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Ethylene pyrolysis furnace is a key equipment in the ethylene production industry
with the pyrolysis furnace tube being the core component of the system. The tube
operates at high temperature (950°C-1,100°C) and hydrocarbon medium for a
long time, and the Cr35Ni45Nb centrifugal casting alloy material is often chosen as
the material of the tube. Due to its harsh working conditions, its common failure
issues include carburization, high-temperature creep cracking, thermal shock and
thermal fatigue, overheating, creep expansion, bending, etc. Among them,
carburization is the main cause of furnace tube failure. In this work, based on
the characteristics of HP series (ASTM HP grade) furnace tube material, which is
transformed from paramagnetic material to ferromagnetic material following
carburization, the cracking furnace tube with different carburization layer
thickness has been prepared, and the coercivity of furnace tube with different
thickness of carburization layer is tested by magnetic analyzer. The relationship
curve between carburization layer thickness and coercivity is subsequently studied
to find a means to test the carburization layer thickness in engineering. By fitting
the experimental data, the fitting rate reached 97%, which in turn verified the
validity and accuracy of the method.
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1 Introduction

Ethylene is generally produced in pyrolysis furnaces, with the furnace tube being the core
component of the system. Due to the long-term service and high temperature
(950°C-1,100°C) and carburizing medium conditions, the operating conditions are harsh,
and the furnace tube is also subjected to internal pressure. Self-weight, temperature
difference, fatigue and thermal shock caused by the opening and closing of the complex
stress, result in common forms of failure such a and carburizing, high temperature creep
cracking, corrosion thinning (high temperature sulfur corrosion, high temperature oxidation
and scouring), thermal shock and thermal fatigue, overheating, creep expansion The failure
of the pyrolysis furnace is rather common. Of all the mentioned causes, carburization
becomes the main cause of pyrolysis furnace tube failure. Carburization triggers the increase
in the number of carbides in the carburized area of the furnace tube material, with the
particles becoming large and lumpy, and the carbides at the grain boundaries become chain-
like, etc. The precipitation of these brittle phases of carbides and the change in their
morphology lead to changes in the composition of the furnace tube material, which
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TABLE 1 Raw materials.
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Service state

Not in service pyrolysis furnace

Material Dimension specification
#1 Cr35Ni45Nb ®70%6 mm
#2 Cr35Nid5Nb ®80*8.2 mm
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FIGURE 1

Schematic of low-pressure and vacuum carburization technique
(A = low-pressure carburization stage, B = vacuum carburization
stage, C = vacuum stage, pressure, carburization time).

eventually lead to material embrittlement and cracking. At the same
time, as the thickness of the carburized layer increases, the minimum
creep rate and lasting fracture elongation of the material decreases,
and the ability to resist creep decreases. According to statistics, the
percentage of embrittlement and cracking failure of furnace tube
materials caused by carburization damage reaches nearly 50% (You,
2007; Wu, 2013; Zhang and Ren, 2015; Jin and Shen, 2016)

Due to their good corrosion resistance and creep resistance
above 1,000°C, HP series of austenitic heat-resistant steel materials
are widely used in ethylene pyrolysis furnace tubes. These austenitic
heat-resistant steel materials are paramagnetic, and during high
temperature (950°C-1,100°C) service, the Cr and C reactions in the
furnace tube matrix are consumed due to the carburizing effect,
resulting in a relative increase in the Fe and Ni content of the matrix
thereby chnaging the property of the matrix material from
paramagnetic to ferromagnetic (Takahashi et al, 2004). At the
same time, the Cr content in the austenitic matrix is reduced,
which lowers the high temperature resistance and creep
resistance of the material, and the internal carburization causes
the material to become brittle, which greatly increases the possibility
of failure of the furnace tube.

Based on the ferromagnetic characteristics of furnace tubes
following  high-temperature  carburization, relevant non-
destructive testing techniques have been studied and developed
in recent years to ensure the safe operation of furnace tubes.
Kasai et al. (2010) (Stevens and Trompette, 2004; Hasegawa
et al, 2012) investigated the feasibility of eddy current detection
of furnace tube carburization based on magnetic flux, and detected
the degree of carburization by using an eddy current detection

system composed of a probe and a DC magnetizer. Lian et al. (2016)
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3 years of service pyrolysis furnace

studied the approximate correspondence between the magnetic
induction intensity of Cr25Ni35Nb material and the thickness of
the furnace tube carburization layer. Their work, however, focused
on outlininga trend, and lacked any precise quantitative relationship
determination Heidar Khodamorad and Haghshenas. (2012)
studied a robot for furnace tube carburization layer detection
based on ferromagnetic properties, and the method was used to
determine the embrittlement and failure in parts of the furnace tube
by carburization and ellipticity sensors Saijiro Y oshioka et al. (2019)
proposed a method to detect the depth of the carburized layer by
electromagnetic detection. Li et al. (2022) used magnetic field
(MFD) (MAF)
measurements to non-destructively assess the depth of carburized

distortion and magnetic attraction force
layer in furnace tubes. In the above cited literature references, for the
electromagnetic-based detection methods of carburization layer, the
instrumentation and operational discrimination are mostly
complicated, and the lack of accurate quantitative measurements
does not facilitate the application of on-site inspection and
evaluation of ethylene pyrolysis furnace tubes. Also, there is only
little research on the detecting carburization in Cr35Ni45Nb
material, which is currently used predominantly in ethylene plants.

In this study, a new non-destructive testing instrument for
furnace tubes, precisely a portable magnetic analyzer, has been be
used to test the coercivity of furnace tubes in different states, based
on the principle that carburization leads to carbide precipitation and
the increase of dislocation, This, in turn, becomes a pegging point for
the movement of magnetic domains and hinders their movement,
resulting in the increase of coercivity (Zhang, 2016).The relationship
between carburization layer thickness and coercivity is used
toinvestigate how the coercivity value can be used to characterize
the carburization layer thickness of the furnace tubeand to
determine the effectiveness of this instrument in the inspection
of the furnace tube. The method is simple and easy to operate, and
the accuracy is very high, so it has good promotion value.

2 Materials and methods

Table 1 lists the details of the furnace tubes used in this study.
Two furnaces denoted as #1 and #2 have been used here. Furnace
tube #1 has not been in service, whereas furnace #2 has been in
service for 3 years.

In order to get the closest specimenin terms of the actual
carburizing damage in the field, for testing, the low-pressure
carburizing-vacuum diffusion pulse process is used to carburize
the furnace tube. This process is different from the general
carburizing process, because it is warmed up under vacuum,
thereby effectively reducing the influence of impurities and
oxidation process, and excluding the hinderance on the
carburizing process resulting from surface oxidation layer.This
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FIGURE 2

Schematic of the coercivity of the test area. (A) 10 mm position of furnace tube. (B) 150 mm position of furnace tube. (C) 290 mm position of furnace

tube.

method can simulate the influence of pure carburizing factors on
the organization. At the same time, the carburizing method is
conducive to the adsorption process of carbon atoms on the
surface of the specimen, and the carburizing rate is fast and
efficient.

The vacuum diffusion pulse technique is used to achieve low-
pressure carburization of the furnace tube. A double-chamber
vacuum carburization furnace is used for the experiments, where
the maximum vacuum degree of the heating chamber is 0.4 Pa. The
carburization temperature is set to 1,100°C to match the service
temperature of the material. The pulse carburization technique
involves multiple carburizations and diffusion processes, as
shown in Figure 1. At Stage A, acetylene is introduced as a
carburizing gas to generate a pressure of 800 Pa. Vacuum is then
pumped to Stage B, so that the carbon atoms diffuse into the sample.
This process is repeatedly carried out in a pulsating manner, wherein
the pulse time is increased until the end of the carburization phase.

Carburized layers with different thicknesses can be obtained
using the vacuum diffusion pulse technique. The distribution of each
element in the carburized area is determined by line scan and surface
scan of the electron probe, which is further combined with
microhardness and other means to determine the thickness of
the carburized layer.

A portable magnetic analyzer is used to investigate the coercivity of
each furnace tube at 10 mm, 150 mm, and 290 mm along the
longitudinal direction. The furnace tube is circumferentially divided
into several regions based on the diameter of the tube, as shown in
Figure 2. This is done to test the circumferential and axial coercivity.
Since the thickness of the carburizing layer measured by this instrument
is the sum of the total thickness of the carburizing layer on the inner
and outer walls of the furnace tube, and the carburization often occurs
on the inner wall of the furnace tube in actual working circumstances,
the outer wall of the furnace tube is turned by 2 mm to remove the
carburizing layer on it, and only the carburizing layer on the inner wall
is retained. The coercivity test is subsequently conducted again by the
same method. The correlation between the thickness of different
carburizing layers and the coercivity of the inner wall of the furnace
tube is obtained. After collection and analysis of a large volume of
experimental data, the relationship between carburized layer thickness
and coercivity of the furnace tube is determined.
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3 Results and analysis
3.1 Coercivity of #1 furnace tube

After being subject to low-pressure and high-temperature
carburization at different times, the coercivities of different
thicknesses of the strong carburized layer are obtained for
furnace tube #1 (Cr35Ni45Nb, ® 70*6 mm), as listed in Table 2.
Due to the formation of different structures on the inner and outer
walls during the casting process of the furnace tube, the outer wall is
protected by “bayberry” particles. After the experiment, the inner
wall has a thicker strong carburized layer as compared to the outer
wall. This is to be expected as the furnace tube operates under a high-
temperature carburization atmosphere for a long time, and
carburization occurs in the inner wall.

A portable magnetic analyzer is used to measure the coercivity of
furnace tube #1 after being subject to carburization for different
durations. The coercivity test is conducted at five uniform areas
along the circumferential direction of each furnace tube at 10 mm,
150 mm, and 290 mm, and the coercivity of different areas in each
period is plotted in Figure 3 to observe the uniformity of the
carburized layer in the furnace tube. It can be observed that the
coercivity increases significantly with the overall thickness of the
carburized layer in the furnace tube. It has alsobeen found that
coercivity in the middle of the furnace tube is larger in comparison
to the edge, and the axial coercivity is larger than circumferential
coercivity.

After the outer wall of the carburized furnace tube is turned by
2 mm, only the carburized layer in the inner wall remains in the furnace
tube. The coercivity test is again conducted on the processed tube. As
shown in Figure 4, the turning process decreases the overall carburized
layer in the furnace tube and causes a significant reduction in the
corresponding coercivity. After turning, the coercivity of different axial
and circumferential regions of the furnace tube do not show significant
fluctuations. This indicates that uniform carburization has occurred on
the inner wall, and the carburized layer has a good correspondence with
coercivity. Similar to the pristine tube before turning, the coercivity of
the center of the turned furnace tube is greater than that of the edge, and
the axial coercivity of the furnace tube is greater than the
circumferential coercivity.
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TABLE 2 Results of the thickness of the strong carburized layer in #1 furnace tube after different carburization times.

g carburized layer thickness (um) carburization time (h)

10.3389/fmats.2023.1147125

FIGURE 3

(3) After 10-hour carburization
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(A) Circumferential and (B) axial coercivities in different areas of #1 furnace tube after being subject to different carburization times. (1) After 5-h
carburization. (2) After 8-h carburization. (3) After 10-hour carburization.

The coercivity of the furnace tube, measured by the portable
tester, accounts for the overall thickness of the carburized layer in
the furnace tube, which takes into account the overall thickness of
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the inner and outer walls of the carburized layer. Results of the
average circumferential and axial coercivity corresponding to the
thickness of the strong carburized layer on the inner wall of furnace
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FIGURE 4

(A) Circumferential and (B) axial coercivities in different areas on the outer wall of #1 furnace tube after being turned 2 mm and subject to different

carburization times.

tube and the overall thickness of the strong carburized layer in the
furnace tube prior to turning have been listed in Table 3, and the
corresponding relationship has been shown in Figure 5. The
coercivity increases with an increase in the thickness of the
strong carburized layer in the furnace tube, while the slope
exhibits a gradual decline. The experimental data of carburized
layer thickness and coercivity presented in Table 3 is subject to
polynomial curve fitting and the results have been shown in Figure 5.

Frontiers in Materials

It can be seen that the fitting curve shows a good agreement with the
experimental results. The fitting equation can be obtained as follows:
Circumferential fitting equation:

y=-3x10"x*+0.8x + 190 (1)
Axial fitting equation:

y=-5x10""x" + x + 250 (2)
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TABLE 3 Thickness of carburized layer in #1 furnace tube corresponding to the coercivity.

Thickness of strong carburized layer (um) coercivity Hc(A/m)

440 530 570 880 990

Circumferential

190 480 540 550 650 690 700

Axial
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g
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= 400
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8 300+ _ _
m  circumferential curve
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200 circumferential fitting curve|
axial fitting curve
100 71—
0 200 400 600 800 1000 1200
Thickness of carburized layer ( 1 m)
FIGURE 5

Thickness of carburized layer in #1 furnace tube and the
relationship between the coercivity (circumferential curve, axial curve,
circumferential fitting curve, axial fitting curve).

Where, y is the coercivity, A/m; x is carburized layer
thickness, pm.

Egs 1, 2 indicate that the experimental data confirms to a
quadratic equation of the form, y = ax* + bx + c. From the fitting
results, it is evident that the coefficients a, b and c in the
circumferential and axial equations are of the same order of
magnitude. Taking the experimental and instrumental errors into
consideration, it can be concluded that the circumferential and axial
coercivities can be described by the same quadratic equation.

In the case of furnace tube #2 (Cr35Ni45Nb, ®80* 8.2 mm), it
was observed that 3 years of service caused the inner wall to be
severely coked, with the loose coke layer peeling off, resulting in a
accumulation of large amount of coke powder in the furnace tube.
Before conducting the low-pressure and vacuum experiments, the
coke layer of the inner wall of furnace tube is removed, and the
inner wall is turned by 0.5 mm to remove the oxidized layer from
the inner wall, which is beneficial to the carburization. The
carburization of this furnace tube is similar to the process
described for furnace #1, wherein low-pressure and vacuum
carburization is conducted at 1,100°C for 5h, 8h and 10h to
obtain different strong carburized layer thicknesses, as listed in
Table 4. The outer wall of the furnace tube has red bayberry
particles and is not exposed to the carburization environment
during service. Hence it has no carburization layer, whereas the
inner wall has a thick carburized layer before being subjected to
low-pressure and carburization process. In the experiments
involving low-pressure vacuum carburization, both the inner
and outer walls are exposed to the carburization environment.
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250 610 660 670 750 780 770

As a result, a strong carburized layer also appears upon the outer
wall of the furnace tube after the experiment, although the
thickness is significantly lower than that of the inner wall.
Additionally, thickness of the strong carburized layer on the
inner wall increases slightly after carburization.

The process of testing the coercivity furnace tube #2 with the
portable magnetic analyzer is identical to that of furnace
#1 described earlier. The relationship of coercivity in different
regions has been shown in Figure 6. Since this furnace tube had
been in service for nearly 3 years, a carburized layer is present on the
inner wall, and the corresponding coercivity is larger than that of the
furnace tube #1, which was not in service. Although the thickness of
the strong carburized layer on the inner wall does not increase
significantly following carburization, there is still an increase in the
coercivity. Furthermore, the axial coercivity is higher than the
circumferential coercivity owing to the existence of a strong
carburized layer on the outer wall.

Similar to the process adopted in the study of furnace tube #1, the
outer wall of furnace tube is turned by 2 mm after carburization and the
coercivity tests are carried out. The relationship of coercivity in each
region has been shown in Figure 7, where it can be observed that the
coercivity is significantly reduced after turning. Furthermore, the
thickness of the carburized layer on the inner wall does not
significantly change following carburization, nevertheless, the
coercivity still shows significant changes. This result establishes that
the device has a high sensitivity to the existence of carburized layer. The
absence of any significant fluctuations in coercivity in different regions,
regardless of whether it is circumferential or axial, indicates uniform
carburization on the inner wall. When the overall carburized layer in the
furnace tube undergoes thinning, the coercivity decreases accordingly.

The coercivity of the furnace tube measured by portable coercivity
tester is aimed at the carburized layer thickness in the overall wall
thickness of the furnace tube, which is the sum of inner and outer wall
carburized layer thickness. Since furnace tube #2 has been in service
for nearly 3 years, there is a 550 pm carburized layer in the inner wall.
Because the coke layer is loose, spalling occurs during sample cutting
and experimental process. The metallographic structure of samples
was investigated by Scanning electron microscopy. The average
circumferential and axial coercivity corresponding to the thickness
of strong carburized layer on the inner wall of furnace tube and the
overall thickness of strong carburized layer in the furnace tube before
turning were recorded and have been listed in Table 5, whereas the
corresponding relationships have been shown in Figure 8. The
coercivity is observed to increase with an increase in the thickness
of the strong carburized layer in the furnace tube, whereas the slope
shows a gradually decreasing trend. After carburization, the thickness
of the strong carburized layer on the inner wall increases slightly,
whereas minor changes can be observed in the corresponding
coercivity. However, carburization leads to the formation of a
carburized layer on the outer wall of the furnace tube, thus
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TABLE 4 Results of thickness of strong carburized layer in #2 furnace tube before and after carburization.

g carburized layer (um) carburization time (h) Outer wall Inner wall

Overall thickness of carburized layer
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FIGURE 6

(A) Circumferential and (B) axial coercivities in different areas of #2 furnace tube after being subject to different carburization times. (1) After 5-hour
carburization. (2) After 8-hour carburization. (3) After 10-hour carburization.
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FIGURE 7

(A) Circumferential and (B) axial coercivities of different areas on the outer wall of #2 furnace tube after being turned 2 mm and subject to different
carburization times. (1) After 5-hour carburization. (2) After 8-hour carburization. (3) After 10-hour carburization.

TABLE 5 Thickness of carburized layer in #2 furnace tube and its coercivity.

Thickness of strong carburized layer (um) coercivity Hc(A/m) 970 1,000 1,100
Circumferential 190 430 480 500 530 640 660 660
Axial 250 520 570 580 620 ‘ 690 ‘ 720 ‘ 720
increasing the overall thickness of the carburized layer in the furnace It is assumed that the coercivity of furnace tube #2 when not in
tube. As a result, the coercivity increases accordingly, indicating good  service is the same as that of #1 furnace tube for the carburized layer
correlation of coercivity and carburized layer thickness. thickness of 0 mm. Curve fitting is conducted for experimental data
Frontiers in Materials 08
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FIGURE 8

Coercivity as a function of thickness of carburized layer in
furnace tube #2 (circumferential curve, axial curve, circumferential
fitting curve, axial fitting curve).

corresponding to carburized layer thickness and permeability and

the data has been listed in Table 5, whereas the fitting results have

been shown in Figure 8. It can be seen that the fitting curve has a

good agreement with the experimental results, which proves that the

hypothesis is valid. The fitting equation is obtained as follows:
Circumferential fitting equation:

y=-0.7 x 10*x* + 0.53x + 190 (3)

Axial fitting equation:

y=-2x10"*x? + 0.63x + 250 (4)

Where, y refers to the coercivity, A/m; x refers to the thickness of
carburized layer, um.

Similar to the fitting results obtained in the case of furnace tube
#1, the experimental data curve confirms to the quadratic equation:
y= ax? + bx + ¢, wherein coefficients a, b and ¢ in the
circumferential and axial equations are of the same order of
magnitude. If experimental and instrumental
accounted for, the final carburized layer

coercivity can be considered to obey the same quadratic

errors are
thickness and

relationship for the circumferential and axial cases.

3.2 Comprehensive analysis

Based on the experimental results of different types of furnace
tubes and the curve fitting data, it can be concluded that the
coercivity essentially depends on the overall thickness of the
carburized layer in the furnace tube, and is not affected by the
diameter, wall thickness, and axial/circumferential nature of furnace
tube. layer thicknesses and the
corresponding coercivities have been compiled in Table 6. The

The various carburized
corresponding experimental data along with the curve fitting has
been shown in Figure 9, wherein a fitting accuracy of 97% is
achieved, indicating an excellent fit of the experimental results.
The fitting equation can be obtained by:
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TABLE 6 Thickness of carburized layer vs. coercivity.

Thickness of strong carburized layer (um) Coercivity
Hc(A/m)
440 480
470 500
530 540
570 550
610 570
640 580
690 620
820 670
820 690
860 660
860 670
880 650
970 690
1,000 720
1,060 780
1,070 700
1,070 770
1,100 780
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FIGURE 9
Fitting curves of the thickness of carburized layer and coercivity
(experimental data, fitting curve).
y=-2.14 x 107*x* + 0.75x + 194 (5)

Where, y refers to the coercivity A/m; x refers to the carburized
layer thickness, pm.

Since the maximum thickness of carburized layer in furnace tube
is 1 mm in this experiment, based on the experimental data and
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FIGURE 10
Macrostructure of unserviced Cr35Ni45Nb furnace tube.

correlation analysis, it can be ascertained that the coercivity and
carburized layer thickness obey Eq. 5 for x < 1 mm, and the
corresponding error is less than 100 A/m. As the thickness of the
carburized layer is increased, the coercivity shows a flattening trend.
This quadratic relationship is generalizable since it is obtained on the
basis of experiments performed on pristine and in-service pyrolysis
furnace tubes.

10.3389/fmats.2023.1147125

4 Discussion

4.1 Organizational changes after
carburization

Figure 10 shows the macrostructure of the unserviced
Cr35Ni45Nb material, which shows an obvious as-cast tissue
shape. The dendrites near the inner wall are coarse and
irregularly arranged, and as they move to the outer side, the
dendritic tissue becomes increasingly obvious.The orientation is
also obvious, with a certain directionality.

Unserviced Cr35Ni45Nb material cast state basic organization is
composed of almost no precipitation phase of austenite matrix and a
skeleton-like and mesh-like eutectic organization, mostly distributed
between the dendrites. For the furnace tube material in the
centrifugal casting process, the cooling rate is very high, a large
amount of carbon is in the form of supersaturated solid solution in
austenite, whereas the rest of the carbon is precipitated in the form of
interdendritic primary carbides at grain boundaries. At equilibrium
cooling of the cast state, precipitation of austenite and M,C; occurs
along with some Nb, Si and other trace elements carbides of the co-
crystal as shown in Figure 11A. The tissue morphology of the
furnace tube in service for 3 years, following 5, 8 and 10h of
vacuum carburization, has been shown in Figures 11B-D. It can
be seen that with the increase of carburization time, the carbide of
interdigitated chromium grows significantly and transforms; the
skeletal M;C; carbide transforms to massive striped M,3Cg; while
the white niobium skeletal carbide gradually disappears and
transforms to massive, and the diffuse distribution of secondary

FIGURE 11

Original microstructure of Cr35Ni45Nb furnace tube and the change of organization after carburization [(A) is the original tissue without service, (B)
is the tissue shape after 3 years of service and 5 h of vacuum carburization, (C) is the tissue shape after 3 years of service and 8 h of vacuum carburization,
(D) is the tissue shape after 3 years of service and 10 h of vacuum carburization].
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carbide precipitates asa crystal, which accumulates at the grain
boundary.

4.2 Data fitting of coercivity corresponding
to carburizing layer thickness

In this experiment, the low-pressure vacuum carburization
process was used to investigate the furnace tubes that were not in
service and those that had been in service for 3 years. To better
simulate the actual furnace tube condition, the tube was first
subjected to low-pressure vacuum carburization at different
times, and then the outer carburization layer of the tube was
turned, whereasonly the inner carburization layer was tested for
axial and circumferential coercivity. The test results showed that as
the thickness of the carburization layer increased, the corresponding
coercivity increased there was

significantly, and a good

correspondence between the carburization layer and the coercivity.

4.3 Next research direction

First, since the maximum thickness of the carburized layer is
only about 1 mm, the fitting equation is only applicable within
1 mm, and in case the carburized layer is larger than 1 mm, it has to
be improved in the subsequent experiments to verify the
applicability and accuracy of the fitting equation for a carburized
thickness of the full tube diameter. Secondly, it was found that the
coercivity test was performed after carburization for both the tubes
that were not in service and the tubes that were in service for 3 years,
and the results showed that the coercivity in the middle of the tubes
was larger than that at the two ends.

5 Conclusion

A magnetic analyzer device is introduced for measuring the
thickness of carburized layers in pristine and in-service pyrolysis
furnace tubes. The furnace tubes are subject to a range of
carburization durations to obtain various carburization layer
thicknesses. Coercivity measurements are performed for each of
the layer thicknesses for both furnaces. Curve fitting results obtained
for coercivity as a function of the thickness of carburized layer reveal
a quadratic relationship with good fitting accuracy, indicating that
coercivity can be employed to characterize carburized layer
thickness for pyrolysis furnace tubes. Based on the experimental
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data pertaining to furnace tube under different conditions, it can be
concluded that the coercivity is only determined by the thickness of
carburized layer in furnace tube. Furthermore, the coercivity is not
directly related to the diameter, wall thickness, and service duration
of the furnace tube. A fitting accuracy of 97% and error less than
100 A/m establishes that coercivity is a reliable metric for estimating
the thickness of carburization layers in furnaces, irrespective of
whether they are pristine or have been in service. Since the
maximum thickness of the carburized layer in a furnace tube is
1 mm in this study, the obtained coercivity and the corresponding
quadratic equation of carburized layer thickness are fully applicable
within a thickness of 1 mm. The method proposed in this study has
great industrial potential for monitoring the integrity of pyrolysis
furnace tubes and preventing potential failures.
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