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ABSRACT 

 
There are many ethylene cracking tube failure cases which caused by microstructural 

degradation. It is necessary to develop Non-destructive evaluation (NDE) techniques to evaluate the 

degradation of ethylene cracking tubes. In this paper, the changes of microstructure and magnetic domain 

structure of ex-service tube are investigated. The magnetic domain structure of ex-service sample is observed 

by magnetic force microscope (MFM) .And the magnetic properties characterized by magnetic hysteresis 

loop of samples with different degradation level are measured by vibrating sample magnetometer 

(VSM).  The MFM images reveal that the magnetic domain structure is strongly influenced by 

microstructures with different degradation level. All the ex-service samples with different degradation level 

have an increase in coercivity comparing to the as-cast sample. In addition, the feasibility that detecting 

degraded cracking tubes was discussed. These results indicate that it should be possible to evaluate the 

degraded tubes using magnetism-based measurements. 
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INTRODUCTION 

 

One of the most important heat-resistant cast steels is ASTM A297, grade HP, which is widely 

used in heat treatment applications, such as ethylene cracking tubes, for their good performance of corrosion 

and creep resistance at the operating temperatures (＞1000℃). The microstructure of these centrifugally cast 

tubes consists of austenite dendrites delineated by a network of eutectic carbides. Various types of carbides 

can be precipitated in this HP steels. For example, Cr-rich carbides M7C3 and M23C6 are quite common as a 

consequence of high Cr content in this steel, and other stable elements such as Ti and Nb often result in MC 

type carbides, and so on. The stability of the microstructure, particularly the transformation, formation and 

coarsening of precipitation has a significant impact on the mechanical properties of HP steels. The 

microstructure undergoes morphological and chemical changes during service conditions such as high-

temperature aging, creep and corrosion. Changes of microstructure cause the decrease of toughness and 

strength of material, and must be detrimental to mechanical properties and corrosion resistance of steels. The 

evaluation of the residual life of ethylene cracking tubes must be employed. The estimation of mechanical 

properties of degraded material is often used for residual life evaluation. However, it is impossible to take 
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sample for the mechanical properties test without causing damage to ethylene cracking tubes. Therefore, it is 

impractical to evaluate the degradation of material by destructive method.  

Consequently, evaluating degradation of HP steels use Non-destructive evaluation (NDE) 

technique is necessary. During few decades the magnetism-based NDE is developed by taking advantages of 

magnetic characteristics, Jain and Godbole (2012) also reviewed this technique. Virgin HP steel is 

paramagnetic in nature. Its magnetic properties change with microstructural changes that occur during the 

elevated temperature operation. The magnetic properties depend on chemical composition, the distribution of 

precipitation and the grain size. The fact that some magnetic characteristics would change during the 

operation makes this technique a potential tool for the damage assessment of the engineering components. 

Magnetic hysteresis measurement is one of the magnetism-based NDE techniques, is developed to ensure the 

safe operation of the components. Magnetic properties, especially coercivities, are sensitive to microstructure 

changes. Some researchers, such as, Mitra et al. (2007), Jiles (1988) and Wilson (2014), have described the 

relation between microstructure characteristics and magnetic properties such as coercivity and remanence. 

In this study, the changes of microstructure and magnetic domain structure of ex-service tube 

were investigated. The relation between microstructure features and magnetic properties such as coercivity 

and magnetic domain structure was discussed. 

 

MATERIALS AND EXPERIMENTAL METHOD 
 

Two types of Samples steel HP40Nb used for this research were cut from an ethylene cracking 

tube, one was exposed to temperatures up to 1000℃ for about 5 years in service, and the other type of 

samples was cut from a new as-cast cracking tube. The chemical composition of the ex-service tube is given 

in Table 1, along with a comparison to the as-cast HP40Nb composition. 

 

Table 1: Chemical composition of the ex-service tube, and the composition of the as-cast tube 

wt% C Cr Ni Si Mn Nb Fe 

ex-service tube 0.98 25.30 35.50 1.33 1.25 1.10 Bal. 

as-cast tube 0.51 26.10 35.88 1.32 1.42 1.15 Bal. 

 

The samples for magnetic hysteresis curve measurement were cut form the cross section of the 

ethylene cracking tube (detail area information is shown in Table 2) by wire-cut electrical discharge 

machining (WEDM) with the size 7×7×1mm and size 2×2×2mm, sample surfaces were ground and polished, 

and samples were cleaned in acetone and then vacuum annealed for 2h at 300℃ for removing residual stress 

induced during sample preparation referring to Oliveira et al.(2013). Heat treatment is to minimize the effect 

of surface residual stresses on measurements. 

 

Table 2: Detail sampling information of each sample tested 

 Size (mm) Sampling place 

Sample 1-1 2×2×2 inner surface of ex-service tube 

Sample 1-2 2×2×2 
centre cross-section of ex-

service tube 

Sample 2-1 2×2×2 
centre cross-section of as-cast 

tube 

 

Optical microscope (OM) photographs of the material were observed by etching with 10 pct 

oxalic acid solution (3 V, 15 seconds). Microstructural observations were also conducted by using a scanning 
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electron microscope (SEM,ZEISS Merlin Compact) equipped with an energy dispersive X-ray (EDS, Oxford 

AZtec), and measurements of the surface fraction of different precipitations were analysed by back scattered 

electron (BSE) images after SEM and EDS examination.  

The magnetic domain structure of two types of samples was observed by magnetic force 

microscope (MFM, NanoSensorsTM). The magnetic images were acquired in a ―Lift Mode‖ so the sample 

was scanned twice for each scanline. The topography of the sample surface was acquired during the first 

scanline, and then the magnetic profiles were acquired by scanning the same scanline again. The size of the 

sample for magnetic domain structure observation is 7×7×1mm.  

The magnetic properties measurement of vibrating sample magnetometer (VSM, Lakeshore7410) 

was acquired by the maximum applied field of 1600 KA/m, and the sample size is 2×2×2mm. 

 

RESULTS AND DISCUSSION 

 

Metallographic Structure 

 

The microstructure of ex-service HP40Nb steel shows in Figure 1. The steel consists of austenitic 

matrix with interdendritic precipitation. After long time service, there are three zones at the subsurface region 

of the HP40Nb tube inner wall, including an oxidation layer, a carbide depletion zone and a carbide-rich 

zone. BSE images in Figure 2 show the fraction and shape of different precipitation in ex-service tube from 

inner wall to outer wall.  The EDS results of each area marked in Figure 2 show in the Table 3. With 

continued carbon diffusion into the tube, chromium is pulled from the austenitic matrix to grow Cr-rich 

carbides and precipitate new ones, by analysing the result of BSE and EDS. It can be seen that precipitations 

are in white of dark contrast. Black precipitation signed area 1 at the inner wall corresponded to SiO2, the 

major precipitation area 3 in grey contrast in the front of carburized layer corresponded to Cr-rich carbide 

M7C3. Therefore, the carburization process results in chromium depletion in the matrix. 

It is obvious that precipitations are coarsening in the central ethylene cracking tube. From the 

analysis of the result of BSE and EDS, it can be inferred that white precipitation signed area 7 corresponded 

to NbC, and the dark grey area 6 corresponded to M23C6 due to its thermo stability compared to M7C3. 

Compare the two BSE images of Figure 2(b) and Figure 2(d), a light grey zone newly appears, the similar 

microstructural changes was also reported by McLeod et al.(2016). Silicon and niobium content can also be 

found in the result of EDS in area 5. It is the transformation of the NbC precipitation to one of two 

intermetallic phases—G-phase, a Ni–Nb–Si intermetallic, or η-carbide, a Cr–Ni–Nb–Si intermetallic in 

elevated temperatures. So area 5 has a greyscale gradient due to compositional differences across the phase 

region. 

According to the BSE images of outer wall and the result of EDS, the black precipitation will be 

chromium-rich carbonitride Cr2(C,N), the formation of this carbonitride attributes to exposure of air or flue 

gas atmospheres result in the diffusion of nitrogen into the outer wall. And creep cavities and micro cracks 

were observed in the outer wall area. 

Exposure to the high temperatures can result in oxidization in the areas of ethylene cracking tube 

wall and the microstructure of all areas observed in the ex-service tube displayed a high level of primary 

carbide coarsening. Carburization can result in chromium depletion in the matrix in the inner wall area. With 

the coarsening and transformation of precipitation, the chromium content has a slightly decrease. So the 

relative contents of Ni and Fe increase. Many creep voids and micro cracks were observed in the outer wall 

of ex-service cracking tube. 
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（a） （b） 

  
（c） （d） 

Figure 1 Optical micrographs of ex-service HP40Nb microstructure at (a) and (b) inner wall,(c) and (d) 

central area 

 

Table 3: The results of energy spectrum analysis for the area marked in BSE (wt%) 

      

 

Elements 

C Cr Fe Ni Nb Si N O 

Area 1 25.06 0.55 0.29 0.28 - 29.06 - 44.56 

Area 2 24.90 6.85 34.86 33.39 - - - - 

Area 3 7.73 69.46 17.38 5.43 - - - - 

Area 4 3.69 13.29 41.00 41.46 - 0.56 - - 

Area 5 5.81 36.77 3.58 33.12 10.62 7.25 2.61 - 

Area 6 8.27 72.08 14.75 4.90 - - - - 

Area 7 15.86 4.14 2.07 2.93 74.54 - - - 

Area 8 4.02 14.29 40.16 38.60 - 1.62 - - 

Area 9 6.33 84.51 2.92 0.47 - - 5.77 - 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2 Backscattered electron micrographs of ex-service HP40Nb microstructure at (a) and (b) inner wall,(c) 

and (d) central area,(e) and (f) outer wall 

 

Magnetic Force Microscope Images 

 

The magnetic domain structure of ex-service tube is observed by magnetic force microscope 

(MFM) in order to study the relation between magnetic domain structure and the change of microstructure. 

MFM images acquired from the centre to the inner wall randomly and the size of scanning area is 50×50μm. 

The typical area was scanned in size 20×20μm. As Figure 3 shows, the MFM images change from bright 
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pattern to stripe pattern or maze pattern (Zhang 2013) from the centre to the internal wall. These MFM 

images show that precipitations are both paramagnetic. Three MFM images show that the austenitic matrix, 

in the central area, is paramagnetic with only thin domain structure in the areas adjacent to the precipitations.  

The domain structure widens and, finally, the whole matrix has domain structure in the inner 

wall area. The growth of Cr-rich precipitation due to carburization results in a depletion of chromium in 

austenite matrix. In the as-cast condition, the Fe-Cr-Ni austenite matrix is paramagnetic, as carburization 

progresses, it tends toward the binary Fe-Ni system and becomes progressively more ferromagnetic. From 

Figure 4, in the inner wall area stripe pattern or maze pattern of domain structure can be found due to the 

carburization. McLeod et al.(2015) have reported this change of magnetic domain structure. The results are 

given in Table 3 whereas the chromium content in area 2 matrix, region c (Figure 3), is far lower than the 

global chromium content.  

 

 
 

Figure 3 MFM images acquired on a cross-section of tube .The images (a)-(c) were acquired at different 

locations from the centre to the internal wall  

 
 

Figure 4 MFM image acquired on the internal wall 
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Magnetic Properties 

 

Figure 5 shows the magnetic hysteresis loop of three samples with different degradation levels, 

three samples with different degradation level can be clearly distinguished from the loop. As Figure 5 shows, 

the magnetic susceptibility increased with the deterioration of the material, which is consistent with the 

results of Nahm (2003), and the coercivity increases with the deterioration of the material, shown in Figure 6. 

Sample 2-1 was cut from an as-cast tube, so it is a paramagnetic austenite structure. In high 

temperature service process, the transformation, formation and coarsening of precipitation has a significant 

impact on the magnetic properties, so the shape of the hysteresis loop of Sample 1-2 changes, because the 

alloy elements in the matrix precipitate to form carbides, and the magnetic domain structure changes as 

Figure.3(b) shows, the matrix changes from paramagnetic to ferromagnetic matrix. Therefore, the coercivity 

increases 33%. Sample 1-1 was cut from the inner wall area of the ex-service tube. The continuous 

carburization and the formation of Cr-rich precipitation, cause the chromium depletion and carbon content 

increased in the matrix. It is well know that the magnetic nature of steels gets hard as carbon content 

increases. 

The increased coercivity in the ex-service sample is due to the chromium depletion and increased 

carbon content in the matrix which increased the pinning density for the domain wall movement. The 

coarsening of precipitations and the existence of creep voids also produce large demagnetizing field which 

hinders the domain wall motion resulting in the increased coercivity, and the relationship between coercivity 

and number of precipitation has been reported by Mohapatra et al.(2008). Therefore, the coercivity of the 

material in this region is increased by 67% compared with the as-cast material. 

 
 

Figure 5 Hysteresis loops of three samples at different degradation level 
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Figure 6 Coercivities of three samples  

 

In the present investigation, the magnetic properties were measured by VSM, and samples were 

carried out on size 2×2×2mm. In actual practice, it is impossible to inspect the existing engineering 

components by sampling the in-service components. However in such case surface probes would be suitable 

for the evaluation of microstructural changes by magnetic techniques for NDE. This kind of detection 

instrument was used by Sudharsanam et al. (2015). In surface probes, although there would be flux leakage, a 

relative change in the properties could be recorded and compared with the change of microstructure. 

 

CONCLUSIONS 

 

The microstructural changes in ex-service HP40Nb steel, such as the coarsening and 

transformation of precipitations and the alloy element content in the matrix are studied. The magnetic 

properties of ex-service HP40Nb are investigated for the first time. The magnetic domain structure changes 

from bright pattern to stripe pattern or maze pattern in the different degraded areas. The variation of magnetic 

hysteresis loops of HP40Nb steel is related to the change of the microstructure and accords with the 

characteristics of the magnetic domain. And the coercivity increases with the deterioration of the material. 

Finally, come to a conclusion, it is feasible to evaluate the deterioration of HP40Nb steel by using the 

magnetism based measurements. 
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