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Abstract

Long heating time induced changes of taphole mix properties in which aluminum nitride was substituted
for ferro silicon nitride were investigated. It was affirmed that marked weight loss and change to a
loosened porous structure, both of which have been observed in ferro silicon nitride containing taphole
mix sample specimens after long heat treatment time, were suppressed in aluminum nitride containing
taphole mix sample specimens after long-time heat treatment time. Ferro silicon nitride is decomposed
by long heating time accompanied with emission of decomposed nitrogen gas out of the system, which
causes structure deterioration of the taphole mix body. It is inferred that aluminum nitride functions as
a reducing agent of CO gas coming from outside of the system associated with C precipitation in the
taphole mix body, with which slag resistance of taphole mix is secured even after long heating time. It was
expected that, by substituting aluminum nitride for ferro silicon nitride, the slag resistance of “mushroom”
in blast furnace tap hole would be improved, resulting in sustention of proper “depth” parameter as well

as improvement of taphole inner wall protection.

1. #8 1. Introduction

Y v R IBFOEHILAEM THY), TELLEEFD In addition to its primary function of stable blast
BEEZABIETTRL, HHEABEIDFEREDRES furnace operation, i.e., properly closing taphole
8BS, ¥y RHIFRICTHES NI, HHEAEDICHER through which hot metal produced in blast furnace
BEREEMT 2 (Fig.1) SEPHoNTND", FERED is discharged, taphole mix plays another important
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Fig. 1 Schematic illustration of “mushroom” formed
with taphole mix in blast furnace taphole .
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role of protecting the taphole inner wall. It is
acknowledged that, as schematically illustrated in
Fig.1, a so-called "mushroom” is formed inside the
blast furnace taphole by periodically being filled in
with taphole mix”. In fact, a “depth” parameter, lon-
gitudinal direction distance in taphole where filled-in
taphole mix properly remains, is a prominent control
item for taphole inner wall protection as well as one
of the practical evaluation items of taphole mix?.

It has been reported that, by observation of core-
boring samples taken from the blast furnace taphole
during cessation of operation, filled-in taphole mix is
contaminated with coke and/or slag”. As indicated
in Fig. 1, “mushroom” in the blast furnace taphole
is roughly divided into “new” material, which has
not been in the taphole long, and “old” material,
which has been in the taphole for a long period®.
It has been reported that, when “old” core-boring
samples, which contain large amounts of slag, are
heated up to 1570 °C, the contained slag is remelted.
This is associated with sample fragmentation, which
indicates of a possibility in practical operation that
piled-up taphole mix layers could peel off from the
slag contaminated boundary by the reheating of hot
metal tapping operation®. It has also been reported
that, when slag containing taphole mix sample,
with a matrix composed mainly of oxide materials,
was heated up to 1500C under 200kPa of uniaxial
stress, the taphole mix sample collapsed?. It is sug-
gested by these reports that the above mentioned
peel-off damage is one of the factors lowering the
“depth” parameter and sufficiently high slag resis-
tance needs of taphole mix. It is thought that, even
with the prospect that the majority of “mushroom”
in a blast furnace taphole would be composed of
“old” material, slag resistance of taphole mix should
be properly maintained even after long exposure to
high temperature.

In order to secure high slag resistance, a large
amount of ferro silicon nitride is blended into taphole
mix®. It has been reported that, because of decom-
position of ferro silicon nitride by long exposure time
to high temperature, the slag resistance of taphole
mix is lowered, associated with marked weight loss
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and change to a loosened porous structure”. It was
consequently inferred that ferro silicon nitride could
be one of the possible factors for worsening the
“depth” parameter. Putting attention on aluminum
nitride, substitutable nitride of ferro silicon nitride,
effects of aluminum nitride addition on changes of
taphole mix properties, especially, slag resistance,
after long time exposure to high temperature are
studied in this report.

2. Experiment

2. 1 Sample preparation

Theraw materialblend compositions of the taphole
mix samples are summarized in Table 1. Based on
generally applied SiO.-(Fe)SisN+-C system taphole
mix, four taphole mix samples were prepared by
substituting aluminum nitride for the usually added
ferro silicon nitride stepwisely by 0 % (sample A),
14 % (sample B), 29 % (sample C) and 100 % (sample
D). Specifically, the aluminum nitride addition was
increased from 0% (sample A) to 5% (sample B),
10% (sample C) and 35% (sample D). Each blended
mixture was mixed for roughly 20minutes by
planetary mixer. The amount of binder added was
adjusted so that each taphole mix sample would
exhibit a similar level of Marshal value, an index of
the pushing-out resistance of taphole mix. Sample
specimens prepared by pressure forming with
5.0 MPa of forming pressure were packed in a coke
breeze and heat treated at 1500°C for 3hours and
for 24 hours. For evaluating differences in taphole
mix property changes caused by exposure to high

Table 1 Composition of samples
Sample name A | B | C | D
Pyrophyllite 40
Clay 10
Composition / mass%
Carbonaceous material 15
Ferro silicon nitride 35 30 25
Aluminum nitride 5 10 35
Substitution rate.from fgrro silicon nitride to 0 1 29 100
aluminum nitride / %
Coal tar / mass% 21.6 21.4 21.1 20.0
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Fig. 2 Change in experimentally evaluated wear
rate as a function of the amount of aluminum
nitride after heating at 1500°C for 3 and 24
hours.
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Fig. 3 Influence of substitution rate of aluminum
nitride for ferro silicon nitride on slag
resistance deterioration index.

temperature time, different heat treatment times
were applied. That is, for simulating “new” and “old”
taphole mix material, 3hours and 24 hours of heat
treatment time were respectively applied. Changes
in properties of heat-treated taphole mix sample
specimens were mutually compared. It is noted
that taphole mix sample specimen heat-treated at
1500°C for 3hours and for 24 hours is hereinafter
referred to as “3hour (or short time) heat-treated”
and “24hours (or long time) heat-treated” sample
specimen, respectively, without explicit notation of
heat treatment temperature.

2. 2 Corrosion test

Corrosion behaviors of heat-treated taphole mix
sample specimens were evaluated in a rotating
drum type corrosion test with electric arc heating
at 1550°C for 2 hours with blast furnace slag as cor-
rosive agent, which was exchanged every one hour.
After the corrosion test, the wear rate was calculated
by the corrosion depth of the sample specimen. To
study the degree of slag resistance change caused
by heat treatment time, namely, the difference of
slag resistance between “new” and “old” taphole
mix material, the ratio of wear rate between the
24 hour heat-treated sample specimen and 3hour
heat-treated sample specimen was used as the “slag
resistance deterioration index”. That is, “slag resis-
tance deterioration index” is defined with (wear rate
of 24 hour heat-treated sample specimen) / (wear
rate of 3hour heat-treated sample specimen).

A larger value of “slag resistance deterioration
index” consequently means more marked deteriora-
tion of slag resistance by exposure to high tempera-
ture. Lower than 1 (one) of “slag resistance deteriora-
tion index” signifies that slag resistance of long time
heat-treated sample specimen is superior to that of
short time heat-treated sample specimen.

2. 3 Measurement of physical and chemical
properties and XRD analysis

Weight change of the sample specimens as well
as apparent porosity of each heat-treated sample
specimen were measured. For evaluating the dif-
ference of weight change and apparent porosity
between “new” and “old” taphole mix material,
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Fig. 4 Variation in weight change as a function
of the amount of aluminum nitride after
heating at 1500 °C for 3 and 24 hours.
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Fig. 5 Influence of substitution rate of aluminum

nitride for ferro silicon nitride on weight
loss index.

“weight loss index” and “porosity increase index”
were defined as follows with using measured physi-
cal property values.

Weight loss index = (weight change of 24 hour heat-
treated sample specimen) / (weight change of
3 hour heat-treated sample specimen)

Porosity increase index = (apparent porosity of
24 hour heat-treated sample specimen) / (appar-
ent porosity of 3 hour heat-treated sample speci-
men)

Therefore, a larger value of weight loss index and

porosity increase index signifies higher susceptibility

of weight reduction and structure loosening associ-
ated with porosity increase to long time heating,
respectively.

Chemical composition analysis and powder X-ray
diffraction (XRD) analysis were conducted with
crushed pieces of sample specimens.

3. Results of Experiment

3. 1 Corrosion test

The change in the experimentally evaluated wear
rate as a function of the amount of aluminum nitride
after heating at 1500 °C for 3 and 24 hours is shown
in Fig. 2. Regardless of heat treatment time, the wear
rate was lowered in association with an increase in
the of amount of aluminum nitride. The influence of
the substitution rate of aluminum nitride for ferro sili-
con nitride on the slag resistance deterioration index
is shown in Fig. 3. A tendency for, in accordance with
increase of substitution rate of ferro silicon nitride
with aluminum nitride, the lowering of slag resis-
tance by long exposure time to high temperature to
be suppressed is clearly observable. It is noteworthy
that sample D, in which whole ferro silicon nitride
is substituted for aluminum nitride, exhibits smaller
than 1 (one) of slag resistance deterioration index,
indicating of superior slag resistance of long heat-
treatment time sample specimen.
3. 2 Physical properties

Variation in weight change as a function of the
amount of aluminum nitride and change in apparent
porosity as a function of the amount of aluminum
nitride is shown in Fig.4 and Fig.6, respectively.
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Fig. 6 Change in apparent porosity as a function
of the amount of aluminum nitride after
heating at 1500 °C for 3 and 24 hours.
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Fig. 7 Influence of substitution rate of aluminum

nitride for ferro silicon nitride on porosity
increase index .

Based on these measurements, weight loss index
and porosity increase index of four taphole samples
were calculated and plotted as a function of the
substitution rate of aluminum nitride for ferro silicon
nitride in Fig. 5 and Fig. 7, respectively. It is observable
in Fig. 4 that, in accordance with the increase in the
amount of aluminum nitride, the weight loss of long
heat-treatment time sample specimen was markedly
lessened. A clear tendency for, in accordance with
increase of substitution rate of ferro silicon nitride
with aluminum nitride, the weight loss index to be
gradually lowered is observed in Fig.5. Sample D
in which aluminum nitride is completely substituted
for ferro silicon nitride exhibits smaller than 1 (one)
of weight loss index, which means that weight loss
induced by 24 hour heat treatment is smaller than
that by 3 hour heat treatment. As per Fig. 6, different
tendencies in the change of apparent porosity is
observable between 3 hour and 24 hour heat-treated
sample specimens. That is, in accordance with the
increase of the amount of aluminum nitride, the
apparent porosity of the 3 hour heat-treated sample
specimen slightly increased, but the apparent poros-
ity of the 24hour heat-treated sample specimen
was contrarily lowered only slightly. Consequently,
as per Fig.7, the porosity increase index is lowered
in association with increase of substitution rate
of aluminum nitride for ferro silicon nitride, which
means that change to loosened and porous struc-
ture is suppressed by increase of aluminum nitride
addition.
3. 3 Chemical compositions

The influence of amount of aluminum nitride
addition on total nitrogen content and free carbon
content of heat-treated sample specimen is shown
in Fig.8 and Fig.9, respectively. Regardless of the
added amount of aluminum nitride, the total nitro-
gen content of the 24hour heat-treated sample
specimen is lower than that of 3hour heat-treated
sample specimen. The free carbon content of
sample A, B and C, in which the added amount of
ferro silicon nitride is greater than that of aluminum
nitride, has been lowered by long heat treatment
time. However, sample D, in which aluminum nitride
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Fig. 8 Influence of amount of aluminum nitride
addition on total nitrogen content of heat-
treated sample specimen.
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Fig. 9 Influence of amount of aluminum nitride
addition on free carbon content of heat-
treated sample specimen.

was completely substituted for ferro silicon nitride,
exhibited higher free carbon content after 24 hour
heat treatment than after 3hour heat treatment,
meaning an increase of free carbon content by long
heating time.
3. 4 Powder X-ray diffraction analysis

X-ray diffraction patterns of sample A (no substi-
tution of aluminum nitride for ferro silicon nitride)
and sample D (complete substitution of aluminum
nitride for ferro silicon nitride) are shown in Fig. 10
and Fig. 11, respectively. The sharp diffraction peak
of B-SisNa, which is observed in diffraction patterns
of 3hour heat-treated sample A, is diminished after
heat treatment at 1500°C for 24hours. Instead,
diffraction peaks of 3-SiC and Si:N.O can be identi-
fied in diffraction pattern of 24 hour heat-treated
sample A. The sharp diffraction peak of AlN, which
is observed in diffraction patterns of 3 hour heat-
treated sample D, was almost eliminated after
heat treatment at 1500°C for 24 hours. Instead, a
diffraction peak of SIAION is detectable in the X-ray
diffraction pattern of 24 hour heat-treated sample
D. In addition, diffraction peak of corundum, which
is identifiable in X-ray diffraction patterns of 3 hour
heat-treated sample D, intensified after heat treat-
ment at 1500 C for 24 hours.

4. Discussions

Asindicated with Fig. 5, 7 and 8-10 and pointed out
in precedent reports, marked weight loss associated
with change to loosened porous structure is induced
in the taphole mix body by thermal decomposition
of ferro silicon nitride, especially under long heating
time conditions”®. Chemical reactions of ferro silicon
nitride have been variously reported *'. Based on
experiment results in this study, it is inferred that
chemical reactions of ferro silicon nitride proceed
as per the schematically illustrated procedures
shown in Fig.12. It is clarified with Fig.8-10 that
both total nitrogen and free carbon content of ferro
silicon nitride containing taphole mix is lowered by
long heat treatment time in association with forma-
tion of SIC and SiN:O. Since ferro silicon nitride is
a chemical compound composed of Fe and SisN.,
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Fig. 10 X-ray diffraction patterns of sample A heat-
treated at 1500 °C for 3 and 24 hours.
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Fig. 11 X-ray diffraction patterns of sample D heat-
treated at 1500 C for 3 and 24 hours.

components of C, Fe and Si:N. coexist with oxide
materials in ferro silicon nitride containing taphole
mix. It is inferred that Fe-C liquid phase is formed
by the supply of CO gas generated by the reaction
between Fe and carbon raw material or coke breeze
as well as by direct supply from carbon raw material.
Since it has been reported that, when SiC is formed
from ferro silicon nitride, mass transfer of the Si com-
ponent in SisNs is accompanied by some manner™,
it is inferred that the Si component is transferred
into Fe-C liquid phase and forms Fe-C-Si ternary
compound system liquid phase. It is also inferred
that, since C and Si components are continuously
supplied after the formation of Fe-C-Si liquid phase,
these components are oversaturated and SiC is
formed, accompanied by emission of N. gas out of
SisNa. Formation of SizN>O can be explained with the
following inference. It is known that, with SisN. and
SOz as starting materials, SizN2O is generally synthe-
sized by liquid phase reaction with the aid of a small
amount of added sintering agent such as ALOs™.
Referring to the report that glassy Si-(Al)-O-N system
network was observed near hot surface of corro-
sion test taphole mix specimen ™, it is inferred that
SiN-O is formed by liquid phase reaction between
SisN4 and oxide materials in this study.

Because of the lowering of C and Si contents in
Fe-C-Si liquid phase induced by SiC formation, C and
Si components are continuously supplied, resulting
in oversaturation and another SiC formation associ-
ated with N. gas emission. It is inferred that marked
weight loss and change to loosened and porous
structure of long heat-treatment time taphole mix
sample specimen are induced by repetition of such
reaction process. It is also inferred that change to
loosened and porous structure causes deterioration
of slag resistance after heat treatment at 1500 °C for
24 hours. Prospecting that “mushroom” in blast fur-
nace taphole is formed majorly with “old” material
with deteriorated slag resistance, such a situation
is thought to be one of the causes for reduction
of the “depth” parameter in practical blast furnace
operation.

While, as is obvious with Fig.5 and Fig.7, in
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Fig. 12 Schematic image of silicon carbide decom-
position and silicon carbide formation
procedure in ferro silicon nitride containing
taphole mix.

accordance with increase of substitution rate of
aluminum nitride for ferro silicon nitride, both weight
loss index and porosity increase index is lowered.
In other words, combination of weight loss and
change to loosened and porous structure, which
was significantly observed in ferro silicon nitride
containing taphole mix samples, is suppressed in
aluminum nitride containing taphole mix samples
with a tendency that, in accordance with increase of
aluminum nitride addition, degree of such suppres-
sion becomes intensive. Especially, weight loss of
24 hour heat-treated sample D specimen, in which
aluminum nitride was completely substituted for
ferro silicon nitride, is smaller than that of 3hour
heat-treated specimen. These experiment results
strongly indicate that different kind of reactions take
place in aluminum nitride containing taphole mix
samples. Under coexistence of C, stable phases of
Alin mixed N2 and CO gas atmosphere are ALOs,
AN, Al.Cs, C™. According to JANAF thermodynamic
database', these four phases coexist in equilibrium
at 1800K under the condition of logPw. = -5.537
and log Pco = -2.374. Taking into account experiment
condition in this study, that taphole sample speci-
mens were heat treated in a coke breeze, logPw is
thought to be around -0.46 (P is around 0.35 atm).
It is therefore inferred that the following reaction
takes place in the experiment.

2AIN(s) +3CO(g) — ALOs(s) + 3C(s) + Na(g)

In the reaction, CO gas coming from outside the
specimen is reduced by AIN and C is precipitated
in association with N, gas emission to outside of
system and formation of corundom. Such reaction
is verified by the experiment results that, as shown
in Fig.8 and Fig.9, 24hour heat-treated taphole
mix sample specimen exhibits lower total nitrogen
content and higher free carbon content than the
3hour heat-treated sample specimens. Validity of
such inference is also verified by, as exhibited in
Fig. 11, detection of diffraction peak of corundum
in powder X-ray diffraction analysis on sample D.
It is inferred that, since source of precipitated C is
supplied as CO from outside the system, weight
increase of the sample specimen is accompanied
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by the reaction. The experiment results shown in
Fig.4 and Fig.5, of the weight loss of 24 hour heat-
treated sample D being smaller than that of 3 hour
heat-treated sample D supports the validity of such
inference. In addition, the experiment results shown
in Fig.4 and Fig.5 show that, in comparison with
3 hour heat-treated sample specimens, the degree of
weight loss of aluminum nitride containing taphole
sample specimens (sample B, C and D) heat-treated
for 24 hours was lessened. This indicates that the
reaction is promoted by long heating time. As for
formation of SIAION, it is inferred that, similar to
SiNO formation in ferro silicon nitride containing
taphole mix, SIAION is formed by liquid phase reac-
tion between AIN and oxide materials such as SiO..

Regarding a similar kind of reaction, it was reported
that, when heating metallic aluminum at 1500°C
in a mixed N and CO gas atmosphere, aluminum
nitride and C were detected as reaction products
after 1 hour heating and ALOs and carbon were
detected after 10 hours heating™. It is speculated
in the report that, due to the lowering of partial
pressure of N, gas by the reaction between metallic
aluminum and CO gas, metallic aluminum is firstly
altered to aluminum nitride, followed by the above
mentioned alumina formation reaction associated
with C precipitation™.

It is prospected that, since aluminum nitride func-
tions as a reducing agent of CO gas coming from
outside of the system, reduced C is precipitated so
as to fill pores generated by decomposition of alu-
minum nitride. It is inferred that change to loosened
and porous structure induced by long heating time
is suppressed by such C precipitation in aluminum
nitride containing taphole mix sample specimens.
It is also inferred that, because of precipitation of
C which is characterized by low wettability to slag,
slag resistance of long heat-treatment time aluminum
nitride containing taphole mix sample specimen is
superior to that of short heat-treatment time sample
specimen.

It is expected that, with substitution of aluminum
nitride for ferro silicon nitride, slag resistance of “old”
material in “mushroom” is properly secured with
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less peel-off damage caused by slag corrosion. It is
expected that such improvement effects would be
fulfilled as sustainment of stable “depth” parameter
and as better performance in taphole inner wall
protection.

5. Conclusion

Putting attention on aluminum nitride as a substi-
tutable nitride for ferro silicon nitride, effects of alu-
minum nitride addition to taphole mix on changes of
its properties after long heating time were studied
and the following conclusions were obtained.

- The slag resistance of ferro silicon nitride contain-
ing taphole mix sample specimen heat-treated
at 1500°C for 24hours was worse than that of
the sample specimen heat-treated at 1500°C for
3 hours. Marked weight loss and change to loos-
ened porous structure, which were observed in
ferro silicon nitride containing taphole mix sample
specimen heat-treated at 1500°C for 24 hours,
strongly indicate deterioration of taphole mix
body. Reduction of the total nitrogen content,
which was more prominent in the 24 hour heat-
treated taphole mix sample specimens indicates
that structure deterioration is caused by thermal
decomposition of ferro silicon nitride.

- The slag resistance of aluminum nitride contain-
ing taphole mix sample specimen heat-treated at
1500 C for 24 hours exceeded that of the sample
specimen heat-treated at 1500°C for 3hours.
Marked weight loss, which was observed in ferro
silicon nitride containing taphole mix sample
specimens heat-treated at 1500°C for 24 hours,
was eased in association with smaller change to
loosened porous structure. Experiment result that
free carbon content of aluminum nitride contain-
ing taphole mix sample specimen heat-treated at
1500°C for 24 hours is higher than that of sample
specimen heat-treated at 1500 C for 3 hours indi-
cates that aluminum nitride functions as reducing
agent of CO gas coming from outside of system.
These experiment results inferred that, since C
is precipitated so as to fill pores generated by
decomposition of aluminum nitride, deterioration

11
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of taphole mix sample body is suppressed. It is
also inferred that increase of free carbon content
in the aluminum nitride containing taphole mix
sample specimen by heat treatment at 1500 C for
24 hours creates better slag resistance than that
of the sample specimen heat-treated at 1500°C
for 3hours.
By substituting aluminum nitride for ferro silicon
nitride, structure deterioration of the taphole mix

1500 C-24nhh0za# OEMME1L & E L7z SRS N body caused by long heating time was effectively
%o Flz, A—ARVENEILIZZ &ICEKL), 1500C suppressed. It can be concluded that substitution
24 I0EE DT X 5 711500 C-3hil#E#& L V&< of aluminum nitride for ferro silicon nitride is quite
BolZEEZBND an effective measure for enforcing important roles
RESENIZEE OEBIRCZIH T eI Uiz, 2 of taphole mix.

{EERBHEDSEETIILIZVANDERE, RUVFREZH
HU, FPEREMREZHLESEIBNEFRTHIEE
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