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Several radiant tubes of an ethylene (C2H4 ) furnace 

at a petrochemical plant were analyzed after 

failure. Experimental results suggest that the failures 

were caused by exposure of the tubes to excessive 

temperature during service. It was recommended 

that the furnace temperature be closely controlled to 

avoid overheating the tubes.

Ethylene (C2H4) is produced by 
cracking ethane (C2H6) in pyroly-
sis furnaces. The process stream 
in a furnace consists of a mixture 

of steam and ethane, which is passed 
through a coil of reaction tubes exter-
nally heated to a temperature of 950 to 
1,150 °C. The gas temperature is raised 
quickly and passed through the coil at a 
high velocity with a short residence time. 
The temperature in the reaction tube is 
~850 °C. Cracking of ethane produces 
free carbon according to the reaction:

  C2H4 → CH4 + C  (1) 

Carbon produced by this reaction is 
deposited on the internal surface of the 
tube wall as adherent coke. The coke is 
removed by shutting off the hydrocarbon 
feed and passing air and steam through 
the coil. Such a process is called decoking. 
Frequent decoking accelerates the ther-
mal damage of the tubes while less fre-
quent decoking increases the rate of 
carburization attack.

The objective of this investigation was 
to evaluate the performance of the furnace 
tubes, which are of different material com-
positions, and draw conclusions as to their 
suitability in high-temperature service 
conditions. Similar work or closely related 
investigations1-4 have been performed. 

Experimental Procedures
The test materials were produced by 

Saudi Petrochemical Co. (SADAF),  
located at Al-Jubail Industrial City, and 
supplied by Saudi Basic Industries 
(SABIC). The nominal composition of the 
furnace tubes is:

•  Tubes 1 and 2: 25Cr-20Ni-Fe  
(HK-40) 

•  Tubes 3 and 6: 25Cr-35Ni-Fe 
•  Tubes 7 and 9: 35Cr-48Ni-Fe 
The as-received tube samples were 

visually inspected. The samples were cut 
to the appropriate size and mounted in 
cross-section for metallurgical evaluation 
in polished and etched condition. Scan-
ning electron microscopy (SEM) was used 
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to characterize the microstructural fea-
tures of the scale, carburized zone, and 
the underlying alloy. Energy dispersive 
x-ray spectroscopy (EDS) combined with 
SEM was used to determine the elemen-
tal composition. Mechanical strength of 
the samples was compared using the 
Vickers microhardness tests.

EDS spectra derived from uncarburized austenite region for material verification of Tubes (a) 2, (b) 5, and (c) 8. (d) Results of 
the semi-quantitative analysis of above spectra along with the nominal compositions of the selected alloys.

Secondary electron SEM image obtained from (a) uncarburized and (b) carburized regions of Tube 2.

Results

Visual Inspection
Visual inspection revealed that the 

tube samples, especially those with the 
composition of 25Cr-35Ni-Fe (Tubes 3 
to 6), sagged to such a degree that they 
had lost their circular shape considerably. 

Sagging was not apparent for other tube 
samples. The scale formed at the surface 
of the tubes was adherent and there was 
no evidence of flaking. Also, there was no 
apparent cracking in tube walls.

Material Verification
EDS was used for the elemental 

figure 1

figure 2
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analyses of the tube samples. Representa-
tive EDS spectra and composition analy-
sis for each tube material and their 
nominal compositions are presented in 
Figures 1(a) through (d).

Microstructure of Furnace  
Tube Materials

Microstructure of the uncarburized 
area of a representative furnace tube 
sample, particularly those designated as 
Tubes 1 and 2 with a nominal composi-
tion of 25Cr-20Ni-Fe (HK 40), was de-
termined. This is presented as a second-
ary electron SEM image in Figure 2(a). 
These tube materials consist of relatively 
large equiaxed grains with precipitation 
at the grain boundaries. EDS showed that 
the matrix was comprised of austenite 
(Fe-Cr-Ni solid solution). The grain 
boundary consisted of a Cr-rich carbide. 
The presence of coarse and fine particles 
was also observed at the austenite matrix.

Figure 2(b) shows the microstructure 
of a carburized zone of the sample men-
tioned above. It is apparent here that the 
C-rich carbide precipitation present 
within the austenite grains are coarser in 
size when compared with those in the 
uncarburized zone.

A typical microstructure obtained 
from an uncarburized region of the tube 
material of Tubes 3 to 6 (with the nominal 
composition of 25Cr-35Ni Fe) is pre-
sented in the secondary electron SEM 
image of Figure 3(a). The carbide pre-
cipitation appears relatively coarse both 
at the austenite grain boundaries and 
within the matrix itself when compared 
to the uncarburized region of the tube 
material of Figure 2(a) (Tubes 1 and 2). 
This observation was corroborated by the 
EDS analysis where Cr concentration 
was determined to be 13 wt% at various 
regions within the austenite. The carbu-
rized region from the same sample shows 
a high degree of carbide precipitation at 
the grain boundaries and the appearance 
of blocky carbide particles in the matrix, 
as shown by the SEM image in Figure 

3(b). The grain boundary precipitate was 
predominantly comprised of Cr, as shown 
by the EDS spectrum in Figure 3(c). This 
exhibited a continuous network. The 
white precipitates adjacent to the grain 
boundaries are Nb-rich, as shown by the 
EDS spectrum in Figure 3(d).

Tubes 7 to 9 (with composition of 
35Cr-48Ni-Fe) have the highest Cr and 
Ni% composition when compared to 
others. Figures 4(a) and (b), respectively, 
show typical microstructures obtained 
from the uncarburized and carburized 
regions of the tube material. The micro-
structures are comprised of dark Cr-rich 
and white Nb-rich precipitates along with 
grayish precipitates. These are compara-
tively richer in Ni as shown in the EDS 
spectrum and elemental composition 
(Figures 4[c] and [d], respectively).

Analysis of the Scale Formed on 
the Tube Materials

Presented in Figure 5(a) is a typical 
morphology of the scale formed at the 
internal surface of tubes as shown in the 
backscattered electron SEM image. An 
x-ray map shown in Figure 5(b) and the 
various EDS spectra obtained from the 
region reveal that the oxide formed at the 
surface is Cr-rich while Fe and Ni could 
also be detected in the scale. In addition, 
Si, and Cr oxide to some extent, were 
detected at the austenite grain boundaries 
immediately beneath the alloy surface.

Effect of Carbide Precipitation
A microhardness test was performed 

at the carburized zone for some selected 
samples from Tubes 3 to 6. The tests 
showed the hardness to be around HV 
316. The average value for the remaining 
tube material compositions was HV 216. 
Carburized zones gave higher hardness 
values than the uncarburized regions.

Discussion
The alloys used consisted of various 

percentages of elemental compositions of 
Cr, Ni, and Fe. The alloy of Tubes 3 to 

6 consisted of 25Cr-35Ni-Fe. The Ni 
content was higher than in Tubes 1 and 
2, which had 20Ni. Tubes 7 to 9 had 
higher  composition percentages of Cr 
and Ni; that is, 35Cr-48Ni-Fe. The sag-
ging observed in Tubes 3 to 6 is difficult 
to explain. It could be due to its use and/
or exposure to higher furnace tempera-
tures at the area/place of use within the 
furnace.

Alloy Composition
There was a difference observed in the 

composition between the nominal and 
measured values as indicated by the rep-
resentative EDS spectra and composition 
analysis for each tube material. This ob-
servation was not, however, unexpected 
due to the exposure of the tubes at ele-
vated temperature(s) in service. This ex-
posure caused the precipitation of M-
carbides (where M is Cr, Nb) within the 
matrix and at the grain boundaries, thus 
altering the starting composition of the 
matrix. 

Carbide Precipitation
In Tubes 3 to 6, the carbide precipita-

tion appears relatively coarse, both at the 
austenite grain boundaries and within the 
matrix. The depletion of Cr within the 
matrix indicates a tendency of Cr to dif-
fuse and form Cr-rich carbides at the 
austenite grain boundaries and/or coarse 
pre-existing carbides within the austenite. 
Diffusion of Cr is enhanced at an elevated 
temperature. The higher the tempera-
ture, the greater the carburized zone and 
the coarser the carbide precipitates.

Scale Analysis
The previously described results ob-

tained from the analysis of the scale 
formed on the furnace tube materials, as 
presented in Figures 5(a) and (b), indicate 
that the alloys were not capable of devel-
oping a protective oxide scale. This could 
be due, in part, to the relatively low oxy-
gen potential in the environment typically 
encountered in ethylene production. The 
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Tube 5: secondary electron SEM image of (a) uncarburized region, (b) carburized region, and EDS spectrum from (c) grain 
boundary precipitate showing Cr enrichment, and (d) white precipitate showing Nb enrichment.

figure 3
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presence of a protective oxide scale can 
impede carbon diffusion into the alloy 
and play an important role in reducing 
the extent of carburization attack.

Hardness
It was observed in the results obtained 

during the microhardness test that carbu-
rized zones of the materials gave higher 
hardness values (HV 316) than the uncar-
burized (HV 216) regions. Increased 
hardness at the carburized zone can be 
attributed to the high degree of carbide 
precipitation and also to carbon pick-up 
due to the carburizing environment. 
Hardness measurements combined with 
the microstructural observations suggest 
that carburization attack led to the forma-
tion of a surface-hardened layer with re-
duced ductility. Formation of this layer 
further corroborates the inability of the 
alloy to form a continuous protective 
oxide scale at its surface.

Microstructure Analysis
The typical microstructure of heat-

resistant austenitic casting steels consists 
of austenite matrix and carbide precipi-
tates. Varying the content of Cr and Ni 
in these alloys allows control of properties 
such as strength at elevated temperature 
and resistance to carburization and hot 
gas corrosion. Nickel imparts increased 
resistance to carburization attack, ther-
mal shock, and thermal fatigue; while 
chromium provides increased corrosion 
and oxidation resistance.5

In the carburized region of the steel 
alloy tube material samples (Tubes 3 to 6), 
the white precipitates adjacent to the grain 
boundaries are Nb-rich, as shown by the 
EDS spectrum in Figure 3(d). Relatively 
small additions of Nb to heat-resistant 
castings can increase their resistance to 
thermal shock. Furthermore, Nb acts as a 
carbide stabilizer by forming MC-type 
carbides, which cause massive carbide 
precipitation at the grain boundaries.

Fine dispersion of carbides in the 
austenite matrix increases high tempera-
ture strength considerably. Rapid cooling 
from a temperature near the melting 
point leads to super saturation of carbon. 
Subsequent reheating (e.g., during ser-
vice) will cause carbide precipitation. The 
lower the reheating temperature, the finer 
the precipitated carbides. Finer disper-
sion of carbides increases creep strength 
of the alloy. Exposure to a high tempera-
ture that leads to coarsening, agglomera-
tion, and spherodizing of carbides, how-
ever, reduces their effectiveness as a 
source of strength. In addition, slow 
cooling from a high-temperature range 
will cause carbide precipitation at the 
austenite grain boundaries. Continuous 
networks of carbides at the grain bound-
aries are undesirable since they embrittle 
the alloy. The size of the carbides can be 
useful in indicating if the alloy has been 
exposed to an excessive temperature in 
service.

These observations suggest 
that the alloy had been 

exposed to an excessively 
high temperature  
during service.

All the furnace tubes examined 
showed carburization attack. Tubes 3 to 
6 showed the most severe degradation of 
all the furnace tube samples studied in 
this investigation. The average depth of 
carburized zones in Tubes 3 to 6 was 58% 
of the total wall thickness as compared to 
22% for Tubes 1 and 2 and 26% for 
Tubes 7 to 9.6 Also, visual examination 
revealed that Tubes 3 to 6 were clearly 
sagged and significant plastic deforma-
tion occurred during service. This phe-
nomenon was also evidenced by the 
SEM/EDS examination where the mi-

crostructures of these tubes showed rela-
tively coarse blocky carbides within the 
austenite matrix and continuous carbide 
networks at the grain boundaries.

These observations suggest that the 
alloy had been exposed to an excessively 
high temperature during service. The 
hardness of the carburized zone was also 
found to be higher in Tubes 3 to 6 com-
pared to the other tube material. This 
observation indicates higher precipitation 
and carbon pick-up by the alloy. Deposi-
tion of coke at the inner pipe wall also 
promoted carbon deposition and pre-
cipitation of secondary carbides within 
the alloy matrix.

Conclusions
From the experimental data, all the 

tube steel alloy materials investigated 
underwent carburization attack from 
exposure to excessively high temperatures 
during service.

The carburization attack was most 
severe in the Tubes 3 to 6. It is not pos-
sible, however, to know the specific rea-
son for these tubes to show such a mag-
nitude of carburization and loss of 
strength. There was no information about 
the plant process temperature, pressure, 
length of exposure, expected service life, 
operating medium, location, and orienta-
tion of tubes within the furnace.

It is recommended that the furnace 
temperature be closely controlled to 
avoid overheating during ethylene pro-
duction as well as decoking.
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Tube 8: secondary electron SEM image of (a) uncarburized region, (b) carburized region, and EDS spectrum from (c) light gray 
precipitates showing a large peak of Ni, and (d) elemental composition derived from spectrum.

figure 4
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(a) Backscattered electron SEM image showing the typical morphology of scale formed at the internal surface of all tube 
materials and (b) an x-ray map showing the distribution of various elements within the scale and the underlying region.

figure 5
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