


e Right after the lance was submerged in the molten aluminium both the
CHy4(g) amount and CO (g) amount increased. Similar to what was observed
in the preliminary results. [1] Additionally it can be seen that when a large
amount of methane is produced a large amount of CO(g) forms as seen in
figure 29 and 31, similarly when a lesser amount of methane is formed a lesser

amount of CO (g) forms, as seen in figure 30 and 32.

e The CH4 peak lasted only a short amount of time, after 10 minutes CH, was

no longer formed in any significant amounts.

Unfortunately some errors occurred while performing the experiments.

e Two of the experiments got contaminated with carbon, which lead to an
increase in carbide, those results have been removed. The contamination
most likely originated from the graphite wool surrounding the crucible, or

the outer crucible itself as it is made of graphite.

e The second parallel with 2% HO had an error with the sampling device so
the first sample was taken 10 minutes after the lance was submerged instead

of right before.
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Figure 29: CO(g) and CH4(g) content of the off-gas in parallel 1 when 2% H20O
was added to the purge gas.
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Figure 30: CO(g) and CH4(g) content of the off-gas in parallel 3 when 2% Hy0
was added to the purge gas.
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Figure 31: CO(g) and CHy(g) content of the off-gas in parallel 1 when 2% H2O
was added to the purge gas.
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Figure 32: CO(g) and CHy(g) content of the off-gas in parallel 2 when 2% Hy0
was added to the purge gas.
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8 Discussion

Ideally the experimental results could be examined in the same fashion as during
the preliminary studies. There an experiment with no gas injection was performed
and used to get an idea for how much carbide was removed due to only remelting,
so the other effects could be more easily isolated. [1] But unfortunately it was
not enough time to perform remelting experiments in the setup the gas injection
experiments were done in. An online sample was taken before gas injection to
show the remelting effect, and another online sample after the gas injection which
shows the sum of the remelting and gas injection effects. Instead one can compare
the amount of carbide right after melting to the amount remaining carbide after
injecting the reactive gas into the melt, as in equation 39.

End sample

Removal efficiency = 1 — (39)

Start sample

Unfortunately only three parallels were performed for each set of parameters,
additionally two experiments produced no results, meaning that there is a sig-
nificant amount of uncertainty with the results. However, the results that were
collected is displayed in figure 33. The results from when 1% HyO was used have
one measurement with very low carbide efficiency unlike when 2% was used, but
there are insufficient measurements to determine if the difference is due to the

different HoO content or just variance between the different parallels.

8.1 Comparison between setups

Figure 34 shows a comparison between the results from the two current setups
used and the one used in the preliminary experiments. The figure shows that
the remelting setup that was used performed about as well as the one used in
the preliminary experiments, on the other hand the setup used in gas-injection
experiments did not perform as well.

The biggest difference between the setup used during the preliminary work and
the gas injection setup was the amount of oxygen present. The large pouring spout
on the furnace which was used proved difficult to seal and was likely the main
source of outside atmosphere entering the hood. The outside atmosphere entering
the hood might be the reason flames were seen above the melt during purging as
the methane burned after leaving the melt. Another key difference is that in the

preliminary experiments all the carbon that was present had been covered up with

o1



Removal efficiency
S
)
R

70% B 1%H.0
60% m 2%H
50%

30%

20%

10%

0%

Figure 33: Removal efficiencies of the gas injection experiments.

100% -
95% - o 8
] (6}
o 90%
5 o)
E 85% o
Q
T 809
s o ° °
8 75% )
& .
° 70% @ Prehmn;marysetup
@ Remelting setup
65% @ Gasinjection setup @
60%

700°C - Remelt 800°C - Remelt 700°C - 2% H:0

Figure 34: Comparison of carbide removal for the various setups used.
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alumina powder and ceramic wool. This is probably the reason so much less soot
was formed during the preliminary experiments.

The remelting experiments had no outside atmosphere present because it was
fully evacuated and filled with argon before the experiments begun. However, there
were carbon present from the outer crucible, and the graphite wool it was wrapped
with. Some soot was formed on the alumina crucible, but the results indicate that
the soot was not able to penetrate the melt, most likely because of the alumina skin
on the top. A possible reason the gas injection experiments did not perform so well
is the combination of the carbon which was present and the bubbles which agitated
the surface. If this is the case then the exposed graphite plays a much larger part
than the extra atmosphere entering the hood. Nevertheless both aspects should be

improved upon for future experiments in this setup.

8.2 Remelting effect

The results obtained from both the remelting experiments, and the gas injection
shows that most of the carbide can be removed just through holding the metal in
a molten state. The same behaviour was seen in the results from the preliminary
work, in addition to research performed by R. Dorward. [5] Comparing the results

from the various experiments show two main trends:

e The carbide content is reduced with increasing holding time, shown in figure
35.

e The carbide content increased with increasing temperature shown in figure
36.

Dorward attributed the effect of remelting to poor wetting of carbide inclusions
by the melt. [5] The small carbide inclusions move around in the molten aluminium
until they collide with the crucible or the melt surface, once they do they are firmly
attached and can be considered removed from the metal. Dorward also tried stirring
the melt during the holding, and experienced even faster carbide removal, which
is a strong indication that once a particle is removed through this mechanism it
will not easily re-enter the melt as an inclusion. [5] Removal of inclusions through
this mechanism would follow an expression such as the one shown in section 5.4,
assuming that the rate of removal is proportional to the amount of inclusions
remaining in the melt.

Carbide increasing with increasing temperature is also consistent with this

mechanism of removal. Because removal to the crucible walls and the melt sur-
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Figure 36: Remaining carbide after remelting at various temperatures.
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face is only capable of removing solid inclusions, and not dissolved carbon, it is
sensitive to temperature increases. By keeping the metal at a higher temperature
the carbide inclusions dissolve into the melt. The dissolved carbon is unaffected
by holding the metal in a molten state, so the inclusions are thus protected by
the increased temperature. Because there is virtually no solubility of carbon in
aluminium in its solid state the carbide inclusions will precipitate out when the
temperature is reduced, or the metal is cast. [15] Figure 37 shows a simple drawing

of how a higher temperature would effect this removal mechanism.

700°C 700°C

Right after melting = Carbide inclusions attach to walls =» Casting

700°C 800°C

Carbide inclusions Carbide dissolves due to Dissolved carbon
floating in molten increased temperature precipitates as carbide
aluminium during casting

Figure 37: Effect of holding metal at an increased temperature.

8.3 Effect of H,O

One of the key findings from the off-gas analysis taken during the gas injection
experiments was that CHy formed when HyO(g) was blown through the melt.
This is a strong indication that the water vapour is removing carbide from the

melt through a chemical reaction.
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Reaction 40 shows that a potential issue with adding HyO to the melt is, that a
reaction with the melt itself is also favoured thermodynamically, thus it is unlikely
that the HoO penetrates more than a short distance into the melt. [32] Thus it

might be very difficult for a reaction between solid carbide and H2O to take place.

2 1
5 Al,C3 (S) + HQO(g) = g Al,O5 (S) + Hy (g), AGr—700oc = —3087[&][3] (40)

Due to the low amount of successful parallels it was not possible to see any clear
difference in carbide removal when 1% H50O was used compared to when 2% HoO
was used. Similarly no conclusive difference was seen in the size of methane peaks.
If it is the case that 1% H,O gives the same performance as when 2% is used that
would be a very good result due to the safety risks of using water together with

molten metal.

8.3.1 Possible chemical removal mechanisms

When considering the chemical reaction which removes the carbide there are, as

mentioned in section 5.3.6, two possible reaction mechanisms.

e Removal of dissolved carbon, indirectly removing the carbide inclusions.

e Solid gas reaction, directly removing carbide inclusions.

The removal of dissolved carbon is the most simple one, removing the dissolved
carbon changes the equilibrium between carbide and dissolved carbon which leads
to the carbide dissolving back into the melt. On the bubble surface carbon reacts
with the moist argon forming methane and CO within the bubble. A drawing
displaying this removal mechanism is displayed in figure 38.

The other proposed mechanism is that HoO introduced through the moist argon
reacts directly with the carbide inclusions, as displayed in figure 39. This type of
reaction mechanisms is described by the shrinking core model or topochemical
model. [36]

1 1 1
6 Al Cs(s) +H20(g) = 3 AlyO3(s) + 3 CHa(g), AGr=r00°c = —225.8kJ[3] (41)

As time passes the alumina layer on the surface of the carbide inclusions grows
thicker. After a while the removal rate of carbide is dependent on both the rate of

the chemical reaction, and the rate of diffusion through the outer alumina layer.
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Figure 38: Dissolved carbon reacts with the moist argon being passed through the
melt transforming it into methane, as the carbon content of the melt is reduced

the carbide inclusions shrink because the equilibrium between carbon and carbide

is shifted.
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Figure 39: HoO reacts at the carbide surface forming methane bubbles and alumina

on the surface of the carbide inclusions.
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It can be shown that in the case where the chemical reaction is rate determining,
the time it takes to remove the carbide is proportional to the particle diameter,
tior < do. While if the diffusion through the product layer is rate determining then
the time it takes to fully react a carbide inclusion is proportional to the square of
the diameter, t;,; d%. [36] The reaction for this mechanism is shown in reaction

equation 41:

8.3.2 Discussion on which reaction mechanism occurs

A key feature of the solid-gas reaction is that no CO is expected to form according
the reaction 41. This is not what was observed from the gas analysis obtained from
the FTIR. The results instead point to the first removal mechanism being the most
likely, reaction between dissolved carbon and HoO. The main evidence is that there
appears to be a correlation between the methane peak right after lance insertion

and the CO. The chemical reaction for the removal mechanism is as follows: [3]

3 1
3 C+H0(g) =CO(g) + 3 CH4(g), AGr=r00°c = 4.412kJ (3] (42)

One must also take into account that to keep the reaction going, carbide needs
to dissolve, which increases the change in Gibb’s energy. The complete reaction
with AG is shown below:

3 1
5 C+ HyO (g) =CO (g) + 5 CH4(g), AGr—r00°c = 44049]€J[3] (43)

As methane is formed so will CO (g), so when a larger amount of methane forms
a larger amount of CO is expected to form as well. The analysis of the off-gas from
the experiments reveals this very behaviour. The experiments that had a large
amount of methane forming had a very noticeable CO peak, while the experiments
with a small amount of methane forming had no noticeable CO peak.

A third possible removal mechanism would be a mix of the two reaction mech-
anisms mentioned. The HoO added to the melt reacts with both dissolved carbon

and the solid aluminium carbide particles as in the following reaction:

3 1 1 1 1
2 C 4 - ALCy(s) + HoO = - CH . = ALOs(s
3 C+ 3 403(5) + H>O 5 C 4(g) + 3 CcO (g) + 1 203(5)7 (44)

AGr—100c = —214.633kJ[3]

This reaction is much more strongly thermodynamically favoured than the the

reaction with dissolved carbon, mostly due to the energy which is released by
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aluminium reacting with the water present and forming Al;Os3(s). On the other
hand it is slightly less favoured thermodynamically than the solid-gas reaction,
reaction 41, because some of the oxygen atoms in water would form CO instead of
alumina, which releases much less energy.

A key aspect of reaction 43 and 44 is that they, to a lesser or greater degree,
work on dissolved carbon. Because the solubility of carbon in molten aluminium
is extremely low at low temperatures, increasing the temperature might help the
removal by dissolving the carbide making much large amounts of carbon available
to react. However, if the removal to walls as a result of wetting is a greater ef-
fect than the chemical removal reaction, then increasing the temperature would
have deleterious effect on the carbide removal. Nevertheless, more measurements

especially at a heightened temperature is needed to clarify this.

8.3.3 Methane formation

While the height of the methane peak was rather inconsistent across the various ex-
periments that were performed, the same does not apply for the width, i.e the time
at which methane formed. The duration in which methane formed only occurred
for roughly 10 minutes, indicating that a much shorter gas injection time would
be sufficient. This is also supported by the measurement performed 10 minutes
after the gas injection begun, where a very low amount of only 1.8ppm carbide was
detected.

For methane to form it needs a source of carbon. In the current experimental

work there are four potential sources this carbon can come from:

e Dissolved carbon is a rather likely source because then a reaction may occur
at the bubble surface as a result of the dissolved carbon diffusing to the
bubble surface. As the reaction progresses the melt would be depleted of

dissolved carbon unless it is replenished by carbide dissolving into the melt.

e Carbide particles floating in the bulk melt is another possible candidate, an
issue with this source of carbon is that there is a rather sparse amount of
particles present because some of the carbide particles will separate to the

walls and surface, while some will dissolve in the melt.

e Carbide particles from the surface of the melt is another likely candidate,
because the remelting effect causes the surface of the melt to get enriched
with carbide. The carbide may also be firmly attached, [5] which would

make it more difficult for it to move out of the way of bubbles. But once the
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carbide is removed from the surface, the melt is mostly depleted of carbide

which causes the reaction to stop.

e CO above the melt surface is also a possible carbon source. Due to the setup
having exposed graphite parts, the atmosphere above the melt contains some
CO. Reaction equation 45 shows how CO may react with water and form
CO. While the reaction is favoured thermodynamically it usually requires a
catalyst, a higher water content, and it is usually performed at lower tem-

peratures where the AG of the reaction is much lower. [37, 38]

1 1
2CO(g) + H20(g) = 5 CHy(g) + 3 CO2(g), AGr=r00°c = —41.9kJ[3]  (45)

8.3.4 Estimation of carbide content during gas injection

It is possible to make a rough estimation of the carbide content of the melt during
the early stage of the gas injection. Assuming that the rate of carbide removal is
proportional to the rate of methane formation, the methane content of the off-gas
may be integrated to obtain a curve which is proportional to the carbide content in
the melt. The curve may be scaled so that the start-point and end-point matches
the measured carbide content right after melting and after the gas-injection period.

The mathematical approach is written below:

de _ d[%CH,
a > dt

t
C(t) o / Mdt—i— Co

0

The final expression, equation 46, is obtained through scaling such that the

endpoint is ¢; which is the carbide measurement performed after the gas injection.

¢ d[%CH4] Cc1 —C
ot) = co + ( /t =z dt) ey (46)

to d

Figure 40 shows the result of using this expression on the data from the two
experiments which had formation of both methane and CO. Those experiments
are the only ones used because they had the strongest indication of a reaction. A
weakness of this approach is that it only takes into account removal mechanisms
which form methane, thus the remelting effect and reactions not forming methane

are unaccounted for. Additionally the carbide measurement performed after the
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gas injection is taken after 30 minutes while the methane formation is complete
after just 10 minutes, which leads to additional uncertainty. Future experiments
where a measurement is also performed immediately after the methane formation

is completed, would eliminate this uncertainty.

5.8 5

—1% H20 parallel 1 —2% H20 parallel 1

5.6
\ 45
5.4

£ £

a \\ g 4
5.2 =
c C

S s g 3.5
@ (]
T z
Qo e}

E 4.8 E 3
el ©
546 \ &

£ E2s
i o

2

4.2
4 1.5
0 2 4 6 8 10 0 2 4 6 8 10
Time since gasinjection / min Time since gasinjection / min
(a) 1% H2O parallel 1. (b) 2% H2O parallel 1.

Figure 40: Estimated carbide removal during gas injection.

8.4 Carbide formation

After being held at 1100°C a fairly thick carbide layer formed at the surface con-
tacting the graphite crucible, and a much thinner carbide layer formed at the rest of
the surface. After the experiment the droplet was cooled from the outside, causing
the surface layer to always be at a lower temperature than its interior. The lower
surface temperature leads to a reduced carbon solubility in the surface layer of the
particle, thus the surface has the greatest driving force for nucleation. Additionally
the poor wetting of the aluminium on carbide means that there is a much lower
driving force needed for heterogeneous nucleation on the surface than there is for
homogeneous nucleation within the core of the droplet.

Below the surface large clusters of carbide particles could be found. Further
away from the droplet surface there were not many particles. When viewing the

sample in a microscope what is being viewed is just the a 2-dimensional cross
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section of the sample, thus any 3-dimensional geometry of the particles can not
be determined. One possible mechanism that would lead to the carbide clusters
that was observed, is that the carbide grew as a network which originated from
the surface of the droplet. It was attempted to scan the interior of the sample, but
there was too poor contrast between the carbide clusters and aluminium.

SEM imaging revealed the carbide layer to be much thicker on the region of the
droplet in direct contact with the graphite crucible. The thickness of the carbide
layer surrounding region of the particle that was not in direct contact with carbon,
was observed to be between a third and a sixth of the carbide layer in contact with
the graphite crucible.

One possible explanation is that carbide formed at the graphite/droplet in-
terface has contributions from both the carbon dissolved in the metal and from
carbon or aluminium diffusing through the carbide layer forming additional car-
bide. [16] It is, however, unlikely that this carbide is due to aluminium diffusing
into the graphite because the droplet was not firmly attached to the graphite cru-
cible. Tilting the crucible slightly (less than 10°) caused the droplets to detach
themselves.

Settling could also be a possible explanation. At melting temperature the den-
sity difference between the carbide and the metal is relatively low (2.375 g/cm?
for Al and 2.36 g/cm? for Al;C3), but as the temperature increases the density of
molten aluminium will decrease more than the density of carbide, because density
of solids is more affected by temperature than liquids. It is still an open question
if the density difference is enough to overcome the attachment force which keeps
the carbide from entering the melt. If the attachment force is too great, then only
carbide which formed homogeneously in the interior of the droplet may settle to
the bottom.
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9 Conclusions

e The experimental setup used for the gas injection experiments was able to
produce results consistent with previous research. It could be improved if
leaks through the edges and pouring spout on the furnace could be sealed

better, and if the graphite parts could be avoided.

e The setup used during the remelting experiments performed similarly to the

one used in the preliminary studies.

e Remelting the metal yielded a drastically reduced carbide content, as has been
shown in previous studies, possibly due to wetting effects. [5, 1] Furthermore
the dross samples were enriched in carbide giving additional support for this

mechanism being the cause of removal.

e Increased temperature lead to less carbide being removed through the remelt-
ing effect. It may have been caused by the solubility of carbon in aluminium

increasing with a higher temperature.

e Blowing argon with added water leads to methane forming which is a strong
indication of the water removing the carbide from the molten metal. The
CO content in the off-gas was positively correlated with the methane which

indicates the reaction to be between dissolved carbon and water.

e Methane was only formed during the first 5-10 minutes of gas injection, mean-
ing that 30 minutes gas injection time might be far more than required for

decent carbide removal.

e From the current results it was not possible to see a significant difference in

the final carbide content when comparing 1% H2O to 2%.

e At 1100°C carbide could be formed in pure aluminium held in a graphite cru-
cible. As the aluminium pellet cooled, carbide precipitated heterogeneously

at the pellet surface. Interior of the pellet was mostly carbide free.

e Carbide also formed, but in much larger quantities, at the interface between
the aluminium pellet and the graphite crucible. This is possibly due to a

direct reaction between the graphite crucible and the aluminium pellet.

e The size of the carbide inclusions formed in the carbide formation exper-

iments, and the carbide inclusions detected in the dross samples from the
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preliminary studies and in the dross samples from the current gas injection

experiments have a similar shape and size as has been reported previously.
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10 Further Work

e Improve the setup for the gas injection experiments by reducing the amount
of outside atmosphere that leaks into the hood, and reducing the amount of

exposed graphite.

e Perform more parallels of the gas injection experiments to get a better im-
pression of how changing the amount of HoO that is injected into the melt
affects its carbide content. If 1% has equal performance as 2%, finding the

smallest required HoO content before the removal becomes worse.

e Because the removal mechanism proposed acts on dissolved carbon, experi-
ments at higher temperatures where the solubility of carbon is much higher

should be performed.

e Remelting experiments should be performed in the setup used for the gas
injection experiments, so a better idea of how much of the carbide removal can
be attributed to remelting effect and how much can be attributed to chemical
reaction can be determined. Remelting experiments must be performed at

each temperature that gas injection experiments are performed at.

e To improve the accuracy of the carbide content estimation, experiments
should be performed were carbide measurements are taken immediately after
methane formation is finished. Improving the understanding of how fast the
remelting effect is removing carbide would also improve the accuracy of the

estimation.

e Perform experiments with varying bubble sizes, a simple first step would be

to use a filter with a higher PPI than the one used for the current work.
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