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Abstract
Iron ore agglomerates such as sinter and pellet are the main raw materials of blast fur-

naces. Crack generation in their particles during reduction causes the generation of powder 
and degradation of blast furnace productivity. The objective of this paper is the development 
of an in-situ evaluation for crack generation and propagation by applying the Acoustic Emis-
sion (AE) method. It is possible to analyze the influence of the properties of iron ore agglomer-
ates and reduce gas composition on the crack generation behavior in each stage of reduction 
and cooling. This method is actually applied to analyses of the properties of iron ore sinter.

1. Introduction
Blast furnaces are countercurrent moving bed reactors of solid 

particles and gas. The blast volume is closely related to the produc-
tivity. To increase and stabilize the blast volume in blast furnaces, 
the permeability of the gas in the furnaces needs to be improved. 
Figure 1 illustrates the relation between the blast furnace permeabil-
ity and characteristics of iron ore agglomerates. The blast furnace 
permeability depends on the two factors of the lumpy zone in the 
upper section and the cohesive zone in the lower section. Charging 
materials, such as iron ore sinter, pellet, lump, and coke, pulverized 
due to impact during transportation and as a result of strength de-
crease due to the reaction in the furnace, deteriorate the permeability 
of the lumpy zone. Example cases of the latter are reduction disinte-
gration of sinter in the upper section of the furnace at around 550°C, 
decrepitation of lump ore around 750°C, and hot disintegration of 
coke that becomes obvious at 1 200°C or higher.

Decrease in the strength of iron ore sinter and increase in the re-
duction disintegration index (RDI) decrease the charging material 
size and voids in packed beds in the furnace, which increases the 
gas flow resistance. 1, 2) In addition, previous study has shown that 
increase in the quantity of particles 0.5 mm or smaller enhances the 
gas flow resistance, which increases the buoyancy due to the gas 

flow, which causes unstable operation such as hanging of charging 
materials and gas chaneling. 3) Generally, to stabilize the operation of 
blast furnaces, the blast volume needs to be reduced before such un-
stable operation occurs. Therefore, increase in the quantity of disin-
tegrated particles in the furnace due to increased RDI deteriorates 
the productivity.

Fig. 1 Relation between iron ore agglomeration and blast furnace per-
meability
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Reduction disintegration is a phenomenon where when iron ore 
agglomerates, such as iron ore sinter and pellet, and lump are re-
duced from hematite to magnetite, cracks are formed in the particles 
and they pulverize in the blast furnaces. 4–12) JIS and ISO standards 
specify using the RDI as an operation management index in off-line 
tests to evaluate reduction disintegration behavior. The index is ob-
tained as follows: Samples are reduced at a constant temperature 
with constant gas compositions (e.g., 550°C, 30%CO-70%N2); the 
samples cooled to room temperature are subjected to a cold strength 
test; and then they are sieved. The mass ratio of 3.15-mm or smaller 
particles to the total mass is RDI. Figure 2 shows the differences in 
the reduction disintegration behavior between an actual blast fur-
nace and off-line test. In the off-line test, in addition to reaction deg-
radation due to reduction reaction, cracks may be formed due to 
thermal stress in the cooling process that is not provided in actual 
furnaces and thereby the disintegration behavior in the off-line test 
may deviate from that in the actual furnace. A previous study has 
shown that changing cooling conditions for reduced samples affects 
the disintegration behavior; the faster the cooling rate, the higher the 
disintegrated volume. 9)

From the aforementioned perspective, several test procedures to 
apply an impact or load during hot reduction have been pro-
posed. 13–15) However, none of such procedures can evaluate during 
which of reduction and cooling cracks are formed. As other proce-
dures, in-situ observation technologies to monitor iron oxide reduc-
tion and crack formation behavior using synchrotron X-ray CT im-
ages and laser microscopes have been proposed. 16, 17) However, it is 
difficult for the former to observe 100-μm or smaller pores and 
cracks and the latter cannot evaluate cracks inside the samples.

Recently, the acoustic emission (AE) method has been used to 
analyze cracks and defects in raw materials on a laboratory 
scale. 18–25) The AE method is a non-destructive inspection technolo-
gy that can detect crack formation and defects in real-time. It is 
widely used as an equipment testing technology mainly to monitor 
crack formation in gas holders and other types of structures. How-
ever, there have been no reports on the application of the AE method 
to observe crack formation on iron ore agglomerates such as iron 
ore sinter and pellets. Therefore, we used the AE method to analyze 
and evaluate crack formation behavior during reduction. In addition, 
an in-situ evaluation technique for reduction disintegration behavior 
is proposed based on acquired knowledge.

2. Experimental Procedures
2.1 Testing apparatus

Figure 3 illustrates the testing apparatus. This testing apparatus 
has an AE sensor, an AE measurement system, and a PC for analy-
sis, in addition to a general reduction electric furnace. The AE sen-
sor is VS150-RIC made by Vallen Systeme GmbH and the measure-
ment system is its AMSY-6. 23, 24) Generally, an AE sensor needs to 
be in direct contact with a measuring target. 21) However, the Curie 
temperature of the piezoelectric element (e.g., lead zirconate titanate 
(PZT)) in the sensor is approximately 350°C. At temperatures higher 
than the Curie point, sensors lose their function, so direct measure-
ment at high temperatures like inside blast furnaces is impossible. 
Therefore, an indirect measurement method in which a waveguide 
that transmitted AEs generated in the furnace was adopted. 22) Install-
ing a waveguide (with a diameter of 8 mm and a length of 1 000 
mm) at the installation location of samples, the reduction disintegra-
tion behavior of which is to be evaluated, enables detecting AEs 
from the samples during reduction continuously. Waveguides pro-
posed in the past were made from resin or alumina. In this test, alu-
mina (made by Techno Ceram Co., Ltd., purity of 99.7%) was used 
as it had been used at high temperatures of 800°C or higher.
2.2 AE wave analysis procedures

AEs are elastic waves generated when a crack occurs and propa-
gates. Figure 4 a) shows the AE waveforms detected with an AE 
sensor. As a definition of AE, the amplitude threshold was set to 40 
dB (77.5 V), the rearm time was set to 400 μs, and the discrete time 
was set to 200 μs. The frequency spectrum shown in Fig. 4 b) was 
acquired by fast Fourier transform (FFT). The window function and 
averaging method were adopted with hamming and root mean 
square (RMS), respectively. Characteristic AE parameters such as 
the number of counts C, duration time td, an amplitude A, AE ener-
gy E, and the center of gravity (CoG) of frequency F were recorded 
by the AE measurement system. A previous study has shown that 
the amplitude and energy of AEs are correlated with the area of 
cracks and that the CoG of frequency of AEs varies depending on 
the material on which cracks are formed and crack types (tensile 
crack and shear crack). 19)

2.3 Samples and experimental conditions
To measure AEs generated during reduction, iron oxide agglom-

erate reduction in accordance with test procedures, e.g., in ISO 
4696-2, was combined with AE measurement in this experiment. As 

Fig. 2 Factors related to the reduction disintegration phenomenon and 
different behaviors between actual and off-line test (RDI) condi-
tions

Fig. 3 Schematic of the apparatus used for the reduction experiments 
with AE measurement system
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samples, iron ore sinter, pellets, and lump, the compositions of 
which are as shown in Table 1, were sieved to be grain sizes rang-
ing between 10.0 and 15.0 mm. In this experiment, AE generation 
behavior during the reduction of packed beds with a total weight of 
500 ± 1 g was evaluated. In addition, on the assumption that the con-
tact between a waveguide and samples would affect the detection 
accuracy of AEs, samples were randomly selected and charged into 
a reduction furnace such that the bulk density was equal. Specifical-
ly, the density of the sintered ore was 1 750 kg/m3 and that of the 
pellets was 2 000 kg/m3.

The temperature of the samples was increased to 450, 550, and 
650°C in an N2 atmosphere. The gas was then changed to a CO-
CO2-H2-N2 mixture to reduce the samples at 15.0 NL/min for 30 
minutes. After that, the gas was changed again to N2 gas and the 
samples were cooled at 15 NL/min to 373 K. Comparative samples 
were retained in the N2 atmosphere for 30 minutes without using the 
reducing gas and then AEs were measured. The reducibility was cal-
culated based on the gas composition and weight changes during the 
test.

The samples that had been subjected to the reduction test were 
then subjected to a rotational strength test at 30 rpm for 30 minutes 
using a tumbling drum (cylinder with a lifter) with a diameter of 
130 mm. Then, each sample was sieved with a 3-mm mesh to meas-
ure the weight of samples of 3.0 mm or greater. The RDI was then 
calculated using Equation (1)

 RDI = (1 − W1/W0) × 100 .   (1)
Where, the RDI is the reduction disintegration index (mass%), W0 
is the weight of the reduced samples before the rotation test (g), and 
W1 is the weight of the samples remaining on the 3.0-mm mesh (g).

In addition, the reduced samples were cross-sectioned and an 
optical microscope was used to observe the type, size, and location 
of cracks qualitatively.

3. Experimental Results and Consideration
3.1 Characteristics and behavior of AEs generated during re-

duction
Figure 5 shows changes in the AE energy and AE counts meas-

ured in the test. The AE counts when the N2 gas was used for the 

Fig. 4   Examples of AE characteristic parameter in an AE hit: a) AE waveform and b) AE frequency spectrum

Table 1   Chemical compositions of samples

Sample
Total Fe
(mass%)

FeO
(mass%)

SiO2

(mass%)
Al2O3

(mass%)
CaO

(mass%)
MgO

(mass%)
C/S
(–)

Sinter A 57.62 8.74 5.41 1.60 10.39 1.01 1.92
Sinter B 58.01 6.08 5.23 1.82 9.36 0.93 1.96
Pellet A 63.88 1.62 6.43 0.38 0.48 0.66 0.07
Pellet B 63.39 0.57 3.45 0.39 1.10 1.15 0.32
Pellet C 65.93 0.66 2.36 0.54 2.62 0.01 1.11

Fig. 5   Trends in AE counts and AE energy during reduction disintegration tests: a) N2 keeping and b) CO reduction
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temperature increase were 100 or less and the energy was low. This 
indicates that noise in the measurement environment was not detect-
ed. On the other hand, in the case of CO reduction, the detected AE 
energy was 100 times or higher that in the N2 case and a large num-
ber of AEs was also detected during cooling unlike in the N2 case.

Figure 6 shows example AE spectra generated during the reduc-
tion and cooling. The frequency of the AEs during the CO reduction 
was 90 kHz or higher. On the other hand, during the N2 cooling, 
specific frequencies equal to or lower than 60 kHz were detected. 
These results show that the frequency bands of the AEs generated 
vary between the stages. The different AE frequency bands between 
the reduction and cooling can be attributed to the difference in the 
crack generation mode. Otsu et al. classified the fracture mode by 
using the average frequency and the RA value, which is the ratio of 
the rise time and the maximum amplitude, and reported that the ten-
sile crack mode is of high frequency and the shear crack mode is of 
low frequency. 19) This suggests that tensile cracks are generated by 
volume expansion during reduction and shear cracks are generated 
by volume shrinkage during cooling.

Figure 7 shows example CoG of frequency of AEs generated 
during the test. Three types of AEs having frequency bands in the 
range of (a) 65–95 kHz during the temperature increase, (b) 95 kHz 
or higher during the reduction, and (c) 65 kHz or lower during the 
cooling were detected. AEs in the frequency (a) were also detected 
in the case of N2 atmosphere, so it was estimated that they were 
elastic waves caused by the friction between the sample and wave-
guide due to thermal expansion and thereby they do not contribute 
to reduction disintegration. AEs in the frequency (b) were not de-
tected in the case of N2 atmosphere, so they are presumably caused 
by cracks formed during the reduction. AEs in the frequency (c) 
may be caused by cracks formed due to thermal stress during the 
cooling. In addition, in the case of CO reduction, AEs with high en-
ergy shown in the warm colors were detected at an early stage of the 
reduction while in the case of H2 reduction, AEs with high energy 
were detected in a later stage of the reduction. This indicates that H2 
reduction causes more cracks than CO reduction.
3.2 Observation of cracks formed during reduction

Figure 8 shows example microstructures of the sintered ore and 
pellets during the CO and H2 gas reductions. The “R.D.” in the fig-
ure refers to the reduction degree of the samples after the test. Under 
all the test conditions, the reduced samples had cracks. The iron ore 
sinter had more linear and larger cracks than the pellets. In addition, 
although the reduction reaction on the iron ore sinter advanced start-
ing from any location of the samples regardless of the reduction 
conditions, the H2 gas reduction tended to cause more cracks than 
the CO gas reduction. On the other hand, regarding the reduction of 

Fig. 6   Examples of AE waveform generated a) during CO reduction and b) during N2 cooling after reduction

Fig. 7   Examples of CoG of frequency of AE of sinter A
a) N2 keeping, b) During CO reduction, c) During H2 reduction
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the pellets, the reaction pattern and crack formation behavior varied 
depending on the gas composition. In the case of CO gas reduction, 
the reduction reaction tended to travel to unreacted nuclei and con-
centric cracks were formed. On the other hand, the reaction pattern 
in the H2 gas reduction tended to even out and many various-sized 
radial cracks were seen from the surface of the samples to the cen-
ter. These observation results are consistent with the crack formation 
behavior assumed from AE generation behavior, which indicates 
that AE measurement enables analogizing how cracks are formed 
due to low-temperature reduction reaction.

Figure 9 shows observed silicate slag (SS) and calcium ferrite 
(CF) phases existing in the iron ore sinter before and after the reduc-
tion. These photographs show that the SS and CF phases after the 
reduction have many cracks while the hematite hardly has any 
cracks. These results show that cracks may have formed on the sur-
rounding SS and CF phases due to volume expansion during the re-
duction from the hematite to magnetite. When focusing on the shape 

and quantity of cracks, many linear cracks are seen on the SS phase, 
while arc-shaped cracks are seen on the CF phase although the 
quantities are small.
3.3 Relation between AE energy and reduction disintegration 

behavior
In the AE measurement test during the reduction of the packed 

beds in this study, it is difficult to separate AEs generated by the 
friction that correspond to noise from AEs generated when sintered 
ore and pellets are reduced completely, for evaluation. Therefore, 
AEs were simply classified based on the frequency as shown below. 
First, 65–95 kHz (1) was excluded from the analysis target as it de-
rived from the friction between samples and waveguide; and (2) 
AEs that may be attributed to the reaction deterioration during the 
reduction were separated from (3) AEs derived from the thermal 
stress during the cooling, both of which may have derived from 
crack formation that would affect reduction disintegration. Figure 
10 shows the relation between the total AE energy of (2) and (3) and 

Fig. 8   Microstructure of sinter A and pellet A reduced at 823 K for 1.8 ks
a) Sinter A, 30%CO-70%N2, b) Sinter A, 30%H2-70%N2, c) Pellet A, 30%CO-70%N2, d) Pellet A, 30%H2-70%N2
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the RDI. The figure shows that the aforementioned simple treatment 
is sufficient to evaluate the reduction disintegration behavior by the 
AE method since the AE energy is collative with the RDI.

Figure 11 shows the relation of the AE energy between (2) AEs 
that may be attributed to the reaction deterioration during the reduc-
tion and (3) AEs derived from the thermal stress during the cooling. 
AEs (3) are generated during the cooling that is a process specific to 
laboratory tests and thereby it is presumed that they do not relate to 
disintegration in actual furnaces. However, their energy is higher 
than that of (2) that is assumed to correspond to disintegration in ac-
tual furnaces. Particularly, the contribution of (3) is higher in the 
case of iron ore sinter than that in the case of pellets. These results 
suggest that the conventional RDI, which determines the strength of 
reduced sintered ore after cooling, cannot evaluate its reduction dis-
integration behavior in actual furnaces accurately.

4. Conclusion
Nippon Steel Corporation developed the in-situ evaluation appa-

ratus that can evaluate low-temperature reduction disintegration in 
reduction tests in combination with the AE method. The apparatus 
was used to measure AEs generated when iron oxide agglomerates 
were reduced at low temperatures to study the formation and propa-
gation behavior of cracks. Using alumina waveguides can detect 
AEs generated during reduction indirectly and accurately. A large 
quantity of AEs is generated during cooling besides during reduc-
tion. Therefore, the conventional reduction disintegration evaluation 
index RDI cannot express the reduction disintegration behavior in 
actual furnaces without a cooling process accurately.

In addition, the influence of the properties of iron ore agglomer-
ates and reduction gas conditions on reduction disintegration behav-
ior at low temperatures could be recognized thanks to the frequency 
and energy of AEs analyzed based on the measured AE waveforms. 
Comparting to iron oxide pellets of which the main constituent min-
eral phase is hematite, many cracks were formed on calcium ferrite 
and silicate slag in the case of the iron ore sinter and the frequency 
of the AEs generated during the reduction tended to be low. In addi-
tion, the test has confirmed that the RDI correlates with the total AE 
energy derived from the volume expansion during the reduction and 
thermal stress during the cooling and that the quantity of cracks 
formed during the H2 gas reduction where reaction patterns tend to 
develop evenly is large.
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