications to key
variables. TSFR’s to corner and vertical cracks differ due to
unequal stress sensitivities (Table II):

0.3 0.7-0.5/ .3-1/
K03 g, HOT-0SIm pro3-iim

TSFRygrmicar = E @ B2 Lim (22)
k0.4 o
—_ [

TSFReorner = Ea B (2b)

Both crack types increase with Young’s Modulus E, thermal
expansion coefficient « and (to a slight extent) bath
immersion depth B. Both crack types decrease with the
carbon Weibull characteristic strength o, (proportional to
breaking strength) and (to a lesser extent) thermal
conductivity k. Vertical cracks in good quality anodes

(m>>1) are also reduced by increasing anode height and
slightly by increasing anode width.

The usual expression for thermal shock fracture resistance of
ceramics® is k o,/ (E ). Equations 2 extend this to
include the effects of block dimensions, bath immersion
depth and interaction with bath freeze formation. Kummer
and Schmidt-Hatting® observed that anodes of high strength
showed more tendency to thermal shock cracks, so moved o,
to the denominator in their expression for fracture resistance.
As they note, this implies that propagation rather than
initiation of cracks may be the controlling factor.

Propagation of Cracks

Thermal shock cracks initiate with a large amount of stored
strain energy. A rapid propagation of the crack beyond the
critically-stressed region results™, travelling a distance

proportional to o, (E y)™° where y is the energy/unit crack
area extension. Cracks initiating near a corner immediately
propagate to the adjacent anode faces while vertical cracks
extend across the anode base and typically 5 to 10 cm up the
sides.

Propagation of vertical cracks then pauses until the stressed
layer moves up with heat conduction to the level of the crack
tip. Propagation may then recommence since, although the
crack relieves overall stress levels slightly, the crack tip acts
as a stress concentrator. Also, peak thermal shock stress
increases with time (Figure 4).

Any subsequent propagation occurs stably over a period of
hours, driven by the advancing heat front toward the top of
the anode. Expansion of the assembly begins to influence the
stress distribution after several hours. Stress levels below the
stubholes build as stub expansion closes the airgap, causing a
tendency for cracks to deviate preferentially toward
stubholes. In steady-state, tensile stresses occur between and
(especially) around the stubholes. Vertical cracks completely
outside this region are therefore uncommon.

Resistance to Crack Propagation

The traditional approach to describing the resistance of
materials to thermal shock damage is to relate stored strain

energy to crack surface energy. A thermal shock
propagation resistance is obtained:
TSPR = E—ZY. 3)
0(.‘

A more recent method is to plot the critical stress intensity
factor at the crack tip required for propagation as a function
of crack length. The ‘R-curve’ obtained provides
information about crack toughening behaviour. For carbon
materials”#, the R-curve increases at small crack lengths due
to the development of toughening mechanisms (crack
bridging and microcracking) and then plateaus.

Anode fracture toughness can be increased by coarsening the
microstructure to reduce crack severity by limiting unstable
propagation (energy approach of equation 3) and/or
enhancing resistance to stable propagation (R-curve
approach). However, these gains must be balanced against a
possible increase in crack frequency since crack initiation and
propagation have opposite dependencies on Young’s Modulus
and strength. (Compare equations 2 and 3).

Discussion

Correlations of bulk anode properties with thermal shock
tendency have been published by several authors. The
dependence of thermal shock-related properties (strength,
Young’s Modulus, expansion coefficient, conductivity) on
conditions of anode manufacture (raw materials, mixing,
forming, baking) has been investigated using plant® and
laboratory"®™! anodes. The propensity of anode carbon to
thermal shock cracking, as measured by a laboratory test
involving ragid heating of a carbon disc, has also been
examined"®"l, The percentage of plant anodes cracked has
been qualitatively compared with bulk properties!” and
laboratory thermal shock test results!™],

However, three important areas remain largely unexplored.
The roles of initiation, unstable propagation and subsequent
stable propagation as controlling factors in anode cracking
need to be established. Secondly, there is a need for
quantitative correlation of laboratory based thermal shock
measures with the type, frequency and severity of anode
cracks during operation. Finally, an expression for the cost
to a smelter of anode cracking is necessary for proper
evaluation of anode optimisation work. This should
incorporate at least the relative frequencies and costs of
corner shedding, vertical thermal shock cracks and steady-
state cracks.

Although there is no definitive prescription as yet for
eliminating thermal shock damage, some general guidelines
arise from this and earlier work. The preliminary but
essential steps are to remove special causes of low strength
(e.g. gross pre-existing cracks) and then minimise common
causes of inter-anode variability. ~For example, VALCO
greatly alleviated a corner shedding problem by better control
of the coke fines fraction™.  Intra-anode variability (on a
sub-cm scale) appears desirable for promoting fracture
toughness. Further work is required in this area to balance
the conflicting mechanical property requirements for

—
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resistance to crack initiation and propagation, complicated by
strong correlation between anode propertiestl. Crack
initiation can be significantly reduced by altering carbon
thermal conductivity or thermal expansion coefficient (refer
equations 2) provided other properties remain unchanged.
The rate of vertical thermal shock cracks can also be reduced
slightly by setting the anode high and (if the carbon Weibull
modulus is large) increasing anode height and width. Bath
superheat or heat flux have negligible influence on thermal
shock provided some freeze formation occurs.

CONCILUSIONS

1. Initiation and propagation of the two main types of
thermal shock cracks have been explained in terms of
the modelled transient and steady-state stress
distributions.

2. Anode cracking probabilities are best interpreted by a
statistical treatment based on the weakest-link concept.

3. On this basis, the response of crack rate to
modification of key anode variables has been
determined from stress model results (equations 2).
Crack probability increases with Young’s Modulus,
thermal expansion coefficient and bath immersion
depth, and decreases with strength and thermal
conductivity. ~ Anode dimensions have negligible
effect on corner cracks, but do affect vertical cracks
in a manner dependent on the carbon flaw strength
variability. Bath heat flux is unimportant, except that
cell conditions which prevent anode freeze formation
will increase the crack rate considerably.

4. The dependence of cracks initiated by the assembly on
material properties, geometry and anode age has been
described.
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