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Abstract: The safety and longevity of key blast furnace (BF) equipment determine the stable and low-carbon production of iron. This pa-
per presents an analysis of the heat transfer characteristics of these components and the uneven distribution of cooling water in parallel
pipes based on hydrodynamic principles, discusses the feasible methods for the improvement of BF cooling intensity, and reviews the pre-
paration process, performance, and damage characteristics of three key equipment pieces: coolers, tuyeres, and hearth refractories. Fur-
thermoere, to attain better control of these critical components under high-temperature working conditions, we propose the application of
optimized technologies, such as BF operation and maintenance technology, self-repair technology, and full-lifecycle management techno-
logy. Finally, we propose further researches on safety assessments and predictions for key BF equipment under new operating conditions.

Keywords: blast furnace; equipment; service security; blast furnace campaign; self-repair

1. Current situation of blast furnace (BF)
safety and longevity in ironmaking

In 2022, China’s BF molten iron production reached 864
million tons, and it accounted for over 65.9% of the global
BF molten iron production (about 1.3 billion tons) [1]. BFs
are considered the largest single high-temperature and high-
pressure reactors, and they play a pivotal role in resource and
energy consumption during the iron- and steel-making pro-
cess. The safety of BF is crucial for societal well-being and
overall economic and social development. Consequently, this
aspect has become an important requirement in modern BF
development [2—4]. With the continuous advancement of
large-scale BFs in China, the development of large BFs with
extended campaign duration is urgently needed to facilitate
low-carbon metallurgy. Among large-scale BFs used world-
wide, which feature a capacity exceeding 4000 m®, Asia hosts
40 (25 in China), Europe has 6, and the Commonwealth of
Independent States and North and South America each have
4 units [5]. Fig. 1(a) presents the index data, such as utiliza-
tion coefficient, coal ratio, and fuel ratio, on large-scale
Chinese BFs (with above 4000 m® capacity). Notably, they
exhibit relatively favorable technical indicators, which men-
as that China has achieved remarkable progress in key tech-
nologies, such as large-scale BF design systems, core equip-
ment, process theory, and intelligent control. Considerable
development has also been made in the longevity of BFs. The
BF campaign on China Baowu Steel Group Corporation
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Limited (Baosteel), Wuhan Iron and Steel (Group) Company
(Wusteel), Shougang Group (Shousteel), and other enter-
prises has reached more than 15 years. The campaign on No.
3 BF in Baosteel has reached nearly 19 years, which sets a re-
cord for the BF campaign in China [6—7]. As shown in Fig.
1(b), the line is the fitting line of the corresponding data, and
the slope of the line represents the utilization coefficient.
Notably, the average utilization coefficients of Chinese BFs
exceed those of other countries, which indicates the mainten-
ance of safe operations under high-utilization conditions
within the campaigns of Chinese BFs. Preliminary estimates
suggest that the increased average lifespan of a BF from 10 to
15 years, which resulted in potential CO, emissions reduc-
tion of up to approximately 5.57 million tons under a level-
4000+ BF configuration. Ironmaking technology is pro-
moted with the progress made in BF safety and longevity
technology.

More than 900 BFs are currently in service in China [8§].
With the increase in smelting intensity, hundreds of BFs must
undergo safety maintenance every year. Serious accidents,
such as BF hearth burnout, cause heavy economic losses and
casualties, which greatly hinder the development of BF safety
and longevity [9—-10]. A number of large-scale BFs necessit-
ate repair due to damage to the cooling equipment. The safety
and campaign of BFs mainly depend on the lower part of the
shaft, belly, bosh, tuyere, and hearth bottom. Fig. 2 shows the
key equipment in different areas. Realization of the safety
and longevity of BFs involves ensuring the safety of key
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Fig. 1. Large-scale and longevity BF indexes: (a) the index data for prodution hot metal (HM) on 25 large-scale Chinese BFs; (b) the
life and HM production of BFs in different countries.
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Fig. 2. Key equipments of BF for safety and longevity [11].

equipment in key areas during the long-term BF smelting
process.

thermal resistance of molten iron and the protective layer on
the hot surface of the refractory accounts for 30% of the total
thermal resistance of the system, and the thermal resistance

2. Basic principle of heat transfer in BF
2.1. Heat transfer characteristics

With the application of heat and mass transfer theory in
BF cooling, considerable advancements have been attained in
BF cooling technology. Notable variations have been ob-
served in the temperature field distribution and the heat flux
of the furnace at different BF heights under various operat-
ing conditions. Fig. 3(a) illustrates the temperature distribu-
tion trend of BFs. The primary effect of the cooling system
lies in ensuring the safety and campaign longevity of BFs.
Water in the cooling system removes the heat generated
within the furnace [12—13]. The establishment of a reason-
able temperature gradient helps in maintaining low temperat-
ures for the BF lining while creating a protective layer on its
hot sidewall surface. Fig. 3(b) demonstrates the distribution
within the hearth’s heat transfer system for BFs [10]. The

of the cooling system accounts for 3.3%. The internal condi-
tion of the BF hearth exhibits a far greater influence potential
on heat transfer than the cooling system. Consequently, the
direct contact between high-temperature gas, slag iron, and
refractory materials is hindered, which reduces the erosion
rates for refractory materials [14—15]; as a result, the long life
of BF is realized.

2.2. Uniformity of water distribution

Measurements conducted on several BFs’ cooling sys-
tems indicate uneven water supply volumes, which result in
nonuniform circumferential water-supply distribution [16—
18]. Circumferential water supply unevenness refers to the
ratio of the difference between the maximum and minimum
water velocities to the average water velocity in circumferen-
tial cooling water pipes. To quantify the unevenness within a
BF’s cooling system, numerical simulation methods were
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Fig. 3.

employed by establishing 1:1 physical models and mathem-
atical models to simulate water volume distributions under
different numbers and angles of inlet pipes around the cir-
cumference of BF [19]. Fig. 4 presents the result.

Fig. 4(a) shows the simplified model of the BF cooling
system. Plots I, II, and III in Fig. 4(b) reveal the velocity dis-
tribution of water when the numbers of inlet pipes are 1, 2,
and 3, respectively. With the increase in the number of inlet
pipes, although an uneven phenomenon persists, uniformity
has increased, and Fig. 4(c) shows thatthe unevenness of wa-
ter distribution decreases from 46% to 27% as the number of
inlet pipes increases from 1 to 3. Fig. 4(d) and (e) shows that
the unevenness is negatively correlated with the angle and
volume of the inlet pipes. Weak areas within the BF cooling
system exhibit a decrease in water flow rate. However, en-
suring that minimum velocity exceeds safe water velocity can
guarantee BF safety, and a safe water velocity is 1.6 m/s.

(a) Temperature and heat flux distributions in a BF; (b) heat transfer in the hearth (Adapted from Ref. [10]).

[20]. Fig. 4(f) shows the presence of a hidden risk when the
water supply volume is small and the weak area is large. As
the amount of water increases, the weak areas decrease.
When the weak areas cannot be determined, increasing total
water volume is a common method for meeting their demand
while maintaining safety standards. However, this approach
may result in nonweak areas receiving excess water and
wasting resources. Precise control can be used to address this
issue while promoting uniformity and energy efficiency
within the cooling system. The plot IV in Fig. 4(b) presents a
simulation diagram that meets the safety requirements of wa-
ter supply systems, where the method of precisely con-
trolling the valves was used to increase the water velocity in
the weak areas while appropriately reducing the amount of
water in the nonweak areas, so as to realize uniform water
supply, energy saving, and reduction of energy consumption,
and achieve the goal of the safety and longevity of the BF.
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Fig. 4. Uniformity of water distribution in a BF cooling system: (a) the simplified model of the BF cooling system [19]; (b) water ve-
locity distribution; (c) the relationship between the number of inlet pipes and unevenness; (d) the relationship between the angle of
inlet pipes and unevenness; (e) the relationship between the volume of inlet pipes and unevenness; (f) variation in velocity with water

volume.

2.3. Hydrodynamic characteristics of the BF cooling
system

Water pipes within the BF cooling system operate in par-
allel, which results in fluctuation between individual pipe
flows caused by temperature differences. However, the over-
all circumferential flow remains constant. If temperature dif-

ferences increase without corresponding decreases in flow
rates, redistribution of cooling water under equal amounts
must be performed based on the analysis of single-pipe rela-
tionship between quantity and temperature difference: large
temperature differences correspond to small flows. However,
some cooling pipes show consistent water temperature dif-



Y.X. Liu et al., Research progress and future prospects in the service security of key blast furnace equipment

ferences and water flow rates as a result of the pulsation phe-
nomenon between parallel pipes.

Fluctuations in heat flux within the BF and continuous
heating to water in the cooling system result in an instantan-
eous increase in water temperature. Flow and temperature
boundary layers exist near the heating surface of the cooling
water pipe, which enables the water within these boundary
layers to reach higher temperatures. The elevated temperat-
ure of cooling water led to a reduction in dissolved gas solu-
bility and the generation of small bubbles on the pipe wall’s
heating surface. Gas and bubbles exhibit slower flow rates
compared with water, which results in a decrease or cessa-
tion of their movement as water flow slows down. Con-
sequently, the flow rate of cooling water through the pipes
decreased, and when heat flux intensity increased, corres-
ponding increases in gas and bubble formation occurred. This
stage transpired when the evaporation area expanded while
water flow decreased. As heat flux declines, gas/bubble
quantity decreases, and water velocity increases again. Thus,
variations occur in the cooling pipe velocity and temperature
difference due to this adaptive phenomenon among parallel
pipes within the cooling system. However, this adaptability is
weak and exhibits hysteresis for single pipes alone. This phe-
nomenon considerably influences the redistribution of water
among parallel pipes while reducing fatigue damage poten-
tial for cooling pipes.

3. Types and characteristics of cooling equip-
ment

Various cooling equipment are employed throughout the
different sections of a BF for catering to distinct cooling
needs (Fig. 5). The upper section of the BF typically utilizes
cast iron staves. High-heat load areas, such as the belly, bosh,
and lower part of the shaft, commonly employ cast iron, cop-
per, or copper—steel composite staves or copper cooling
plates.

3.1. Cast iron stave

The belly and the lower part of the shaft in BF requires the
use of several types of cast iron staves, including four-inlet
and four-outlet cooling staves, six-inlet and six-outlet cool-
ing staves, double-layer cooling water pipe cooling staves,
and inlaid copper-strip cooling staves. Fig. 6 shows the vari-

@

Fig. 6.

N —
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ous kinds of cast iron staves. Under the same hot surface
working conditions and cooling water parameters, the max-
imum temperatures of the four-inlet and four-outlet cooling
stave, six-inlet and six-outlet cooling stave, double-layer
cooling water pipe cooling stave, and inlaid copper strip
cooling stave reach 450, 370, 350, and 320°C, respectively.
This indicated that the double-layered cooling water pipe has
a cooling capacity equivalent to that of a six-inlet and six-
outlet configuration [21], and inlaid copper-strip cooling
staves with higher cooling capacity. In other words, the cool-
ing capacity of the cooling wall is generally characterized by
the cooling specific surface area, which is the ratio of the sum
of the surface area of the cooling water pipes in the cooling
wall to the heated area of the cooling wall, and as the cooling
specific surface area increases, the hot surface temperature of
the cooling wall decreases.

During the working process, the cast iron cooling stave
exhibits high strength and strong resistance to thermal de-
formation. However, there is a relatively high temperature on
the hot surface of the cast cooling stave, due to the air gap
between the steel pipe for cooling the water and the cast iron
during the casting process and a coating on the surface of the
steel pipe, resulting a large thermal resistance and limited
heat transfer capacity of cast iron cooling stave [22]. Slag
skull formation has become challenging, and the nodular
graphite inside these cast iron staves undergoes deformation

- Cast iron
I S9 stave
Cast iron stave
[ I - &
Cast iron stave [fhS4 | ! Cu stave

|| S3 |
/ Cu stave £2

Cu-steel stave e Cast-steel

Cooling plate I BT stave
£ . ) § Cooling
T ey late
SIS P

@@@

/1/—4_/—4_/1/—4_/—4_r—a_/—a 5

& +—

Types of cast staves for BFs: (a) four-inlet and four-outlet cooling staves; (b) six-inlet and six-outlet cooling staves; (c)

double-layer cooling water pipe cooling staves; (d) inlaid copper-strip cooling staves.
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over prolonged periods (Fig. 7). The cast cooling stave con-
tains a high carbon content (w(C) > 3.0wt%), with carbon ex-
isting in the form of spheroidal graphite. Carbon grains grow
gradually under high-temperature reactions, which aggrav-
ates the formation and expansion of cracks and causes seri-
ous cracks, given the already-changed performance of the
cast cooling stave. To prolong the campaign of the cast cool-
ing stave, one must determine the evolution law followed by
cast iron performance under different temperature conditions
and dynamic conditions of change. During the BF operation,
the cast cooling stave can form a new protective slag skull
within an acceptable period via the control of airflow distri-
bution and slag skull formation, which avoids a sharp change
in the performance of the cast cooling stave [23].

3.2. Copper stave

The strong heat transfer capacity, excellent heat flow, and
thermal shock resistances of copper stave enable its use in
high flux areas of the cooling equipment. Compared with cast
iron and cast—steel staves, copper stave has an approximately
9-14 times higher thermal conductivity. The copper stave is
drilled to create a cooling water channel, which overcomes
the limitations of poor heat transfer performance caused by
the presence of high thermal resistance coatings and air gaps
in cast iron staves. With its excellent thermal conductivity,
the copper stave effectively reduces the temperature on its hot
surface, which improves its corrosion resistance for refract-
ory materials that are embedded or sprayed onto it. Over
time, during the erosion of refractory materials due to pro-
longed usage, a slag skull smoothly forms on the hot surface
to provide self-protection. However, this slag skull exhibits a
relatively low stability and experiences remarkable temperat-
ure fluctuations. The large difference in temperature between
the copper stave and the slag skull results in substantial
thermal stress between these two surfaces. In addition, dur-
ing slag skull formation, a certain amount of glass phase is
present in the slag phase due to the rapid cooling rate. This
condition leads to considerable structural stress on the slag
skull, which can easily break off under unstable furnace con-
ditions. Consequently, the copper stave experiences frequent
temperature fluctuations (Fig. 8(a)). When slags peel off
from its surface, the rapid increase in temperature results in
considerable thermal shocks and an immediate increase in
heat flow intensity. This sudden rise also causes the rapid
temperature increase of water within boundary layers, which
leads to thermonuclear boiling. This event is followed by film
boiling phenomena that further elevate temperatures on the
hot surface while degrading the high temperature and anti-
wear performances of the copper stave.

With the descent of charge and the flow of gas-carrying
dust particles, the copper stave gradually thins over time and
may develop leaks. According to statistics, copper stave has
an average service life of 6.3 years [25]. Fig. 8(b)—(e) shows
the condition of some copper staves after service. Damages
to the stave mainly concentrate at the junction of the lower
shaft and bosh and the junction of the bosh and belly. Re-
search shows that the wear of large-scale BF copper staves

Int. J. Miner. Metall. Mater., Vol. 31, No. 10, Oct. 2024

Fig. 7. Changes of the cast cooling stave before and after ser-
vice: (a) damaged morphology of the cast cooling stave after
service, (b) microstructure of the cast cooling stave before
sevice, and (¢) microscopic morphology of the cast cooling stave
after service.

mainly results from charge wear, airflow erosion, and high
temperature [26]. As the hearth diameter continues to in-
crease, it becomes difficult for lower airflow to blow through
its center while edge airflow easily forms, resulting in slag
skull instability. Large-scale BFs bear heavy charger
columns, which subject them to greater pressure compared
with medium and small BFs. This increased compressive
stress exacerbates furnace wear. Prolonging the lifespan of
copper staves involves ensuring the stability of slag skull
formation and preventing their direct exposure to high-tem-
perature gases and hot descending charges. In addition, hy-
drogen-related issues associated with cooper-stave under hy-
drogen-rich smelting conditions require research attention.

3.3. Copper-steel composite cooling stave

The copper—steel composite cooling stave is constructed
using oxygen-free copper and steel through explosive weld-
ing technology. This technique allows for the bonding of the
two materials together. The hot surface of the cooling stave
comprises copper, which renders the component with excel-
lent heat transfer capabilities. Conversely, the cold steel sur-
face prevents deformation in high-temperature environments.
The combination of these materials allows the copper—steel
composite cooling stave to maintain the high thermal con-
ductivity of copper and the strength of steel. The cooling
stave has an average tensile strength of 310 MPa, which
meets the required strength for practical engineering struc-
tures. In addition, the stave has a shear strength of 220 MPa,
which can withstand forces applied perpendicularly to its sur-
face [27]. Thus, copper—steel staves can meet the strength re-
quirements of actual engineering structures.

The copper—steel bonding region of the copper—steel com-
posite cooling stave shows an obvious wavy structure, which
can be divided into three parts: the interface area between
copper and steel, the deformation area between the interface
and the area near matrix, and the area near matrix (copper or
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steel) [27]. Microhardness testing revealed the increased mi-
crohardness values at the interface and deformed areas of
steel and copper, and such results were due to the combined
effect of work hardening and grain refinement near the ex-
plosive wave at the copper—steel explosive welded interface
[27]. Given the tensile capacity and heat transfer capacity, the
copper—steel composite cooling stave performs better than
the copper cooling stave.

3.4. Copper cooling plate

In high heat flux areas of BFs, reinforced dense copper
cooling plates are also employed for their strong thermal con-
ductivity properties. Fig. 9 shows the temperature field distri-
bution on the copper cooling plate. The plates maintained
safe working temperatures between 30—40°C and in the pres-
ence of a slag skull. However, when thin or no slag skull was
present, temperatures reached up to 375°C at the plate fronts.
This temperature is higher than the safe working temperature
limits for pure copper materials. The high-temperature area
always distributed at the front of the cooling plate. The max-
imum deformation of 2.73 mm was observed at the hot sur-
face of the copper cooling plate. Graphite refractory bricks
with high thermal conductivity can be found between the
copper cooling plates and can form slag skulls well. The cop-
per cooling plate can ensure the stability of the slag skull,
which exhibits a positive effect on the life extension and safe
service of the cooler. The copper cooling plate is easy to op-
erate and shows a strong adaptability to changes in raw ma-
terials. The pellet ratio of some BFs in China has reached

more than 30%, and the copper cooling plates of the bosh and
belly remain undamaged [28].

Temperature / °C
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26.82

Fig. 9. Temperature field distribution of copper cooling plate.

4. Types and characteristics of tuyere sleeve
4.1. Damage characteristics of BF tuyere sleeve

The tuyere sleeve refers to a cooling component with ex-
tremely strong heat exchange, which is installed between the
hearth and the belly, and it works under the poorest condi-
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tions of the BF, as follows: (1) the upper edge of the sleeve is
exposed to high-temperature heat radiation of 2000-2200°C
and is affected by the removed slag skull or collapsed materi-
als; (2) it experiences slag—iron erosion at approximately
1500°C and microcutting of high-temperature coke; (3) the
interior of the tuyere is also influenced by the high-speed hot
air at temperatures of 1000-1300°C and the pulverized coal
[29-30]. Therefore, the tuyere sleeve is generally made of
pure copper, and high-speed water cooling is used to ensure
the normal operation of the tuyere sleeve. Under normal cir-
cumstances, the service life of the tuyere lasts more than one
year. However, several cases revealed that damage and water
leakage in tuyere sleeve after a few months or a few days of
operation, especially, the front of the tuyere sleeve receives
the most damage. Researchers solved this problem by optim-
izing the tuyere sleeve through improvement of the cooling
structure of the tuyere, control of cooling water speed, and
addition of a wear-resistant coating. Despite the notable in-

Dissolution

Abrasion |
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crease in the service life of the tuyere sleeve, some BF tuyere
sleeves still fall short of expectations. Damage categories of
the tuyere include the following: (1) Dissolution spalling.
Potholes of a certain size and irregular shape occupy the front
of the damaged tuyere sleeve (Fig. 10), and certain wear and
burn marks can be observed. The erosion depth is 18 mm. (2)
Burn. Small burning holes are found at the front of the tuyere,
and bean-shaped solid iron particles are present inside the
holes. The longest diameter of the particles is 9 mm, and the
shortest is 3 mm. (3) Abrasion. High-speed movement of
coal powder occurs inside the tuyere, which results in wear of
the inner wall of the air outlet. The worn tuyere sleeve fea-
tures a relatively smooth inner surface. (4) Crack. At the front
of the tuyere, cracks initiate at the junction of the inner cavity.
According to the statistics, the main damage type of tuyere
sleeve is dissolution spalling (71.05%), followed by burn
(17.25%) and other categories (11.70%) [31-33].

Fig. 10. Four main damage categories of tuyere sleeve.

4.2. Causes of tuyere sleeve damage in BF's

Fig. 11(a) depicts the microscopic morphology of the
erosion damage area of the tuyere sleeve, including a clear
three-layer boundary. A sandwich layered structure forms,
with the uppermost part serving as the slag—iron area, the
middle part as the coexistence area for copper—iron alloy and
slag phase, and the lower part as the copper area. The energy
dispersive spectroscopy (EDS) result shows (Fig. 11(b)) that
the first layer mainly comprises Ca, Si, Mg, and Fe and con-
tains copper and iron particles of different diameters. The
second layer is the mixed area of broken copper and

Breakage

o

ag includin

slag—iron. Iron and copper form the copper—iron alloy. A
combination of factors, such as high-temperature slag—iron
and external impact, causes tuyere sleeve damage. If the
slag—iron temperature exceeds the melting temperature of
copper, the droplets of copper would formate and diffuse in-
to the slag—iron when high temperature slag—iron contacts
with copper tuyere sleeve, and finally form a copper—iron al-
loy near the interface of slag and iron. Despite the good plas-
ticity and hardness of the copper—iron alloy, the copper side
softens with the increase in temperature. Under stress and ex-
ternal forces, iron and copper—iron alloy tend to break and
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Fig. 11. Tuyere damage category and damage structure: (a) scanning electron microscopy of the damaged tuyere; (b) EDS of the

damaged tuyere [29].
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fall off from the copper root. Under repeated actions of the
above forces, the melting damage of the copper tuyere sleeve
gradually increases and eventually results in water leakage
[34].

4.3. New type of tuyere sleeve

Under severe working conditions, the tuyere must have
high thermal conductivity, resistance to slag—iron corrosion,
and wear resistance. For the prolonged life service and im-
proved thermal conductivity and wear resistance of the tuy-
ere, a wear-resistant layer is applied to the front of the tuyere.
For the wear-resistant layer at the front of the tuyere, the
commonly used welding methods mainly include metal inert
gas welding, laser cladding, and plasma cladding, which use
arc, laser, and plasma arc as heat sources, respectively. As a
result, the matrix and alloy powder can melt simultaneously
under inert gas. One or more metallurgical wear-resisting
layers form on the substrate surface [29].

A new type of tuyere sleeve adopts an optimized ring pro-
tective layer that cannot only take advantage of the high
thermal conductivity of copper but also has an improved
wear capability (Fig. 12) [30]. This increases the area of the
low-temperature zone at the front of the tuyere sleeve, which
will help in the coagulation and stabilization of the slag skull.
With the increase in the number of wear-resistant layers, their
maximum temperature at the front gradually drops, and the
hot surface of the tuyere is likely to form a slag skull. The
slag skull is a natural protective layer that can protect itself
and reduce the damage caused by contact between high-tem-
perature slag—iron and copper.

5. Performance evaluation of refractory mater-
ials for BF hearth

5.1. Characteristics of BF hearth refractory

The safety and longevity of a BF are largely determined
by its hearth. Refractory selection is important for the safety
and longevity of the hearth. Current hearth refractories
mainly include carbon and ceramic bricks with carbon and
alumina as the matrix, respectively, and carbon composite
brick with an appropriate ratio of carbon and alumina.

Temperature / K
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473.3
432.0
390.7
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Fig. 12. Distribution of the temperature field of the tuyere
sleeve with ring protective layer [11].

Table 1 shows the comparison of the performance indexes of
different refractories [35-36].

The development of carbon bricks has experienced tech-
nological changes several times. The early stage was focused
on the microporosity and thermal conductivity of carbon
bricks [37]. Furthermore, the focus gradually turned to the
optimization of the anticorrosion performance of carbon
bricks [38]. The corrosion resistance of molten iron can be
improved via two main methods. The first method involves
promoting the formation of networked SiC through the addi-
tion of elemental Si and reducing the penetration of molten
iron of refractory by decrease its pore size. The second meth-
od is adding high melting point substances, such as ALOs,
TiC, and TiN, to increase the melting point of refractory.

The main raw materials of microporous ceramic brick in-
clude corundum and mullite, and the microporosity of the
brick makes it highly resistant to molten iron erosion. There-
fore, most of researches are focused on the large volume ex-
pansion rate of ceramic brick, which is related to the re-
served expansion joints during hearth masonry. Insufficient
reservation of expansion joints or unreasonable settings
causes structural deformation, brick dislocation, and acci-
dents, such as collapse and floating of the ceramic cup. In ad-
dition, if the reserved gap is extremely large and the carbon
and corundum bricks cannot fit well, harmful elements may
penetrate and erode the carbon brick. Therefore, the design of

Table 1. Comparison of performance indexes of refractory materials for BF hearth [35-36]

Apparent Anticorrosion Average

Volume ratio Thermal conductivity Compressive Anticorrosion Volume

Brick category  porosity / of molten pore size / of pore at 600°C / strength / of molten expansion /
% iron/ % pm <lpym/% (W-m'K™") MPa slag / % %

Carbon brick I~ 15.45 29.56 0.18 79.90 13.47 53.54

Carbon brick2 ~ 17.00 13.46 0.11 78.67 14.00 29.41

Carbon brick 3 10.02 31.17 0.08 88.20 18.15 31.95

Carbon brick 4 15.05 19.42 0.12 76.08 18.67 44.25

Ceramic brick 1~ 10.08 0.79 0.12 87.17 3.61 207.29 4.89 1.64
Ceramic brick 2 10.00 0.91 0.16 78.19 5.42 66.08 23.08 5.84
Ceramic brick 3 11.59 0.82 13.0 14.66 4.34 102.75 100.00 12.44
Ceramic brick 4  12.07 0.88 3.50 9.18 4.63 121.92 100.00 9.57
Carbon composite 19 g5 33 024  80.44 14.27 74.09 2.80 2.15

brick
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the furnace lining should consider the volume expansion of
the brick.

Carbon composite brick refers to a new type of BF re-
fractory material, which introduces appropriate carbon com-
ponents into the alumina to composite ceramic and carbon
materials. This brick type has the dual advantages of carbon
and ceramic bricks. The composite brick contains consider-
ably more carbon than ordinary ceramic bricks. The increase
in internal carbon contact of composite brick results in a
thermal conductivity close to that of the carbon brick. In ad-
dition, composite brick has a notably better oxidation resist-
ance than carbon bricks as the alumina provides barrier pro-
tection and possesses excellent resistance to molten iron
erosion, slag erosion, and alkali metal invasion [39—41].

5.2. Evolution mechanism of refractory microcrack
propagation

The corrosion degree of refractories affects the sensitivity
of hearth refractories to thermal shock damage [42—43]. De-
struction of refractory materials often occurs in the heating
and cooling process as changes in temperature cause stress
inside the refractory materials. Within the elastic range, stress
is proportional to the elastic modulus and elastic strain of the
refractory. The elastic strain is equal to the product of the
coefficient of linear expansion and change in temperature.
Therefore, temperature stress can be expressed as follows:

Int. J. Miner. Metall. Mater., Vol. 31, No. 10, Oct. 2024

o=EaAT/(1-uw) ()
where o refers to temperature stress, MPa; a denotes the
coefficient of linear expansion, °C"'; E represents the effect-
ive elastic modulus, MPa; AT indicates the temperature dif-
ference, °C; u is the transverse shrinkage coefficient (Pois-
son’s ratio).

Cracks occur when temperature stress exceeds the flexur-
al strength of the refractory. Once a crack occurs, it will ex-
pand due to stress and continue growing in a uniform stress
field until complete failure. Crack generation is the main
reason for the structural failure of refractory. On the premise
of refractory elastic properties and based on the thermoelast-
ic theory of crack formation, the maximum allowable tem-
perature difference (AT, of the material can be expressed
as follows:

AT o = [0 (1 =) C]/ (E) ()
where o refers to the flexural strength (MPa), and C indic-
ates the shape coefficient.

With the same shape factor, according to the thermoelast-
ic theory, under thermal shock conditions, new cracks will
occur when the thermal stress of the refractory material ex-
ceeds its breaking strength. Table 2 shows the calculation
results of the thermal shock resistance of different carbon
bricks [44]. When the temperature fluctuation of the carbon
brick exceeds 201°C, new cracks will occur, which will res-
ult in brick fracture.

Table 2. Thermal shock resistance of different carbon bricks [44]

Carbon brick o/ MPa i a/(10°%°C™h E/GPa C AT / °C
NMA 11.0 0.101 4.6 7.68 1 280
9RDN 14.8 0.214 43 13.48 1 201

5.3. Service safety evaluation of BF refractories

The refractory material simultaneously experiences mul-
tiple effects, such as high temperature and pressure, gas flow
erosion, melt erosion, harmful element erosion, and charge
wear in the BF (Fig. 13). Therefore, the evaluation to the
safety performance of refractories under high temperature is

important [45—46]. The evaluation method, in terms of resist-
ance to molten iron erosion, slag erosion, and harmful ele-
ment erosion, is described as follows.

(1) Alkali corrosion resistance. The dissection study of the
BF hearth and investigation of damage revealed the forma-
tion of an annular crack along the circumference of the BF

Harmful
element

Melt
erosion

i H,0
§ vapor
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500 400 | 500
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Fig. 13. Service environment of refractories in the hearth.
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hearth on the brick lining [47—48]. The formation of an annu-
lar crack on brick lining is divided into two parts. Harmful
elements, such as alkali metals, accumulate in the annular
seam. The harmful element vapor is assumed to diffuse into
the refractory material through open pores and microcracks
and then reacts with the ash content of brick lining, which
causes volume expansion, during which the compactness of
the refractory is destroyed and cracks are formed. With the
continuous penetration of harmful element vapors into the
cold surface of carbon bricks, vapors eventually condense in-
to liquids at the temperature of 800°C. Afterward, a liquefied
element deposits in this area, which causes the erosion of the
refractory and eventual formation of ring cracks. Once the
ring crack is formed, this area becomes a high thermal resist-
ance area inside the brick lining, which prevents the cooling
of the brick lining. This condition seriously threatens the
safety and affects the campaign of the BF. Fig. 14 shows the
experimental device for refractory resistance to alkali metal
corrosion designed for the simulation of actual BF working
conditions. The mixed reagent sample is prepared at a certain
ratio of K,CO; (Na,CO;) and C, thoroughly mixes with an
agate mortar, and then places at the bottom of the double-lay-
er graphite crucible. The sample is placed on the graphite
gasket, and the graphite crucible is sealed. The crucible is
heated up to a temperature of 1200°C for 1 h at the rate of

5°C/min and then cooled to 800°C for 3 h. High-purity argon
is introduced as a protective gas throughout the experiment.
After the test, the sample is removed and cooled to room
temperature with argon for further testing.

(2) Resistance to water vapor and oxidation. The water va-
por resistance of the refractory can be measured using a self-
assembled thermogravimetric device that can accurately
measure and control water vapor content (Fig. 15). The heat-
ing element is a silicon molybdenum rod, and deionized wa-
ter is mixed with the carrier gas (air, oxygen, or argon) in a
gas mixing tank after passing through a flow-controlled syr-
inge pump (range: 0.001-9.999 mL/min). The gas flow is
controlled by a mass flow meter. The tank is placed in a small
heating furnace, and the temperature is controlled above
300°C to ensure full vaporization of the liquid deionized wa-
ter passing through the tank and its even mixing with the car-
rier gas. The mixed gas enters the high-temperature furnace
through a silicone tube wrapped with a heating wire (the tem-
perature is controlled above 100°C) to prevent the water va-
por from condensing. The crucible (W(ALO;) = 99.9%,
w(ALO;) means ALO; content in mass) containing the
sample is suspended under a precision balance (accuracy: 0.1
mg). During the test, mass change in the sample is measured
online using a balance and recorded with a computer pro-
gram. The experimental atmosphere includes dry air and wet
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Fig. 14. Schematic of the alkali erosion experiment device.
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Fig. 15. Schematic of the water vapor corrosion experiment device. PYC—polyvinyl chloride.
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argon with different volume fractions. At the start of the ex-
periment, the heating furnace is heated to 600°C at the heat-
ing rate of 5°C/min. The temperature controller of the gas
mixing tank and heating wire are heated to 300 and 100°C,
respectively. When both reach the specified temperature, wa-
ter vapor is injected at a rate of 0.06 mL/min, and the carrier
gas is released at a rate of 100 mL/min to ensure that the de-
ionized water enters the heating furnace in the form of water
vapor. When the temperature of the heating furnace reaches
600°C, the sample is placed in the corundum crucible, which
is hung in the constant temperature zone for 10 h. The qual-
ity change of the sample is recorded. After the experiment,
the sample is retrieved for further testing.

(3) Resistance to slag and iron corrosions. Direct contact
with the molten iron will cause the dissolution of [C] in the
refractory into molten iron, which results in refractory dam-
age [49-51]. Oxide in the refractory dissolution into the slag
will also cause refractory erosion. Most of traditional studies
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on slag—iron corrosion resistance of refractories consider the
effects of molten iron or slag independently. There are few
reports on the erosion process of refractory in combined ef-
fect of slag and molten iron. In fact, the erosion of refractory,
service in blast furnace, at the interface between slag and
molten iron is the most serious, so it is necessary to improve
the detection method of the resistance of slag—iron corrosion
for refractory. Fig. 16 shows an improved experimental
device for slag—iron erosion. The typical BF slag and iron
components are selected as experimental reagents. Synthetic
slag and iron samples are prepared and placed in a MgO cru-
cible with a graphite crucible above the crucible to ensure
safety during the experiment. The furnace is heated to
1550°C, and the sample to be tested is inserted into the cru-
cible. After securing the sample at the center of the crucible,
the sample is rotated at a rate of 200 r/min. After the experi-
ment, the sample away is lifted from the flux and cooled with
protective gas for the subsequent test.
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Fig. 16. Schematic of the experimental device for slag—iron erosion.

6. Technical ideas for the safety and longevity
of BF equipment

6.1. BF operation and maintenance technology

Proper operation and maintenance methods must be en-
sured during the service process of key BF equipment
[52—53]. The slag skull should be the core of control in the
high-heat flux area. In the BF hearth area, the focus should be
allotted to the control of the protective layer. In the discharge
of slag and iron, the stability of the liquid level, furnace, slag
skull, and protective layer must be ensured. In taphole main-
tenance, the quality of the taphole clay must be secured, a
reasonable taphole depth must be maintained, and the circu-
lation and erosion of molten iron must be reduced.

6.2. BF self-repair technology

The BF self-repair technology promotes the carburization
of molten iron via the regulation of the active state of the

hearth and the optimization of the heat transfer system struc-
ture of the hearth. Reasonable regulation enables the hot sur-
face of the hearth lining to form a protective layer that isol-
ates the corrosion of slag and iron to the refractory and real-
izes the self-repair of the BF hearth. According to the analys-
is of the formation mechanism of the graphite-rich protective
layer, from the perspective of phase composition, carbon
components of the protective layer mainly originate from
molten iron, and graphite can be precipitated only during the
saturation of the carbon content in molten iron. In terms of
formation conditions, graphite can be precipitated only when
the hot-surface temperature of a hearth refractory is lower
than the precipitation temperature of graphite [54-55].

6.3. Full-life cycle control technology

Erosion of hearth refractory is a common problem in
large-scale BFs. The safety and longevity of BFs can be real-
ized through the establishment of a full-life cycle mainten-
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ance concept, the development of different regulation
strategies for various service periods, and the strengthening
of the supervision and maintenance of BF hearths [56]. First,
the design of the hearth and use of high-quality refractory
must be optimized to ensure that reasonable furnace lines can
be formed at the initial working stage of the furnace. After-
ward, the BF operation should be improved to boost pro-
ductivity in the medium term of the service. Under necessary
conditions, the addition of a small amount of titanium-con-
taining material strengthens the protection of the furnace. In
addition, the increased amount of Ti in molten iron can stim-
ulate the precipitation of graphite.

7. Research prospects for safe service of key
equipment

BFs are the main high-temperature vessels for ironmak-
ing, and they attain the best energy conversion efficiency and
will continue to dominate the ironmaking production process.
The safety and longevity of BFs are preconditions for low-
carbon and high-efficiency ironmaking. The design, opera-
tion, maintenance, and monitoring are all critical to the safety
and longevity of BFs [57].

The achievement of BFs with safety and longevity re-
quires excellent design, strict construction, proper operation,
and scheduled maintenance. The emission peak and carbon
neutrality stimulate the rapid development of new technolo-
gies and processes of ironmaking. Hydrogen metallurgy and
semi- and fully-automatic ironmaking processes have gradu-
ally emerged. However, considerable work is still needed to
guarantee the safety of key BF materials service and provide
precise prevention and control for potential problems.

(1) Carry out basic theoretical research. As equipment ma-
terials operate under high temperatures, the evolution law and
damage and failure mechanism of large-size equipment ma-
terials must be explored under complex and long-time condi-
tions to establish a forecast and prediction system that guar-
antees the safety of BF equipment. A reasonable design of
the BF cooling system is a necessary condition to ensure the
long life of BFs. A reasonable cooling system process layout
is the key to prevent the overheating of the cooling system in
the cooling stave and hearth of BF in the long-term produc-
tion process and for the formation of a stable protective layer
on the hot surface of the cooling stave and hearth. These
methods effectively improve ironmaking technology.

(2) Develop new cequipment. BFs have strict require-
ments for equipment materials and components under high-
temperature and high-pressure working conditions. On this
basis, scholars should develop a new type of cooler with high
thermal conductivity, excellent resistance to slag and iron
corrosions and harmful element erosion; the cooler should
also have low structural stress tuyeres and small sleeves with
low cost and long service life. In addition, the ceramic phase
can be creatively added to the carbonaceous composition,
and the in-situ formation of fibrous SiC whiskers can be reas-
onably controlled. Carbon—ceramic composite bricks with a

high thermal conductivity and excellent melting corrosion
resistance can be developed, and safety service evaluation
standards for new refractories suitable for the actual working
conditions of the BF hearth should be established. These
methods can ensure the safety of BFs.

(3) Coordinate BF equipment and design. Self-repair cap-
ability is the key to ensuring the safety and long service life
of key BF equipment. The self-healing property of the hearth
is realized through the regulation of its active state to pro-
mote the carburization of molten iron and optimize its heat
transfer system to increase the precipitation of graphite car-
bon from molten iron. Different BFs require various equip-
ment, design, and materials. With safety and long service life
as the core objectives, improving the safety and smelting effi-
ciency of BFs should involve the coordination of design, ma-
terial selection, and routine maintenance.

(4) Construction of BF safety assessment system. Safety
has dual characteristics of accuracy and fuzziness. The fu-
sion of multisource heterogeneous data can be used to estab-
lish a big data integration monitoring platform for the whole
service period while taking advantage of artificial intelli-
gence (Al) algorithms to conduct real-time safety assess-
ments and predictions for key BF equipment. An industrial
visualization platform for BF ironmaking will enable the
comprehensive monitoring and management of the produc-
tion process. An application system based on data-driven
prediction—internal visualization—intelligent diagnosis and
control can be constructed. Based on Al empowerment, an
Internet platform for the comprehensive exploration of the
common needs of the steel industry can be established. Pre-
cise control of potential risks and standardization of the oper-
ation process can lead to safe BF production and protect
people’s lives and the economic benefits of ironmaking.
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