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Abstract

Cracking tubes as the main part of an olefin unit, are exposed to very harsh working conditions at both outer
and inner surfaces, associated with major microstructural changes during service. Carburization, oxidation,
alloying elements depletion, carbide coarsening, and secondary carbide formations are common phenomena,
expected to take place in cracking tubes. This research tries to experimentally investigate the implications of
cracking service exposure on microstructure and mechanical properties of the service-exposed HP-MA crack-
ing tubes. In this regard, two tube samples after 20000 and 45000 h service at approximately 900 °C were
selected. Microstructure degradation at the inner and outer surfaces of the tubes and their mid-thickness were
investigated with optical and electron microscopes. By microstructural characteristics of both tube samples, it
was concluded that in the 45,000-hour sample, which was more exposed to carbon, the number of secondary
carbides formed on the outer surface was higher. Hardness variation across the thickness was also measured
for both tubes and according to the results, in total thickness of the 45,000-hour sample, the hardness was
more than the 20,000-hour specimen.
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1. Introduction [2-5]. These steels are constantly subjected to the pro-
cess of decoking and on/off cycles and exposed to very

Cracking furnaces are the main part of an olefin unit, harsh working conditions such as high temperatures and

in which valuable products such as ethylene are pro- existence of oxidizing, nitriding and carburizing agents
duced, through a cracking chemical reaction [1]. The and atmospheres. Also, the operating temperature of
heat generated to perform the thermal cracking pro- these tubes varies from 800-1100 °C. [6-10]. Heat re-
cess is radiated to the outer surface of cracking tubes in sistant cast steels are austenitic alloys, contain large
which the feed is passing by. Heat resistant cast steels amounts of carbide-forming elements in their chemical
are used as coils and tubes in cracking furnaces, as they analyses, providing the room for the formation of sig-
have excellent high temperature corrosion resistance, nificant amounts of uniformly distributed primary and
oxidation resistance and high temperature creep strength secondary inter-dendritic carbides [11-14]. The optimal

life of cracking tubes is approximately 100,000 hours if
they are exposed to a temperature of 900 °C. However,
it is known that oxidation and carburization reactions in
*Corresponding author cracking furnaces take place rather early, typically after
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3. Assistant Professor chromium oxide layer at the surface of the tubes prevents
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Over time, the oxide layer is damaged, resulting in the
oxygen and carbon penetrations into the tubes. The dif-
fusion of the former with high temperature oxidation,
while the latter phenomenon causes carburization. Car-
burization is accompanied by the formation of secondary
carbides and degradation of primary carbides. The effect
of carburizing on the tubes can be represented by a con-
tinuous carbide network formed on the grain boundaries
at elevated temperatures, which may be a favorable site
for crack growth and imposes the risk of creep degrada-
tion and deterioration of ductility at high temperatures.
Although some negative aspects of carburization are
known, not much is known about how microstructure is
evolved during carburizing service condition. This re-
search tries to methodically investigate the implications
of carburization for the microstructure and mechanical
properties of service-exposed cracking tubes.

2. Materials and Methods

The microstructure and mechanical properties of ser-
vice-exposed G4852-Micro steels, also known as HP-MA
steels (which were prepared by centrifugal casting), with
the thickness of 10 mm, were investigated in this study.
In this regard, tube samples were taken from cracking
tubes after 20000 and 45000 hours service exposure in
the temperature range of 900-950 °C. Samples were cut
from aged tubes to analyze the mechanical properties
and to perform various tests. Chemical composition of
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the tube is given in Table 1.

The cross section of the samples was grounded
with silicon carbide grinding papers of 80 to 1200 and
then polished with 0.1 micron alumina particles. In
addition, H,O/HF/HNO, etching solution according to
NACE TMO0498 standard was used to prepare samples
for metallographic examinations. The cross sections of
the samples were also investigated by scanning elec-
tron microscope at different magnifications. Also, the
inner edge, the middle region and the outer edge, were
examined by chemical analysis. Vickers microhardness
profilometry was carried out by applying 1 kg force
on the cross section of the specimens at distances of
about 1 mm from the inner to the outer surface of the
tube.

3. Results and discussion

Fig. 1 shows microstructure of the as-cast heat-re-
sistant specimen, before service exposure. In the image
taken from the cross section of the sample, austenitic
background and primary skeletal M,C, carbides at grain
boundaries, where M comprises Fe and Cr, can be seen.

Fig. 2 depicts EDS analyses of different phases in the
as-cast specimen. The white phase in this structure is rich
in Nb, which can be concluded it is a niobium carbide
phase. The grayish phase, on the other hand, is rich in
chromium, inferring that this phase is a chromium car-
bide phase.

Table 1. Chemical composition of the investigated tube.

Sample C Ni Cr P S Si Mn Mo Nb Ti
Service-Exposed ;350 263 0015 001 09 10 01 09 0008
Tube
038 40240 503 003 9% os0 050 050
ASTM A 608-20 -045 | N max max o —-1.50 & max -1.50 ~
4370 270 1.50 : :

Fig. 1. Typical SEM micrograph of as-cast HP-MA alloy.
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Fig. 2. EDS analyses of different phases: the matrix, the white phase and the grayish phase in the as-cast structure.

Figs. 3 to 7 show microstructures and EDS chemical
analyses of different phases at the inner, the middle and
the outer surfaces of aged tubes after 20000 and 45000
hours of service exposure, which are shown from the
outer surface towards the inner surface, respectively. As
can be seen, both the inner and outer surfaces are heavi-
ly influenced by the service exposure, with the thickness
of influenced surface layer being larger for the 45000
hours service exposed specimen. The influenced surface
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layer at both sides contains large blocky shaped islands
of black/grayish phases. Moreover, the surface layer ap-
pears to be lean in carbide phases. One can also notice
that moving towards the outer surfaces, number of fine
secondary carbide particles (M,C, and M,,C, secondary
carbides) increases. It is known that the outer surface is
more exposed to carbon, resulting in the penetration and
diffusion of carbon towards the bulk of the tube. This,

in turn, is associated with the conversion of primary
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M,,C, carbides to M,C, carbides and formation of new-
ly-formed fine carbide particles [15].

Figs. 5 and 6 depicts SEM micrographs of aged samples,
after 20000 and 45000 hours of service. Again, these micro-
graphs show how the structure at both inner/outer surfaces
are degraded. In fact, the protective layer of chromium oxide
(Cr,0,) on the surface is an extremely important feature of
this alloy, as it prevents the penetration of oxygen and car-
bon and other harmful elements towards the bulk structure.
It appears that service exposure has severely degraded the
mentioned protective layer, meaning that the surface struc-
ture can no longer resist the penetration of carbon. The fact
that Si-rich oxide phases (black phases, see Fig. 7a) have
been formed is an indication that the surface and internal
oxidation reactions have become active at the early stage of
service and operations. EDS results show that while Si-rich
oxides are more formed further away from the surface, Cr-
rich oxide phases (grayish phase, see Fig. 7b) are observed
as a rather thick and porous layer at the surface. This pos-

’oeww 250 Enﬂ

sibly has to do with the difference in the diffusion rates of
Cr and Si. This mentioned service-originated Cr-rich oxide
layer is typically very porous and in some areas it is further
developed to the bulk of the alloy. As a result, the diffusion
of carbon into the structure becomes easier, resulting in the
carbide coarsening and formation of secondary carbides. The
former phenomenon leads to a decrease in high temperature
mechanical properties, more specifically creep resistance.
The penetration of carbon into the substrate is associated
with carburization, and therefore matrix hardening. In order
to regenerate the degraded Cr,O, layer, the existing chromi-
um in the matrix diffuses towards the surface, resulting in the
formation of Cr-depleted areas near the surface. On the other
hand, inside the tubes, there is oxygen that has penetrated
into the structure and formed dark oxides, which are shown
in the inner surface images of the samples. For the sample
with 20000 hours service life, this surface layer has a thick-
ness of 250 um, while in sample with 45000 hours service
life, this thickness has increased to 450 um.
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Fig. 6. SEM microscope images of the sample after 45,000 hours of service.
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Fig. 7. EDS analyses of a) black phase, b) grayish phase, and c) the matrix in aged samples.
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Fig. 8 depicts macro images of the cross-section of
the tube after 20000 and 45000 hours of service. The col-
or difference is attributable to the carburized layer. The
lighter area is the carburized layer. Fig. 8 shows that the
higher the ageing time, this thicker is the carburized layer
is, such a way that in 45000-hour aged specimen, almost
70% of the total thickness is carburized.

Figs. 9 and 10 depict elemental mapping at the in-
ner and outer surfaces of the 20000-hour aged specimen,
respectively. It appears that both the inner and the out-
er surfaces are heavily influenced by oxygen, as a thick
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oxygen layer is seen at both surfaces. Also, it is seen
that the segregation of Mn and Cr towards the surface
is more pronounced at the outer surface, which has to do
with more aggressive environment at the outer side of
tubes. A heavily depleted Cr/Mn zone is also visible at
the outer surface of the tubes. Another noticeable differ-
ence between the outer and the inner surface of the tubes,
is morphology of silicon oxide phase. A distribution of
rather fine globular silicon oxide particles are observed
at the outer surface of tubes, while that is not seen in the
inner surface.

Inner Surface
Outer Surface

Fig. 9. Elemental mapping at the inner surface of the 20000-hours aged tube sample.

Fig. 10. Elemental mapping at the outer surface of the 20000-hours aged tube sample.
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Figs. 11 and 12 depict elemental mapping at the inner and
outer surfaces of the 45000-hour aged tube specimen, respec-
tively. It is seen that longer service exposure from 20000 to
45000 hours is associated with the extension of surface-influ-
enced layer. For example, the thickness of oxygen-rich layer at
the inner surface has increased to values over 1000 um after
45000 hours of service, while that in the 20000 hours exposed
tube is roughly 200 um. A comparatively more extensive Cr/
Mn-segregated and depleted zones are also noticeable in this
sample.

The formation of oxides at the inner/outer surfaces of tube
samples, leads to the depletion of elements such as chromium
and silicon compared to the middle thickness, which causes a
decrease in oxidation resistance, while in the middle thickness,

these oxide phases are rarely formed. In addition, because the
inner surface of the tube is more exposed to carburizing gas-
es, chromium, in particular, has a strong tendency to react with
carbon and secondary carbides are formed in the structure. Due
to the presence of oxygen in the furnace atmosphere, it can eas-
ily penetrate into the surface of the tubes and oxide phases are
formed on the outer surfaces. Since around these oxide phases,
it is a suitable place for formation of micro cracks, and network
and continuous carbides have changed to separated carbides at
amicroscopic scale, according to the images, it can be conclud-
ed that oxide particles at the surface are preferential sites for
the nucleation of micro-cracks. An example of a micro-crack,
formed at the end of an oxide island is represented in Fig. 13.
The micro-crack in this case is roughly 200 pm.

Fig. 11. Elemental mapping at the inner surface of the 45000 hours aged tube sample.
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Fig. 13. Micro-cracks, formed at the inner surface of service-exposed tube.
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Vickers microhardness measurements for sample with
45000 hours of service, and sample for 20000 hours of ser-
vice are shown in the Fig. 14. By comparing the present-
ed data, it is concluded that the sample with 45000 hours
of service has higher hardness than the sample with 20000
hours of service because it had been exposed to carburiza-
tion and oxidation for a longer period, associated with the
formation of secondary carbides in the structure. According
to this diagram, for the 45000 hours service-exposed tube,
the hardness is significantly reduced in chromium-depleted
areas. However, moving towards the middle thickness of
the sample, the hardness gradually increases. 20000 hours
service-exposed tube has less hardness changes through the
thickness due to lower service time. With mentioning to say
that, hardness differences through the thickness can be dele-
terious when it comes to thermal shock resistance.

45000 h

e equation here.

Hardness (VHN

50 Inner Surface Outer Surface

0 1 2 3 4 5 6 7 8 9
Tube Thickness (mm)
Fig. 14. Microhardness of the tubes from inner surface
towards the outer surface.

Summary

According to this study, it can be concluded that the
causes of degradation of alloy steel used in ethylene crack-
ing tubes in petrochemical industry was severe carburiza-
tion and oxidation. Two tube samples were examined in this
investigation: one with service exposure of 20,000 hours
and the other after 45,000 hours of service. The investigat-
ed tubes had several microstructural characteristics. In this
regard, the inner and outer surfaces of the investigated tube
samples were exposed to severe oxidation and depletion of
chromium and manganese. In addition, carbide particles for
the 45,000 hours aged sample were coarser in appearance.
Eventually, these continuous and lattice carbides were dis-
persed, forming suitable locations for initiation of micro
cracks; and cracks are expected to form in the samples. As
these micro cracks grow, the tube could eventually fail.
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