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High phosphorusgray iron (HPGI) is used to secure the steel
stub of an anode rod to a prebaked anode carbon block in the
aluminium reduction cells. During this work, a détd characterization
for HPGI was done. The variation in the chemicamposition of the
HPGI collar, anodic voltage drop, and collar tempaure over the 30
days anoddife cycle were studied and compared with HPGI
microstructure at different stages of the experitn&he carbon content
in HPGI during anode life cycle was reduced fron733to 3.38%.
Significant changes in the HPGI microstructure wetiserved after 3
and 30 days from the anode changing. The collap&rature increases
over the anode life cycle and reaches to 850°@um weeks after anode
changing.Different changes in the anodic voltage drop valaéghe
stub- collar-anode connection during anode lifeleywere recorded.

Two bench- scale experimental set-ups were desigaed
implemented to simulate the operating conditionth@nsteel stub/ HPGI
collar/ anode block connection and used to meadhes electrical
resistance and resistivity respectively. Comparisoth steel electrical
resistivity showed the greatest importance to nyatté current HPGI or
producing new alloys with excellent electrical andechanical
properties.The steel stub and HPGI thermal expansion were uneds
and studied. Considerable permanent expansion viesgreed for the
HPGI collar after the completion of the heating-tiog cycle.

1. INTRODUCTION

Cast iron plays an important role in the extractbaluminium from alumina by Hall-
Heroult process. At Egyptalum, a prebaked anodeocablock with four stub holes is
attached to an anode hanger by pouring molten Hi?@le gap between the stub and
the anode block [1, 2]. The composition of cashihas been designed to ensure high
fluidity in order to fill the gap between these tammponents. Cast iron is probably the
material of choice more for it's excellent foundiclgaracteristics than it's electrical
conductivity [1]. The effect of the main constittei{C, Si, S, Mn and P) on cast iron
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properties is described [3- 5]. Phosphorus has bmdieved to enhance contact
between cast iron collars and anode carbon leadimgwer stub-anode voltage drop
[1, 6]. Meanwhile increased phosphorus contents emigr the molten electrolyte by
attack of cast iron collars resulting in phospharastamination of primary aluminum
and lower current efficiency. Moreover, phosphorbas been shown to increase the
electrical resistivity and reduces the thermal cmtigtity of cast iron significantly [7].
The electrical resistivity of gray iron also incsed with increase in C and Si.
Manganese and sulfur react to form MnS, formindusions that further affect the
electrical characteristics of the rodding process.

Peterson [8] instrumented an anode with 30 voltagebes and 50
thermocouples. Temperature and potential readimg waken during 24 hours while
the anode was in operation up to 25% of the anottage was attributed to steel-cast
iron-carbon connection. He concluded that the aintasistance at the cast iron to
carbon transition increases the anodic voltage .d®moks and Bullough [9]
investigated the contact voltage drop in an andde-assembly with variation of the
cast iron thickness. The authors determined thatdécrease in contact resistance
brought about by carbon strain was maximized ugbiout 550°C. Barstow, et al. [1]
published the efficient cast iron microstructure fanode-collars in gray irons.
Wilkening and Cote [10] published the results ofaswwements of electrical resistivity,
thermal conductivity and thermal expansion as &tion of temperature for the three
constitutive materials. They concluded that the raye voltage drop over
approximately 90% of the anode cycle time is ad@umV between stub and cast iron
and about 120 mV between stub and carbon anode.

In this work, the performance of the existing HR&®hnection collar in the
course of service cycle of an operational cell waglied by measuring the voltage
drop between the steel stub and the anode carlomk bind the collar temperature
measurement. The variation in voltage drop wasetated to the changes in HPGI
microstructure over a complete life cycle of theodm i.e. up to 30 days and at
increasing temperatures up to 850°C. The electresibtivity, resistance and thermal
expansion for HPGI samples were tested and evaluate

2. ANODE VOLTAGE DROP

The applied cell voltage is normally between 4.0 &r® V in the aluminium reduction
cells [7, 11, and 12]. This relatively large vainatis not only due to the different
types of cells and methods of operation, but adsthé¢ choice of boundaries of the cell
for the voltage balance. Controlling in the anodéage drop is considering a major
factor to achieve good efficiencies. This is ofteen as totally a pot room function,
yet significant contributions can be made in thdding plant. For a typical total
reduction cell voltage of 4.60V it is generally apted that 0.30 V is attributable to
anodic voltage drop which is defined as the ohnultage drop measured from the
anode bus bar to the bottom of the anode blockellaldhows details typical
contributions to the total anode drop and that 6&%he total energy used in the
reduction process is lost to ohmic voltage droptttar, the stub-carbon drop is no less
than 40% (0.12 V) of the total anode drop and tsbattable to processes [13]. This
literature shows the stub-anode voltage drop ihefsame order of magnitude as the
average voltage drop in the anode itself duringéwice cycle [11]. The potential of
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reducing the voltage drop between stub and anodeciter than in the anode itself.
Such voltage drop across the stub-anode interfagsually taken as a measure for the
cast iron collar performance.

Table 1- Anode voltage losses [13]

ltem Value, V Remarks

Contact surface conditions and clamp

Clamp drop 0.02 tightness are variables

0.08 divided to
Aluminium rod = 0.05 | Rod drop is relatively constant.
Transition joint = 0.01 | Transition joint weld variable.

Steel yoke =0.02

Rod drop

Depends on stub repair quality, cas
Stub-carbon drop 0.12 iron quality, stub alignment in anode
holes and stub graphite coating.

Anode block drop is proportional to

Carbon drop 0.12 the height of the anode block.

Total 0.34 -

3. EXPERIMENTAL WORKS

3.1- The chemical composition of the HPGI

Egyptalum has a big rodding plant started prodactin1997. The main purposes of
rodding process are to make a strong mechanicaheotion, and make a good

electrical connection between steel stub and anad®n block. HPGI is poured in the
stub holes to fill the gap between the steel stub @node block, and the anode ring
formed is usually referred to as collars or thinsblEhe quantity of HPGI used for each
anode block equals 25 kg. The elemental analystteoHPGI is done by ARL 3460

simultaneous quantometer.

3.2- Measurements of collar temperature, anodic vol tage drop at

the stub-collar — anode connection and anode curren t during the

anode life cycle

The collar temperature, anodic voltage drop vamatat the stub-collar — anode
connection and anode current dependence on thesdifiectycle under normal cell
operating conditions were measured. To correlaedmperature increase of the HPGI
collars with the variation in their microstructurapode current and anodic voltage
drop at the stub-collar—anode connection, thermplesuwere inserted in the collars
and their temperatures were measured every one chourg the first day and then,
once a day over 30 days (anode life cycle). MedlawHor voltage drop
measurements copper electrodes were inserted iartbée carbon block at 50 mm
from the HPGI collar and in steel stub at 100 mmovahthe collar surface.
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3.3- Microstructure of HPGI Collars under normal ce Il operating

conditions

Samples from the as cast HPGI collars were machanedoolished for microstructure
investigation. The change of the microstructuréhefHPGI Collars was studied after 3
days and after 30 days (at the end of the anodeciitle). The model of optical

microscope used in this work is Gold MCX1700.

3.4- Electrical resistivity and resistance measurem ents

The investigated HPGI were melted in 100 kg mediftaquency induction furnace.

To simulate the operating conditions in the stagy/SHPGI collar/carbon anode block
connection, the bench-scale experimental set-upishio Figure 1 was designed and
used for the electrical resistance measuremenbaddablocks 150 x 150 x 150 mm
were cutted from the same anode carbon materiahatdb hole 70 mm diameter was
machined in the centre of the carbon block. Stae$ 50 mm diameter and 120 mm
long were machined from Steel37 used to hang aniodés actual electrolytic cells

and fixed in the centre of the stub hole. The itigased HPGI melts were poured in
the gaps between the cylindrical steel bars anabeoablocks. Six blocks were worked.
Five blocks from them were placed in a resistanedflen furnace and gradually

heated. Blocks were withdrawn from the furnace wtientemperature reached 500,
600, 700, 800 and 850°C respectively. Individualcks were held for two hours at
each temperature before being taken out of theat@ior cooling. Y-blocks from each
of the investigated HPGI were used to machine dyidal rods 15 mm diameter x 200
mm length, which were used to measure the redigtdfithe HPGI using the set-up
illustrated in Figure 2.
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_K Furnac H 4
o Microohommeter
Figure 1 - Set-up for resistance Figure 2- Set-up for electrical resistivity
measurement measurement

3.5- Thermal expansion measurements

The thermal expansion for the stub material (S3@¢las well as the HPGI samples for
3 mm diameter x 10 mm length samples using a falljomatic dilatometer were
tested and evaluated.
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4. RESULTS AND DISCUSSION

4.1- Actual chemical composition for the existing H PGI

30 blocks were selected from the rodding planttgauin the cells then removed day
by day during the anode life cycle and analyzed Ghemical composition for the as
cast HPGI is shown in Table 2 and compared withtypial chemical composition of
HPGI [14]. This table illustrates as general ttret C, Si, and P for the HPGI are
relatively high and of course detrimental to thecelical conductivity properties. The
concentrations variation for various elements ofGHEuring the anode life cycle is
illustrated in Figure 3. Chemical analysis of cddlavithdrawn at different service
times shows that the HPGI collars undergo contisudecarburization during cell
operation. The carbon content in HPGI during andde cycle was reduced
significantly from 3.73 to 3.38%. This is due tgrsficant mass transfer occurred via
diffusion between the HPGI and the steel stub.dwolip the change in the chemical
composition of HPGI collars during anode life cysleows that the carbon content in
this alloy must be compensated when the recyclddrsare used and remelted.

The other elements show some little variationth@ir concentrations. Sulphur
content in HPGI during anode life cycle was inceshfom 0.04 to 0.06%, where the
HPGI pick-upsulphur from the surrounding anode carbon bl@:k. this result gives
rise to the assumption that sulphur does not ainlg tvith HPGI by solid diffusion but
more likely by reaction with a sulphur-containingsgphase, for example, COS [10].
C. Labrecque, et al. [6] confirmed that the phosphos present as a chemical
compound in rodding, it will not diffuse as readily carbon towards the steel stub and
tends to form an alignment of phosphides paratiedteel stud-rodding interface; that
reduces the conductivity of the rodding. So thiais tvork is based on reducing the
percentage of phosphorus in the HPGI melt.

Table 2- Chemical composition for thetypical and the as cast HPGI

Element, % C Si Mn P S
Typical HPGI 3.0-3.8 2.5-3.5 0.4-0.8 1.4-1|6 <0.05
The as cast HPGI 3.8 2.33 0.94 0.8]L 0.4

4.2- Collar temperatures, anodic voltage drop varia  tion at the stub-

collar — anode connection and anode current measure ments

The actual collar temperatures and the anode dudeppendence on the anode cycle
service life under normal cell operating conditicare® shown in Figure 4 obtained
using the same method as in [14], while Figure dwshthe anodic voltage drop
variation with time at the stub-collar— anode cartioa.
The main observations from these figures may beudsed as:
- The collar temperature gradually increases dverainode life cycle and reaches
to a maximum value (about 850°C) in four weeksrafte anode changing.
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Figure 3- Variation in the chemical compositionHi?GI collar during anode life cycle
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Figure 4- HPGI collar temperature and anode cuarihg anode life cycle

- The slope of time-temperature decreases afteutab® days from the anode
change when its temperature reaches the 720-750f¢er At this temperature
two factors seem to have contradictory effectshendontact at the stub-collar—
anode connection the expansion due to graphitépiteteon and the contraction
due to the ferrite — austenite transformation & dutectoid reaction of the
HPGI. Although such contraction may be partly congaged by the same
phenomena taking place in the steel stub, buthhakage of HPGI collar still
plays a role in decreasing the contact at the atimmezone.

- The anode current increases steadily with timpeagently due to precipitation of
more graphite from the decomposition of pearliterhides and the resulting
expansion of the collars will lead to more intimatntact at the stub-collar —
anode connection. Moreover, ferritization of the tnwma with time and
temperature will result in lower resistivity of tieatrix and hence higher anode
current.
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Figure 5- Anodic voltage drop measuring in an ogpegecell.

- The anodic voltage drop increase over the fissh@urs of operation (Figure 5)
may be related to the increased amount of grajhitee HPGI which reduces
the electrical conductivity of the collars up to04Q. Further heating of the
collar leads to more expansion and better contattteaconnection zone which
will result in continuous decrease in the voltagepd The anodic voltage drop
again rises and shows two peaks after 10 and 24, dag first peak at 730-
750°C may be related to thee— y transformation contraction, whereas the
second peak at 850°C may be due to the reliefritact pressure as a result of:

i) Creep of the steel stub which will lead to ktiglecrease in its diameter and/or
i) Softening of the iron structure due to meltiofgthe intercellular phosphide phase.

4.3. Microstructure of HPGI Collars

The microstructure of the HPGI collars during tmade life cycle was studied. The
actual as-cast microstructure of such iron is shdwnFigure 6-a consisting of
interdendritic distribution of the phosphide temnaeutectic (iron phosphide -
cementite— austenite) typical of high phosphoraesr[14]. As the HPGI was poured
between steel stub and graphitic anode; both ataghf thermal conductivities, the
HPGI was subjected to solidification under highllolg conditions which result in
higher degrees of undercooling and the formatiosusfh fine undercooled graphite.
As iron phosphide eutectic solidifies at rather leemperatures (850- 900°C), it
appears as intercellular formations in betweenptfiary austenite dendrites, which
would later transform to pearlitic dendrites at gutectoid transformation temperature
range.

It should be noticed that further heating resuttsignificant changes in the
microstructure of the HPGI collars. Figure 6-bwhdhat after 3-days from the anode
change, its temperature reaches about 550°C (Figurend the matrix undergoes
considerable ferritization with the precipitatiohsmme spheroidal graphite particles.
This latter phenomenon was related to the incre&pitk up by the HPGI collars
from the graphitic anodes [1]. At the end of tm®de life cycle, i.e. after 30-days,
ferrite dominates the collar structure and phosphidclusions still exist in the
structure with more or less rounded morphologies ttuthe remelting process they
undergo over 850°C (Figure 6-C).
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Figure 6-Microstructure of HPGI; (a) asst; (b) after 3-days operation, and (c) after
30 days operation.

4 .4- Electrical resistivity and resistance measurem ents

The resistivity of all the investigated HPGI sansplas well as the steel sample
increases steadily with temperature as shown iar€ig. As expected steel sample had
the lowest electrical resistivity, the differencetleen steel and HPGI resistivity,

however, little decreases with increasing tempegatu
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Figure 7-Electrical resistively of HPGI comparedsteel.

Figure 8 illustrates the electrical resistancdatstub-collar-anode connection.
At lower temperature of 50C, the resistance of connections seems to be Iglight
higher than those at the highest measured temperaf850C. This indicates that
other factors, rather than the electrical resistiof the collar contribute to determining
the resistance of the stub-collar-anode conneclitese results showed the greatest
importance to modify the current used HPGI or poddg a new alloy with excellent
electrical and mechanical properties.
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Figure 8- Connection resistance of HPGI collars

4.5. Thermal expansion measurements

The thermal expansion curves for the stub mateB&=|37 [10, 15] as well as the
HPGI samples are shown in Figure 9. Steel curvewshiypical contraction and

expansion on heating and cooling, respectivelyp@ated with the eutectoid reaction
and the formation of the more closed-packed austesiructure on heating. It is

interesting to notice that the HPGI shows consioleraermanent expansion after the
completion of the heating-cooling cycle. The hagatexpansion in microns of the

HPGI and steel at both 848 and 948C temperatures is illustrated in Table 3.

Dilat [micro]

\

(@

Figure 9- Thermal expansion curves of a) SteeHPg|

(b)

Table 3. Heating expansion of stee and HPGI.

Temperature;C Steel HPGI
849 75.6 151.6
949 - 209.8

The behavior of the HPGI, however, may be confusifgis alloy shows
higher values of thermal expansion under the freegiricted expansion conditions
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during dilatometric tests, most probably due to thelting of the intercellular
phosphide phase formed around the eutectic cellhéniron microstructure. The
expansion conditions in the gab between the stekland the carbon anode, however,
seem to be different, where the expansion is mesticted by the confined volume in
the gap. Expansion pressure may be partially orptetely relieved due to the
“cushioning” effect provided by the molten phosghildyer at the grain boundaries
[10]. Under expansion pressure the grains may wodeelative sliding along the
molten boundaries which will decrease the expaniiores leading to lower contact
pressures and higher electrical resistance at tb-cellar-connection. This
mechanism may explain the much less steep linehefrésistance vs. temperature
relationship of HPGI shown in Figure 8. Moreoveng tformation of the molten
phosphide intercellular layer at higher temperatwe850C may largely contribute to
the increased electrical resistance at the cororestiown in Figure 8.

CONCLUSIONS

- A continuous decarburization of HGPI collar duriremode life cycle
demonstrates that significant mass transfer ocduni diffusion between the
HPGI and the steel stub, while other elements efHIPGI are still constant
with some little variations in concentration.

- HPGI melt with reducing the phosphorus percentagestnibe taken into
account to reduce the electrical resistivity of HPG

- Maximum collar temperature reached to 850°C aftar fweeks from the
anode changing.

- Measurements show three peaks for increasing th@i@moltage drop during
anode life cycle.

- There is still margin for improvement of the stulmde voltage drop by
improving the current used HPGI melt or produciegvralloys with excellent
properties or modifying the current stub design.

- After 10 days from the anode changing, a graphiecipitation and the
contraction have affected on the contact at the-stllar— anode connection.

- Significant changes in the microstructure of theGHRollars were observed
after 3-days and 30 days from the anode changing.

- Two bench- scale experimental set-ups has beegrieband used to simulate
the operating conditions in the steel stub/ HPdlhcbanode block connection
and used to measure the electrical resistanceesigdivity respectively

- Considerable permanent expansion for HPGI after dbmpletion of the
heating-cooling cycle.
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