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Abstract

The failure of ethylene cracking tubes at an elevation of about 5 m in radiant chambers after one-year service has
been analysed. Bulges and circumferential cracks, oriented towards the walls/burners, are the result. The investigation
included tensile tests, optical microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
and X-ray diffraction (XRD) analysis. Analysis revealed that ruptures found in the tubes were caused by overheating of
the tubes because of inappropriate burning of bottom burners. Significant growth of precipitates of carbide was
observed in the failed zones which results in the drastic reduction of material ductility. The bulged zones also showed
a globular form of grains. Tube bowing, due to the restricted growth during the hot expansion, promotes cracks. To
avoid such overheating, precautions should be taken while improving the burning condition of the bottom burners
and decreasing the peak tube metal temperature. It is necessary to check the tube temperature periodically in critical
positions and one should ensure that the temperature is less than the design temperature.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethylene cracking tubes or reformer tubes and other tubes, which are made from cast creep resistant
austenitic steel HP grade (26 Cr, 35 Ni, 0.4 C) are usually designed for a normal life of 100,000 h (11.4
years), their actual service life, however, varies from 30,000 to 180,000 h, depending on the service condi-
tions and of course on the quality of materials [1]. Due to prolonged exposure to high temperature, the
microstructure of the material is subjected to degradation. Although sufficient care is taken in the selected
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materials, design and operations, failures can hardly be avoided because of various reasons, such as over-
heating [2], stress corrosion cracking [3], creep and fatigue [4-7].
In our paper, a detailed investigation of failure in ethylene cracking tubes was presented.

2. Background

The ethylene cracking tubes are vertically installed. The feed gas, such as naphtha and steam, enters at
the top end at a pressure of 0.1 MPa and flows down individual tubes. The ethylene cracking reaction takes
place in the tubes and is endothermic. For this, heat is provided by burners, distributed at two sides of the
furnace symmetrically. There are 36 bottom burners and 48 wall burners. The bottom burners provide
about 85% of total heat intensity. The heat is transferred to the cracking tubes through radiation and
the metal temperature is maintained between 700 and 900 °C by design requirement. The material specifi-
cation and design parameters are given in Table 1. The composition of tubes is in agreement with the
requirements of the specifications for HP40 metal.

After about one year in service, four ethylene cracking furnaces were damaged. The damage style, rup-
tures of a number of tubes, is almost the same. All the cracks are circumferential and at an elevation of
about 5 m in the radiant chambers. Bulges also occurred at this elevation. The cracks and bulges are ori-
ented towards the walls/burners.

In general, failure of furnace tubes can occur in a variety of modes. In this case, however, the probably
reasons may be one or more of the following: (1) overheating in this zone; (2) material strength cannot meet
the requirement; (3) limitation of the tube elongation. To identify the failure reason, tensile and tests, met-
allography and fractography analysis should be carried out by light microscope and scanning electron micr-
oscopy (SEM).

3. Experimental and results
3.1. Visual examination

Fig. 1 shows the actual bulge and rupture of as received sample. The local bulge has penetrated as shown in
Fig. 1(a). Cross-sectional view of the bulge tube is shown in Fig. 1(b). Tube diameter is now increased and

Table 1

Material specification of ethylene cracking tubes of sample and design parameters

Tube material HP40

Composition (Wt%) C 3.8
Si 0.65
Mn 0.31
P 0.07
S 0.04
Cr 234
Ni 41.9
Nb 1.36
w 0.80
Fe Balance

Design temperature 700-900 °C

Tube size Outer diameter 63 mm
Thickness 6.4 mm

Length 12 m
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elliptical. This is an extraordinary amount of deformation. It is consistent, however, with a tube that has oper-
ated at higher than normal temperatures for short periods. Fig. 2(a) shows the penetrated crack with about 2
mm open. Fig. 2(b) shows the crack viewed on the tube inner surface. The crack is discontinuous in inner sur-
face. The penetrated crack is longer in outer surface than that in inner surface which indicates the crack orig-
inated from outer surface. There is no indication of any localized damage in the form of pits. No wall thinning
and plastic deformation is observed near the crack which reveals that the crack is brittle in nature.

3.2. Tensile strength

Tensile tests at room temperature (25 °C) of the service exposed tubes were performed. The tensile test
sample, which was fabricated from the longitudinal direction on slightly bulged zone, is shown in Fig. 3.
The average value is taken after 3 specimens per condition were tested. The fracture surfaces through
the tensile tested specimens were examined by SEM in order to identify the fracture characterizations. The
values of the Ultimate Tensile Strength (UTS) and elongation % are shown in Table 2. The tests show that
the tensile strength and ductility are decreased compared with standard HP40 material. The data given in
Table 2 shows a rather brittle fracture.

3.3. Microstructure

In order to compare the microstructure between the bulged zone and normal OD zone, optical metallo-
graphic samples prepared from the different sites as shown in Fig. 4. 1# sample was cut from immediately
near the penetrated bulge zone along the cross-section. 2# and 3# samples were cut from slightly bulged
zone and normal OD zone, respectively.

Fig. 1. Tube bulge of as received sample: (a) general view; (b) cross-section.
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Fig. 2. circumferential crack at: (a) outer surface; (b) inner surface.
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Fig. 3. Tensile test sample.
Table 2
Tensile strength of service exposed tube
o, (MPa) 95(%0) ¥ (%) Temperature (°C)
Test result 317 <1 <1
25
ASTM standard >430 =>4.5
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Fig. 5(a) shows austenite matrix and a network of primary carbides of 3# sample, which is the typical
microstructure of as-cast materials of alloys with high chromium and nickel contents [8,9]. But precipitates
of small blocky type are found in the austenitic grains. Fig. 5(b) shows the microstructure of 2# sample.
Carbides are obviously coalesced and blocky which indicates overheating. This is more pronounced in rup-
tured side as is shown in Fig. 5(c) of 1# sample, suggesting that it had experienced more overheating. Creep
cavities and carburization are not obvious in the LOM observation.

3.4. Fractography

Fig. 6(a)—(b) shows the SEM photography of bulged penetration surface. The rupture shows intergran-
ular fracture. The grains have a globular form with increased size due to oxidation and overheating. This
can be further proved by scanning electron microscopy (SEM)/energy dispersive spectroscopy (EDS) anal-
ysis as is shown in Table 3. Because these tubes are heated externally by burners, the outer surfaces of the
materials are exposed to oxidizing conditions, thus oxygen and chromium are the main composition of the
grain surface. Fig. 7 shows a newly opened crack immediately near the penetrated bulge. The high-temper-
ature oxidation is not so serious as compared with Fig. 6(a)-(b), but large amount of precipitates is present.
The fractography showed, in general, brittle fracture mode. The fracture is along precipitates which is
rather brittle and has secondary cracks.

Fig. 8 presents fractography of the circumferential crack. The surface has been oxidised and has creep
cracks as shown in Fig. 8(a). The general view shows overloaded ductile fracture as is presented in Fig. 8(b)
on another position. The detailed morphology of Fig. 7(b), shown in Fig. 8(c), however, shows the crack
propagating along the precipitate. The cause can be explained as follow. Since matrix metal around these
precipitates possesses good ductility and toughness, when the fracture takes place along these precipitates,
the surrounding metal matrix presents ductile fracture. So the fractography looks like overloaded ductile
fracture in general view.

Fig. 9 shows the micro-morphology of a tensile specimen at room temperature. The fracture surface is
covered by a large amount of precipitates. These precipitates are rather brittle and give secondary cracks.
The fractography showed, in general, brittle fracture mode.

3.5. Precipitates

The chemical composition of precipitates is 78.44%Cr—16.17%Fe-5.39%Ni identified by SEM/EDS.
From the ratio of [Fe]/[Cr] we can deduce that the precipitates are carbides. In order to further identify
the structure of precipitates, X-ray diffraction (XRD) is used to characterize the structure of the phases.

(a) (b) 3

1#

\./

Slight
/' bulge
Penetrated
bulge

Bulge zone normal OD zone

Fig. 4. Location of microstructure observation.
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Fig. 5. Microstructure of section of failed tube.

XRD patterns obtained from the bulk metal matrix show that the precipitates are mainly Cr,3Cg carbide
(Fig. 10).
4. Discussion

From the results presented in the earlier section it appears that tubes at elevation of about 5 m failed due
to long and high temperature exposure. However, the other sections of the same tube did not fail although
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Fig. 6. Globular grains due to melting.

Table 3

Composition of globular grain by SEM/EDS

Element wt% at.%
OK 39.38 65.46
NaK 6.73 7.78
SK 1.47 1.22
CIK 0.85 0.64
CrK 29.56 15.12
FeK 7.07 3.37
NiK 13.81 6.25
WL 1.15 0.17

they had undergone the same period of service life. Therefore, it is understood that there was some unique-
ness in the failure of tube in this section. The rise in metal temperature leads to ruptures, which can be seen
from the coarsening of the carbides as well as formation of bulges. In other parts of the tubes the degree of
carbides was not obvious. Generally, precipitation and growth of carbides and/or sigma phase occurs for
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Fig. 7. SEM of newly opened crack immediately near the penetrated bulge.

this kind of material exposed to high-temperature [10-13]. However, this process needs a long time at nor-
mal service temperature. In the present case, it took only about one year. Thus, the present case of failure
was due to overheating.

4.1. Reason for overheating

It is should be noticed that the tube overheating at the elevation of about 5 m is not confined to only one
furnace, but occurs in four furnaces. There is a significant temperature peak resulting from bottom burners
at about 5 m elevation measured by the user. Due to designed or/and fabricated factors, such as the burning
and interference among the burners, the temperature in this section is higher than the design temperature.
In this special case, the burner flux is already high, and the wall burners were at reduced output, so the effect
is to overheat the tubes in the local position. The outer surface of the tubes at 5 m elevation is over 1200 °C
measured by the user, which is higher than the tube limit of 1060 °C.

4.2. Reason for cracking

Overheating at the elevation of 5 m can cause bulges, however, the circumferential cracks in the tube are
caused by not only overheating but also the tensile stress effect and reduction of ductility. The user reported
that all of the failed tubes were similarly bowed when they failed. When the tube bows significantly out of
plane, it is exposed excessive radiant heat as is shown in Fig. 11. The heaters are distributed at the two sides
of the furnace. Generally, the tubes suffered the same temperature at two sides. However, due to tube bow-
ing, one side is closer to the heaters than the other side. The closer side of tube will therefore operate at a
higher temperature and be more likely to overheat and fail. Higher temperature will also cause the tube to
grow and bend further, putting it into compression. Tube outer surface suffer from tensile stress at the bow-
ing side as is shown in Fig. 11, thus the crack initiated from this side and from outer surface. Once the crack
is formed, the crack tip is exposed directly to high-temperature oxidation. The strength of grain boundaries
deteriorates and promotes intergranular cracks.

Another contributing cause to the cracking is the reduction of ductility of the material in this section
because of overheating. The overheating could lead significant degradation in high temperature strength
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Fig. 8. SEM photography of fractured surface: (a) general view of creep cracks; (b) general view of fracture surface; (c) details of the
crack surface.

and ductility during service. On the other hand, with high temperature exposure, secondary carbides
precipitate in the austenitic matrix of heat resistant steels, reducing the elongation and ductility
[14,15]. The ductility is of primary interest since the metal should be able to deform plastically during
the tube expanding. Some steels can lose more than 80% of their original ductility while they operate at
high temperature.
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Fig. 9. SEM surface of tensile specimen.

4.3. Prevention approaches

The overheating is directly related to the bottom burners. The burners should be improved in one or two
of the following ways. One is to adjust the ratio of heat intensity between the bottom burners and wall
burners thus reducing the flame intensity at about 5 m height and making the temperature more uniform
along the tube axis. The second way is to improve the burning conditions of the bottom burners and de-
crease the peak tube metal temperature.

5. Conclusions

The failure of the tubes was caused by overheating arising out of bottom burners. Significant growth of
precipitates of carbide was observed in the failed zones. The bulged zones also showed a globular form of
grains. Overheating during service is primarily responsible for significant degradation in mechanical prop-
erties and microstructure in the failed portion of the tubes. Tube bowing promotes the cracks. To avoid
such overheating, precautions should be taken, improving the burning condition of the bottom burners
and decreasing the peak tube metal temperature. It is necessary to check the tube temperature periodically
in critical positions and one should ensure that the temperature is lower than the design temperature.
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Fig. 10. XRD pattern of precipitate.
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Fig. 11. Schematic drawing of tube bowing.
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