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 Transfer line tubes of an ethane pyrolysis furnace, 
 operating at 850 ±20°C and 1.0 atm pressure, 
developed longitudinal cracks after less than one third of 
their expected service life. The tubes were constructed of 
Fe-based USN N08810 alloy with a wall thickness of 10 
mm. Metallurgical evaluation revealed that the mode of 
failure was high-temperature carburization attack leading 
to intergranular cracking. The cause of failure was 
overheating, likely to have occurred during decoking 
operations. Better control of furnace temperature was 
recommended to avoid overheating. Alternatively, a 
wrought alloy capable of developing highly protective 
aluminum oxide (Al2O3)-base scale such as Ni-based UNS 
N07214 could be used as a replacement.

P
roduction of ethylene (C2H4) 
was undertaken by the crack-
ing of ethane (C2H6) in eight 
pyrolysis furnaces at a petro-
chemical plant. T e process 
stream consisted of a mixture 
of 24% steam and 76% hy-

drocarbon gas and was passed through a 
coil of tubes externally heated to 850 
±20°C under a relatively low pressure of 
1 atm. T e cracking of ethylene is gov-
erned by the following reaction:

 C2H4 → CH4 + C (1)

Carbon is generated in the form of coke 
that adheres to the tube wall. Adherent 
coke accelerates the carburization attack 
of the tube material and also acts as a 
thermal insulator, necessitating the use of 
higher heating temperatures. Adherent 
coke was removed using air and steam. 

During decoking, the tubes can suff er 
severe thermal shock where the tempera-
ture is increased above normal. T e gas 
temperature, fl ow rates, and conversion 
ratio will determine the extent and fre-
quency of decoking.1 T ermal damage of 
the tubes increases with a higher number 
of decoking cycles, while less frequent 
decoking increases the rate of carburiza-
tion attack. Longitudinal cracks were 
detected in the furnace transfer line tubes 
(10 mm in thickness) made of wrought 
alloy UNS N08810.

Experimental Procedures
A microstructural evaluation and ele-

mental analysis were conducted using 
scanning electron microscopy (SEM) 
coupled with energy-dispersive x-ray spec-
troscopy (EDS). Phase constituents were 
characterized using x-ray diff raction, and 
the mechanical strength was determined 
by conducting Vickers micro hardness 
tests with a 200-gm load. 

FIGURE 1

A photograph of a failed transfer-line tube; 
longitudinal cracks are indicated by the arrows.
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Results and Discussion
VISUAL INSPECTION

A visual inspection of the failed trans-
fer line tube revealed the presence of lon-
gitudinal cracks (Figure 1). T ere was no 
evidence of marked wall thinning or sag-
ging in the tube.

MATERIAL VERIFICATION

A microchemical analysis using EDS 
confi rmed the transfer line tube material 
to be UNS N08810. Figure 2 shows an 
EDS spectrum derived from the tube 
material. Table 1 summarizes the results 
of quantifying the spectral data of Figure 
2 in comparison with the nominal com-
position of UNS N08810.

ANALYSIS OF SURFACE SCALE

Figure 3(a) shows the morphology of 
scale formed at the inner surface of the 
failed transfer line tube. T e scale was 
observed to consist of oxides of Fe, Ni, 
and Cr (Figure 3[b]). Also, there was no 
evidence of the formation of the more 
protective chromium oxide (Cr2O3) 
scale.

It could be concluded from these re-
sults that under the operating conditions, 
the alloy was incapable of developing a 
protective oxide scale. It is known that 
surface oxide scale provides eff ective pro-
tection in a carburizing environment such 
as that created by ethane cracking.2-3 
Above ~950°C, Cr2O3 scale loses its pro-
tective nature from its tendency to trans-
form into volatile CrO3. Possibly, the 
absence of Cr2O3 scale could result from 

FIGURE 2

EDS spectrum derived from the tube material.

TABLE 1

NOMINAL AND MEASURED 

CHEMICAL COMPOSITION 

(WT%) OF UNS N08810

 Element Nominal Measured

 Fe Bal. 45.91
 Ni 33.40 31.11
 Cr 21.40 21.74
 Ti  0.40  0.951
 Al  0.40  0.291
 Mn  0.8  ND(A)

 Si  0.5  ND(A)

 C  0.08 ND(A)

(A)ND: Not detected

(a) SEM images illustrating the morphology of surface scale as observed at different magnifi ca-
tions, and (b) corresponding EDS spectrum.

FIGURE 3
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exposure to an excessively high tempera-
ture or its transformation into the Cr7C3 
carbide by the following reaction with 
carbon monoxide (CO) in the gas 
stream:4

 7Cr2O3 + 33CO = 2Cr7C3 + 27CO2 (2)

MICROSTRUCTURAL FEATURES 

OF FAILED TUBE

Representative microstructural fea-
tures of a failed tube are illustrated in 
Figure 4(a). Massive precipitation of sec-
ondary phases can be seen both in the 
matrix and at the grain boundaries. In 

comparison with a typical grain structure 
of alloy UNS N08810 in the mill-
annealed condition,5 the microstructures 
of Figure 4(a) indicate an excessive grain 
growth from overheating. It is typical of 
alloy UNS N08810 to undergo an ap-
preciable grain growth if exposed to a 
temperature > ~980°C.5 T ere was no 
evidence of voids formation at grain 
boundaries, however, suggesting that the 
material was not damaged by creep, which 
is consistent with the earlier observation 
that the tube was not sagged. An x-ray 
diff raction (XRD) pattern corresponding 
to the microstructure of Figure 4(a) is 
shown in Figure 4(b). In addition to the 
characteristic refl ections of the Fe-Cr-Ni 
matrix solid solution (face-centered cubic 
structure), characteristic refl ections of the 
M7C3 carbide were observed. Also, it is 
possible that the material contained 
M23C6 carbide, since some of its charac-
teristic refl ections coincide with those of 
the matrix (Figure 4[b]). X-ray spectra 
representatives of the Cr-rich carbide pre-
cipitates and alloy matrix are illustrated 
in Figures 4(c) and (d), respectively.

Evidently, the massive carbide pre-
cipitation observed in Figure 4(a) came 
from a carburization attack. T is is con-
sistent with the above observation, sug-
gesting that the material was overheated. 
T e rate of carburization attack is greatly 
accelerated at temperatures > ~900°C. A 
similar observation was reported for a 
similar alloy (UNS N08800) exposed at 
1,000°C in an environment consisting of 
methane (CH4) and hydrogen (H2).

4

MODE OF FAILURE

Figure 5 summarizes the characteristic 
features of cracks observed in the failed 
transfer line tube. As illustrated in Figure 
5(a), the surface cracks followed a zig-zag 
path, suggesting that the cracking oc-
curred at grain boundaries. All cracks were 
initiated at the inner surface of the tube, 
as shown in the example of Figure 5(b). 
Figure 5(c) further illustrates that the 
cracks were intergranular. In agreement 
with the observation of Figure 5(a), there 
was no evidence for the presence of voids 
at grain boundaries.

(a) SEM images at different magnifi cations showing massive carbide precipitation, and (b) XRD 
pattern corresponding to image in (a). 

FIGURE 4(a) and (b)
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EDS spectrum from (c) carbide particles and (d) alloy matrix. 

Carburization causes a considerable 
reduction in ductility. In the case of UNS 
N08810, the room-temperature tensile 
ductility was found to be reduced from 
46% to 5% after 24 h of exposure at 980°C 
in a carburizing environment; however, 
after the same exposure period at 925°C, 
the alloy maintained ~36% tensile ductil-
ity.6 T is demonstrates the signifi cant ef-
fect of a relatively small increase in tem-
perature on the degradation of mechanical 
properties by carburization attack.

Since ethane cracking is a relatively 
low-pressure process, the stresses gener-
ated by the internal gas pressure can be 
expected to be relatively small.1 However, 

they could be suffi  cient to induce inter-
granular cracking in the presence of 
carburization attack. Also, internal 
stresses could contribute to the observed 
cracking.4

In conclusion, experimental results 
indicated that the mode of failure of the 
transfer line tube was intergranular crack-
ing caused by high-temperature carburi-
zation attack.

CAUSE OF FAILURE

Available carburization data indicate 
that among the wrought high-tempera-
ture alloys, UNS N08810 has above aver-
age resistance to carburization,2 indicating 

that a proper alloy was selected for the 
application, provided that the service 
temperature was maintained within the 
range of design base temperature. Also, as 
long as the alloy can develop and maintain 
a protective oxide scale such as Cr2O3, 
which impedes carbon diff usion into the 
alloy, the rate of carburization is consider-
ably reduced.3 As demonstrated earlier, 
the alloy was incapable of developing a 
protective scale under the operating con-
ditions.

Based on the results obtained in the 
study, the cause of failure of the transfer 
line tube was exposure to an excessively 
high temperature, leading to carburiza-
tion attack.

Conclusion
From the results of the investigation, 

it was concluded that the transfer line 
tube failed by high-temperature carburi-
zation attack due to overheating, which 
led to intergranular cracking.

Recommendations
In view of the results obtained, it is 

recommended that immediate attention 
be given to better control the furnace 
temperature. Provided the temperature 
can be maintained below ~900°C, alloy 
replacement may not be necessary. If, 
however, an excessive rise in temperature 
cannot be avoided, alloy replacement is 
recommended.

In contrast to the Cr2O3-base scale, 
which can be developed by alloy UNS 
N08810, a scale based on aluminum ox-
ide (Al2O3) provides greater protection 
against high-temperature carburization 
attack because of its higher thermody-
namic stability and slower growth rate in 
comparison with Cr2O3.

3 A wrought alloy 
capable of developing Al2O3 scale at 
extreme temperatures >1,000°C is the 
Ni-base alloy (UNS N07214).2-3,7
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FIGURE 4(c) and (d)
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SEM images illustrating (a) crack path in as-received sample, (b) cracking at the inner surface of 
the tube, and (c) intergranular cracking.
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