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Mechanism for Carbon Transfer From
Magnesia-Graphite Ladle Refractories to
Ultralow-Carbon Steel
Mechanisms of carbon transport
between magnesia-graphite
ladle refractories and ultralowcarbon steel were investigated
using laboratory dip tests with
commercial ladle refractories
in a vacuum induction furnace.
The reacted refractories were
examined by scanning electron
microscopy and energydispersive x-ray spectroscopy
analysis to observe changes in
the refractory that influenced the
rate of carbon pickup to the steel.
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ltralow-carbon (ULC) steels
are used in processes where
maximum ductility is required such
as forming and drawing operations, given that interstitial carbon
adds strength, but lowers ductility.1
ULC steels are classified as steels
having less than 50 ppm carbon.2
This strict requirement for carbon
requires that carbon transfer from
outside sources into the steel must
be controlled to ensure that carbon remains within specification.
Amavis reports on a French steel
plant that had 20–30 ppm pickup when the aim carbon was less
than 50 ppm.2 Outside sources of
carbon include alloying additions,
electrodes, mold powders, tundish
fluxes and refractories.1–3 Ladle
refractories often contain carbon
in the form of graphite. Graphite is
used because it gives the refractory
excellent resistance to corrosion
from molten slag, it has good wear
resistance and strength at high temperature, it has a low density, and it
has excellent resistance to thermal
shock.4–9 The negative aspects of
using carbon-containing refractories are wear by decarburization,
skull formation and temperature
loss from high thermal conductivity,
carbon monoxide corrosion of safety lining, and carbon pickup.4 Steels
with less carbon, such as ULC steels,
have greater carbon pickup because
there is a greater driving force for
carbon transfer to the steel.10 Also,
lower-carbon steels wet graphite better than higher-carbon steels, so
there is added contact area for carbon pickup to occur with lowercarbon steels.10 ULC steels remain
in contact with carbon-containing
refractories from the degassing
step to the completion of the casting step in the steelmaking process

and, therefore, are subject to carbon
pickup throughout this period of
contact with the ladle.
The mechanisms by which carbon transports from refractory to
steel must be understood so that
they may be controlled. Carbon in
contact with steel can be directly dissolved into the liquid steel:
Cs → C
(Eq. 1)
Carbon contact with steel can be
increased by penetration of steel
into carbon-containing refractories
and by corrosion of the refractory
oxides. Another path for carbon
transport into steel is the dissociation of carbon monoxide:
COg → C + O
(Eq. 2)
Carbon monoxide can form from
carbothermic reduction of refractory oxides such as MgO or through
reactions with oxides in slag, such as
FeO and MnO:
MgOs + Cs → Mgg + COg
(Eq. 3)
FeOslag + Cs → Fe l+ COg
(Eq. 4)
According to the literature, carbon dissolution is the most significant contribution of carbon pickup
from ladle refractories.2,5,11 Carbon
dissolution into steel has two steps.
First, carbon must dissociate from
its base structure and enter the
liquid steel at the steel-carbon
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by providing a physical barrier and by creating CO
bubbles and gaseous oxide reaction products, which
limited the wetting of steel to graphite.22
Slag infiltration can prevent steel from contacting
carbon to inhibit carbon pickup.19,20 However, slag
can also corrode MgO grains in the refractory and
lead to exposure of graphite, which can then dissolve into steel.21,23 Thus, some carbon pickup can be
directly correlated to refractory wear.2,23 Slag wets the
refractory to dissolve the oxide, and steel then wets
and dissolves the exposed graphite.10,21,24 Dissolution
of MgO into the slag has been identified as the ratecontrolling step for refractory erosion in the presence
of slag. Therefore, increasing the resistance of MgO
to slag attack and reducing the contact between the
slag and MgO can limit corrosion.10,11,21,25 Akkurt
found that decreasing wetting between the refractory and slag reduced slag corrosion.9 Refractories
that employ larger MgO grains have also been found
to exhibit better slag resistance because they have
less surface area to attack.19,26 MgO-saturated slags
also inhibit dissolution of MgO grains.9,19,23,27 Basic
slags with lower MgO solubility can also limit MgO
corrosion.9,23,28,29 Slag MgO solubility increases with
decreasing basicity, increasing alumina, increasing
temperature and increasing FeO.30 Sintered MgO
has been observed to have less slag erosion resistance
than fused MgO due to the presence of intergranular
silicates, which assist slag penetration.29,33 Porosity,
higher temperatures and longer contact times also
increase slag penetration.31,32,33 Akkurt et al. and
Resende et al. found that increasing carbon content
reduces slag attack because carbon limits slag contact
with oxide and prevents slag penetration.9,25,28
Corrosion of MgO-C refractories is enhanced when
slags are strongly stirred.13,23,34 Stirring enhances the
convective mass transport of MgO in the slag. Stirring
can also cause erosion of MgO grains and increased
penetration of slag in refractories.26,34 As a result,
induction furnace tests can exhibit refractory corrosion rates 3 to 5 times greater than tests performed in
resistance furnaces.26,35
While carbon loss by oxidation can inhibit steel
penetration, it can also make refractories more
susceptible to corrosion through slag infiltration.1
Oxidation resistance can be increased with less carbon, larger graphite flake size and lower porosity.36 A
lower partial pressure of oxygen can protect carbon
from oxidation. Akkurt et al. observed that adding 5%
CO to their Ar atmosphere reduced MgO-C wear by
lowering the partial pressure of oxygen.9
Carbon transport by CO can occur when CO is
created by reduction of refractory or slag oxides by
carbon.19 These reactions are shown in Equations 3
and 4. The reduction of MgO by carbon in MgO-C
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interface. Then, mass transfer must occur to transport the carbon from the interface into the bulk
liquid steel. Many investigators have observed that
mass transfer is the rate limiting step for carbon dissolution into molten steel.7,12–17 Jansson et al. found
carbon pickup from MgO-C refractory during a threehour rotary dip test in ULC Al-killed steel was greatly
dependent on convection; C pickup was 0.008 wt.% at
0 rpm rotational speed and 0.179 wt.% at 800 rpm.17
Khanna et al. found that the dissociation of carbon
from its structure may be rate controlling at first, but
the reaction speeds up quickly to make mass transfer
rate controlling.12
Steel penetration can increase contact between
steel and graphite in refractories. Khanna et al. found
that a drop of iron placed on an Al2O3 -10 wt.% C
specimen in an argon atmosphere for three hours
penetrated 1.5 mm and picked up 5,000 ppm carbon.6
Refractory oxides are normally non-wetting to steel.
Thus, an increase in oxide content can limit steelgraphite contact by limiting penetration.15,18 A decarburized layer at the refractory surface can also prevent
steel from contacting carbon in MgO-C refractories
when the remaining pore size is small and the steel is
non-wetting to MgO. Bannenberg found that carbon
pickup was 275 ppm on the first dip of a 3.8 wt.% C
dolomite refractory rod into steel and only 25 ppm on
the second dip due to decarburized layer formation.20
Magnesium vapor reacting with oxygen at the
refractory steel interface can prevent carbon pickup
by creating a dense MgO barrier layer between steel
and carbon. Unkilled steel in contact with MgO-C
refractory shows continuous growth of a dense MgO
layer in the refractory because oxygen is readily
available to oxidize the Mg vapor generated by the
carbothermic reduction of MgO within the refractory.5 As a result, unkilled steel picks up carbon
quickly at first and then the carbon pickup stops once
a dense MgO layer develops.5 Al-killed steel in contact
with MgO-C refractory shows rapid growth of a dense
MgO layer initially, but the layer ceases to grow later
due to a lack of available oxygen.5 As a result, carbon
pickup in Al-killed steel is rapid at first and then slows.
Carbon pickup does not stop completely because the
dense MgO layer is not continuously regenerated and
cracks in the dense layer allow some contact between
graphite and steel.5
Potschke proposed that CO gas evolution from the
reaction of MgO and carbon within the refractory
blocks contact between graphite and steel in unkilled steels by preventing steel penetration. However,
Lehmann et al. only observed a dense layer and
no CO bubbling in their experiments.5 In contrast,
Mukai et al. observed that bubble formation increased
refractory corrosion and that Al additions limited gas
bubble formation.21 Aksel’rod et al. observed that
carbon in the refractory prevented metal penetration
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refractories is a significant source of CO.5 Steel pressure can suppress this reaction on the ladle walls and
bottom.19
Other methods for controlling carbon pickup have
also been reported. Franken et al. found that the
spread of carbon pickup from carbon-containing
refractories was too great and unpredictable for use
in ULC steels, which forced a change to carbon-free
refractories.4 Tassot et al. switched from 3 wt.% C
dolomite bricks in the ladle body to 1 wt.% C, but
the carbon pickup only dropped from 4 ppm to 2
ppm, which prompted them to change to carbonless
bricks in the body.39 Fired dolomite, MgO-Al2O3,
fired spinel, magnesia-chromite and bauxite refractories have been used to replace carbon-containing
refractories with some success.2–4,29,39 Other changes
can be made that allow the continued use of carboncontaining refractories. Low-carbon bricks can be
decarburized at the hot face and sintered to form a
barrier.2 Using more corrosion-resistant refractory
components like ZrO2 and BN can lower the corrosion rate, thereby lowering carbon pickup.21,40
Given the wide industry use of MgO-C refractories
in the production of ULC steels, the goal of this investigation is to determine the controlling mechanisms
for carbon pickup from ladle refractories by performing experiments that attempt to reproduce the
conditions present while ULC steel and ladle slag are
in contact with the ladle refractory. This was accomplished by conducting refractory dip tests in a vacuum
induction furnace (VIF) under an Ar atmosphere
using different refractory and slag compositions and
ULC steel. The refractories examined were MgO-C
with 4 wt.% C, 6 wt.% C, 10 wt.% C and 12 wt.% C.
The three heat conditions tested were ULC steel with
no slag, ULC steel with slag and ULC steel with an
MgO-saturated slag.
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Procedure

a 1.27 cm inner diameter (ID) core drill bit using
water as a lubricant. The wet rods were placed in a
drying furnace at 105°C. The steel charge chemistry
was determined by arc spectroscopy and LECO carbon and oxygen analysis. The steel was then cleaned
of oxide by wire brushing. The slag used was created
by mixing commercial oxide powders. The slag chemistry was based on commercial slag compositions for
ULC steels. FeO was not included in the slag due to
its tendency to oxidize carbon from the steel, which
counteracted the carbon pickup measurements. The
slag was pre-melted in a graphite crucible at 1,350°C.
The nominal chemistry of the steel and slag starting
materials is shown in Tables 1 and 2, respectively.
Experiment — Refractory dip tests were performed in
a VIF to observe the interactions between refractory,
steel and slag. The procedure for the dip test was as
follows: a 5.5 kg ULC steel charge was placed in the
crucible in the VIF. A no-bake sand mold was placed
in the pouring area beneath the furnace to collect the
steel at the end of the test. A container of Drierite was
placed in the chamber to collect any excess moisture.
The refractory rod for the dip test was clamped to the
end of a maneuverable rod that passed through the
top of the VIF chamber. If slag was needed for the
test, a pouch made of 1008 steel shim stock containing 110 g slag was placed in the addition cup in Fig.
1a. The O-ring of the chamber door was inspected
and cleaned, and the chamber door was closed and
sealed. The chamber was evacuated to 67 Pa and then
backfilled with ultrahigh-purity (UHP) 99.999% Ar.
The chamber was then evacuated to 67 Pa and refilled
with UHP Ar a second time. A steady flow of Ar was
maintained during the remainder of the experiment
and the flow was monitored by a silicone oil bubbler.
The VIF was powered up slowly to melt and heat the
charge to a target temperature of 1,600°C. If slag was
needed for the test, it was added and allowed to melt.
The temperature was measured using a type-S immersion thermocouple. A pin sample was taken with an
evacuated quartz tube just prior to immersion of the
refractory rod. The refractory rod was then dipped
approximately 3 cm into the melt. After 1 minute, a
pin sample was taken and additional pin samples were
then taken every 4 minutes afterward to 30 minutes.
The refractory rod was removed from the melt, and
a final temperature reading was taken. The steel was

Materials Preparation — The VIF was relined before
each dip test. To reline the furnace, a layer of refractory fiber paper was placed in the furnace. A oneinch layer of dry ramming refractory was put at the
bottom of the furnace. An alumina crucible with a
composition of 89% alumina, 10% silica and 1% other
oxides was placed in the furnace. Dry ram refractory was packed between the
alumina crucible and the refractory paper. The furnace was then
Table 1
topped with refractory plastic.
The refractory was dried by heat
Nominal Starting Chemistry of Steel Used in Dip Tests
lamp for 12 hours and then preC
Si
Al
Ti
Mn
Cu
Cr
heated by propane torch before
Steel
the dip test started. Refractory
34
237
710
492
737
370
365
(ppm)
rods were cored from bricks with

Ni

Mo

Fe

407

94

Remainder
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Table 2
Nominal Starting Chemistries of Slag Used in Dip Tests
MgO

Al2O3

SiO2

CaO

Unsaturated slag (wt.%)

7.7

34.7

9.9

47.7

MgO-saturated Slag (wt.%)

13.6

32.4

9.3

44.7

then poured into the mold, and the power to the furnace was shut down. The experimental furnace setup
is shown in Fig. 1b.
Analysis — The steel pin samples were analyzed using
an arc spectrometer. Pieces weighing between 0.6 and
1 g were cut from the pin samples to measure carbon
and oxygen by LECO analyses. The refractory samples were sectioned, as shown in Fig. 2, and mounted
in epoxy. The refractory surface was polished to 1 µm
finish using diamond paste. The polished refractory surface was imaged with a digital camera and
by optical microscopy. The polished surfaces were
then coated by gold palladium. Scanning electron
microscopy (SEM) images and energy-dispersive x-ray
spectroscopy (EDX) maps were obtained using an
ASPEX SEM.

Results
Carbon pickup from each dip test is shown in Table 3.
The SA/V shown in Table 3 is the surface area of
refractory in contact with steel divided by the volume
of steel. This value fluctuates due to the variation in
refractory immersion depth from the dipping method.
The aim immersion depth of 3.2 cm was chosen to

give an SA/V comparable to an industrial ladle. The
initial carbon content of the steel melt also varies
somewhat due to variations in the starting material.
There was no carbon pickup from 4 wt.% C and 6 wt.%
C dip tests that were performed without slag. The 4
wt.% C carbon heats with slag had less pickup than
the 10 wt.% C heats with slag. The 4 wt.% C and 10
wt.% C heats with slag had less carbon pickup when
the slag contained more MgO. The 10 wt.% C refractory tests were repeated to show reproducibility.
The 10 wt.% C heats show a rapid increase in carbon in the first minute followed by a slower linear
increase afterward. This can be seen in Fig. 3. The
rapid increase during the first minute was found to be
linearly dependent on the surface area of graphite, as
shown in Fig. 4. This suggests that the pickup in the
first minute is from the dissolution of exposed graphite near the specimen surface during initial steel contact. If this initial stage of carbon pickup is removed
from the data, the carbon pickup trend appears to be
very similar for all 10 wt.% C refractory dip tests, with
the exception of the test with 13.6 wt.% MgO slag.
This graph can be seen in Fig. 5.
The 4 wt.% C and 6 wt.% C dip tests without slag
both showed no carbon pickup, as shown in Fig. 6.
Also shown in Fig. 6, the 12 wt.% C and 10 wt.% C
samples have a similar carbon pickup trend. This
suggests that there is a fundamental change in the
mechanism for carbon pickup between high-carbon
bricks and low-carbon bricks.
The 10 wt.% C and the 4 wt.% C refractory dip tests
that were performed with a 7.7 wt.% MgO slag both
appear to pick up carbon at the same rate. This can
be seen clearly in Fig. 7. The 4 wt.% C refractory dip
specimen showed much more corrosion at the slagline

Figure 1

Figure 2
3.18 cm

Cut 2

(b)

VIF chamber with maneuverable containers used to add slag (a) and experimental
setup in the VIF (b).

1.27 cm
Sectioning refractory dip samples
for analysis: Cut 1 was used to
observe the refractory in contact
with steel. Cut 2 was used to
observe the slagline.
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(a)
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1.27 cm
Cut 1
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Table 3
Carbon Pickup of Experimental Dip Tests
Steel wt.
(Kg)

SA/V (cm2/cm3)
*1,000

Slag MgO
content
(wt.%)

Initial C
(ppm)

C pickup
(ppm)

4

5.55

21

0

30 ± 5

0±6

4

5.60

28

7.7

44 ± 11

25 ± 13

MgO-C refractory
wt.% C

4

5.45

18

13.6

47 ± 7

23 ± 12

6

5.65

19

0

40 ± 5

0±5

10

5.65

17

0

33 ± 6

60 ± 18

10

5.55

18

0

34 ± 4

45 ± 7

10

5.70

20

7.7

49 ± 3

55 ± 11

10

5.55

16

7.7

50 ± 2

51 ± 8

10

5.60

28

9.6

55 ± 3

69 ± 8

10

5.55

15

13.6

43 ± 9

29 ± 10

12

5.90

14

0

34 ± 5

45 ± 8

than the 10 wt.% C dip specimen, which
is why the carbon pickup rate is similar
despite the lower carbon content of the
4 wt.% C refractory sample. It should be
noted that the 4 wt.% C refractory dip
test does not show the initial large carbon
pickup in the first minute, which was
observed in the 10 wt.% C refractory dip
test.
Dip tests with 13.6 wt.% MgO slag
showed less corrosion of refractory at the
slagline. The 4 wt.% C dip test showed an
arrest in the carbon pickup at 10 minutes,
and the 10 wt.% C dip test showed an
arrest in the carbon pickup at 15 minutes.
The carbon pickup of these dip tests vs.
time is shown in Fig. 8.

Discussion

Figure 3

Increase in carbon content of the steel bath vs. time for all 10 wt.% C
refractory tests.
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Figure 4

Carbon pickup from 10 wt.% C and
12 wt.% C refractories can be divided into
two stages. The first stage is the rapid
increase in carbon seen within the first
minute of contact with the steel. The
second stage is the slower linear increase
of carbon seen in dip tests after the rapid
initial pickup. Second stage pickup is seen
both with and without slag. The amount of
stage one carbon pickup is linearly related
to the exposed graphite surface area. This
suggests that the source of pickup in the
first stage is direct carbon contact at the
surface of the refractory that dissolves
readily into the steel. An exception to
this observed behavior is seen with some
4 wt.% C and 6 wt.% C refractory samples.
Fig. 4 indicates that 4 wt.% C and 6 wt.%
C refractory samples generally do not
have a carbon pickup consistent with their
exposed surface area of graphite. The
contact between steel and surface carbon
on these samples could be limited by the
non-wetting nature of liquid steel to MgO,
as Khanna et al. and Ohno et al. have
observed.15,18
The ability for steel to penetrate the pores
of a refractory is dependent on the pore size,
pressure and interfacial wetting conditions.
The critical radius for steel penetration into
the refractory is given by:41

r=
Carbon pickup after the first minute of contact with steel vs. area of exposed
graphite.

2γ cos θ
rsteel gh
(Eq. 6)
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Figure 5

P = rsteel gh
(Eq. 7)
where
P = pressure of the liquid steel,
rsteel = steel density,
h = bath height,
g = acceleration due to gravity,
r = pore radius,
γ = surface tension of liquid steel and
θ = wetting angle between liquid steel and
MgO.

Relative carbon vs. time re-zeroed at five minutes of immersion for all 10
wt.% C refractory tests.

Figure 6

Carbon pickup from MgO-C refractories at four different carbon levels from
dip tests performed without slag.

Figure 7
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Carbon pickup for 10 wt.% C and 4 wt.% C refractory dip tests with 7.7 wt.%
MgO slag.
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For the experiments, the density of
liquid steel is 6.98 g/cm3, the bath height
is 3.18 cm, the surface tension for steel
(77 ppm oxygen, 90 ppm carbon and
50 ppm sulfur) is 1,632 mN/m42 and the
wetting angle between liquid iron and
MgO has been measured to be between
94° and 120°.43
The pore radius was measured for the
10 wt.% C refractory to be between 20
and 130 µm, and the pore radius for the
4 wt.% C refractory was measured to be
less than 5 µm. The calculated critical
pore radius for refractory penetration by
steel, using a wetting angle of θ = 94°, is
estimated to be about 100 µm for these
experiments. Thus, the 10 wt.% C refractory that has a pore size greater than the
critical pore size can be penetrated by
steel and pick up carbon. In contrast, the
4 wt.% C refractory with a pore size below
the critical pore size is not penetrated by
steel and therefore cannot pick up carbon.
Fig. 9a shows steel penetration observed
in a 10 wt.% C refractory sample tested
with no slag present. No significant steel
penetration was observed on the 4 wt.% C
and 6 wt.% C refractory.
The critical pore size calculation suggests that carbon pickup for 10 wt.%
C and 12 wt.% C bricks is controlled
by penetration and direct dissolution of
graphite when no slag is present. This
is in agreement with observations in literature.2,5,7,12–17 No dense MgO layer was
observed in the refractory dip test samples. Lehmann et al. reported that the
growth of a dense MgO layer in MgO-C
refractories is inhibited by Al killing, 5
which is in agreement with the authors’
findings. The absence of carbon pickup in
the 4 wt.% C and 6 wt.% C refractory dip
tests suggests that carbon pickup by a CO
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Figure 8

Figure 9

(a)

Carbon pickup vs. time for 10 wt.% C and 4 wt.% C dip tests
with 13.6 wt.% MgO slag.

transport mechanism is insignificant in the experiments presented here. This is in contrast with the
work of Lehmann et al., who observed that Al-killed
steels increase the driving force for CO transport.5
The 4 wt.% C and 10 wt.% C dip tests performed
with a 7.7 wt.% MgO slag appear to have the same
carbon pickup mechanism because they increase in
carbon at the same rate. This would indicate a change
in mechanism from steel penetration control in the
absence of slag to slag corrosion control when slag
is present. All samples in contact with slag experienced some amount of notching at the slagline. Slag
dissolves MgO at the slagline and steel dissolves the
exposed graphite.10,21,24 It can be seen in Fig. 9b that
steel penetration in 10 wt.% C refractory is generally
much less when slag is present. It appears that after
the surface graphite is dissolved, slag wets the surface
of the refractory and inhibits steel penetration. The

(b)

Steel penetration into refractory: 10 wt.% C dip test without
slag (a) and 10 wt.% C dip test with MgO-saturated slag (b).

10 wt.% C refractories still have some steel penetration, which influences the rate of carbon pickup. It
can be seen in Table 4 that the volume corroded
decreases significantly when a 10 wt.% C refractory is
used rather than a 4 wt.% C refractory. The volume
corroded also decreased for the heats with a 13.6 wt.%
MgO slag, which lowered the observed carbon pickup
after 1 minute. The literature confirms that MgOsaturated slag decreases corrosion.9,19,23,27 Thus, the
corrosion rate of the notch should decrease as slag
MgO content approaches saturation. There was still
some refractory corrosion in the 13.6 wt.% MgO slag
heats because corrosion of the alumina crucible during the experiment changed the solubility of MgO in
the slag with time. Tayeb et al. found that increasing
alumina increased the solubility of MgO in slag.30
Table 5 shows the initial slag chemistry for the dip
tests, the final chemistry of dip test slags and the MgO

Table 4
Calculated Carbon Pickup of Refractory Dip Tests
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MgO-C refractory
wt.% C

SA/V *1,000
(cm2/cm3)

Slag MgO
content (wt.%)

C pickup after
1 minute (ppm)

Volume
corroded (cm3)

C pickup from
corrosion (ppm)

C pickup from
penetration (ppm)

Calc. C pickup
(ppm)

4

28

7.7

26 ± 5

0.869

19

0

19

4

18

13.6

23 ± 12

0.168

4

27*

31

10

17

0

28 ± 15

0

0

24

24

10

18

0

21 ± 13

0

0

23

23

10

20

7.7

29 ± 8

0.309

15

10

25

10

16

7.7

37 ± 12

0.236

12

5

17

10

28

9.6

32 ± 8

0.207

11

27

38

10

15

13.6

7±5

0.032

2

5

7

12

14

0

26 ± 8

0

0

23

23

*slag penetration
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Table 5
Final Slag Compositions of Dip Tests
MgO-C refractory
wt.% C
4

4

10

10

10

10

State

MgO
(wt.%)

Al2O3
(wt.%)

SiO2
(wt.%)

K2O
(wt.%)

CaO
(wt.%)

TiO2
(wt.%)

FeO
(wt.%)

MgO saturation
(wt.%)

Initial

7.70

34.68

9.93

—

47.81

—

—

8.63

Final

6.08

62.27

4.59

0.10

24.23

2.00

0.64

20.84

Initial

13.62

32.41

9.25

—

44.60

—

—

8.64

Final

11.60

46.88

13.34

0.11

25.21

2.11

0.72

19.43

Initial

7.69

34.89

9.96

—

47.75

—

—

8.70

Final

7.22

55.77

6.19

0.10

28.17

1.94

0.58

18.40

Initial

7.70

34.70

9.89

—

47.78

—

—

8.63

Final

7.13

59.48

4.88

0.11

25.99

1.72

0.62

19.61

Initial

9.55

34.00

9.71

—

46.74

—

—

8.65

Final

9.57

54.69

5.31

0.11

27.23

2.35

0.69

18.62

Initial

13.62

32.40

9.25

—

44.63

—

—

8.63

Final

12.81

51.16

5.23

0.11

27.55

2.42

0.66

17.90

Laboratory dip tests were performed with industrial MgO-C refractory rod samples in ULC steel to
investigate mechanisms for carbon pickup. The tests
showed the effects of refractory carbon content on the
rate of carbon pickup in the presence and absence
of slags with varying MgO content. Four different
MgO-C refractories were tested: 4 wt.% C, 6 wt.% C,

Comparison of calculated and measured carbon pickup from
refractory dip tests.

10 wt.% C, and 12 wt.% C. Three different slag conditions were used: 7.7 wt.% MgO, 13.6 wt.% MgO and no
slag. The investigation has shown:
• Carbon pickup in the first minute of contact
between steel and refractory for 10 wt.% C and
12 wt.% C refractories is from the dissolution of
graphite near the refractory surface by direct
contact.
• When no slag is present, carbon pickup after
the first minute is controlled by penetration
of steel into the refractory and dissolution of
graphite by the penetrating steel for 10 wt.% C
and 12 wt.% C refractories.
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needed to saturate the slags. The MgO saturation
level was calculated using Factsage® version 7 and
FToxid database. The conditions used for the calculations were 1,600°C and an argon atmosphere with an
oxygen partial pressure of 10 -4.
Table 4 also shows the calculated carbon pickup
based on the amount of penetration and the volume
of refractory corrosion. The calculated carbon pickup
takes both steel penetration and refractory corrosion
into account. The amount of carbon gained through
penetration was estimated by calculating the amount
of carbon displaced by the penetrated steel in the
sample and assuming that all of this carbon entered
the steel bath. The amount of carbon from refractory
corrosion was estimated by calculating the amount of
carbon that was in the corroded volume at the slagline
and assuming that all of this carbon entered the steel
bath. This volume was calculated by taking the area
of the half-ellipse-shaped notch in the refractory and
multiplying by the circumference of the rod at the
centroid of the notch. The calculated pickup is generally in good agreement with the amount of carbon
pickup observed in the experiments when the initial
pickup by direct contact during the first minute of
exposure is excluded, as shown in Fig. 10.
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• There is no carbon pickup from 4 wt.% C and
6 wt.% C when there is no slag present because
the spacing between MgO grains is too small
to allow contact between steel and graphite
or penetration of steel into refractory. MgO-C
refractories below 6 wt.% C are ideal for the
barrel and bottom of ladles because of their
resistance to penetration by steel.
• Carbon pickup is controlled by corrosion of
refractory by slag at the slagline for dip tests
which included slag.
• 4 wt.% C refractories showed greater corrosion
than 10 wt.% C. Thus, MgO-C refractories with
greater than 10 wt.% C are ideal for the slagline of ladles because of their resistance to slag
corrosion.
• 4 wt.% C and 10 wt.% C refractories showed less
corrosion when the MgO content of the slag
was increased. An MgO saturated slag should be
employed to minimize slagline erosion.
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