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ABSTRACT
This article investigates the leaking of tubes in a water tube boiler used in a palm oil mill. Leakages were 
discovered in the roof tubes and the rear wall tubes of the boiler. Samples of the punctured tubes were removed 
for examination. Micro- and macro-examinations were conducted to determine the causes of failure. EDX/
SEM (energy dispersive X-ray spectroscopy/ scanning electron miscroscope) was also conducted to examine 
the composition of the elements of the specimens and a high concentration of sodium was shown. Key outcomes 
from the investigation are outlined in this article. They indicate that caustic corrosion was the cause of the 
leakages of the tubes.
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into the factors causing the leakages in the boiler 
tubes. Samples from both the punctured roof tubes 
and rear wall tubes were examined, and it could 
be observed that all the tubes had sharp-lipped 
punctures with deep gouges in the vicinity of the 
punctures. There were also localised groupings 
of deposit mounds located in the same axial line 
with the puncture. Raw water was obtained from 
a pond, while the chemicals that were added for 
boiler water treatment were sodium sulphite, 
phosphate and sludge conditioner.

METHODS OF INVESTIGATION

Samples of the tubes that had leakages were removed 
from the boiler, and were subjected to macro-
examination, metallographic examination and 
EDX/SEM (energy dispersive X-ray spectroscopy/
scanning electron miscroscope) examination. The 
macro-examination was conducted to inspect the 
physical attributes of the damage, and to examine 
the internal and external surfaces of all the tubes, 
especially around the vicinity of the punctured 
areas. Cut-out sections were taken from the samples 
to examine the extent of the defects (the initial and 
advanced stages of defect development) in the tubes. 
The metallograpic examination was conducted 
to study the micro-structure of the deposits both 
on the punctured areas and on unaffected areas. 
Finally, the EDX/SEM examination was conducted 

INTRODUCTION

A D-Type water tube boiler (Figure 1) was used in 
a palm oil mill. The boiler used biomass products 
from the oil palm estate as fuel. The work-flow of 
the boiler has been described by Heselton (2005). 
The dashed yellow arrows in Figure 1 show the 
hot gases flowing into the boiler where these gases 
impinged directly on the rear wall tubes, the roof 
tubes and the superheater tubes. The roof tubes 
were located at the top of the boiler where there 
was direct exposure to the hot gas flow path. The 
rear wall tubes connected the steam drum and the 
water drum, and were similarly exposed to the hot 
gas flow. Two roof tubes were initially found to be 
leaking, and many others were also found to be 
similarly affected when subjected to a hydrostatic 
test. Leakages were later discovered in the rear 
wall tubes as well. An investigation was conducted 
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to analyse the chemical composition of the deposits 
in the vicinity of the punctured areas. The tubes 
were made of carbon steel which had been verified 
to contain about 0.1% carbon.

Macro-examination/Visual Inspection

Three tube samples shown in Figure 2 were 
removed for examination. Two of them were roof 
tubes with an outer diameter (OD) of 75 mm; these 
were designated as Tubes A1 and A2. The third 
tube was taken from the rear wall, and had an OD 
of 60 mm; this was designated as Tube B. All the 
tubes were straight except for Tube A2 which had 
a bend. All three tubes had sharp-lipped punctures 
originating from the inside of the tubes. Enlarged 
views of the punctures in Tubes A1, A2 and B are 
shown in Figure 2. Thick deposits can be observed 
on the external surfaces of Tubes A1 and A2.  
The two ends of Tube B were labelled B1 and B2 
(Figure 2).

Examination of the internal surfaces of the 
tubes was carried out. The side of the internal 
surfaces containing the punctures in Tubes A1 and 
A2 are shown in Figures 3a and 3b, respectively. 
Figure 3a (Tube A1) shows that the puncture side 
contained irregular, separated mounds of deposits 
(L1) over half of the circumference of the tube. 
A deep gouge (L2) was present in the vicinity of 
the puncture. Figure 3b (Tube A2) shows that the 
puncture had occurred at the intrados of the bend 
where several deposit mounds were present on 
the internal surface. These deposits were in the 
same axial line with the intrados and occurred up 
to the flank or midway between the intrados and 
extrados (circled in yellow) as shown in Figure 3b. 
A deep gouge (P) was present in the vicinity of the 
puncture. Only traces of deposit mounds could be 
seen in the same axial line with the extrados, while 
more deposits were present in the same location 
between the intrados and extrados, as described 
above. Definitions of the terms intrados, extrados 

Figure 1. Schematic diagram of boiler showing the locations of the steam drum, the roof and rear wall tubes, and the superheater tubes.
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and flank of a bend or elbow are given by Chen et 
al. (2006).

The internal surface of rear wall tube (Tube B) 
is shown in Figure 4. The internal surface viewed 
from the B1 end (Figure 4a) near the puncture shows 
that deep gouges were present in the vicinity of 
the puncture. Traces of deposit mounds (circled in 
black) were also visible. At the other end, B2 (Figure 
4b), a localised grouping of deposit mounds could 
be observed and the cross-section of this location 

is shown in Figure 5. This cross-section clearly 
showed that the internal deposits had a thickness 
of approximately 1 mm, covering almost the entire 
internal circumference of the tube. However, the 
deposit thickness in the localised area in the same 
axial line with the puncture was greater than 2 mm, 
and was composed of constituents with different 
colours (white and brownish).

To analyse the corrosion occurring in the internal 
surface in the puncture area, two specimens were 

Figure 2. The samples of punctured roof tubes (A1 and A2) with 75 mm outer diameter (OD) and the sample of punctured rear wall tube (B) with 
60 mm OD.

Figure 3. Internal surfaces of roof tubes (a) A1 and (b) A2.
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extracted from the punctured areas of Tubes A1 and 
B as shown in Figures 6a and 6b, respectively. The 
arrows in Figure 6a show the extent of the gouging 
(approximately 36 x 30 mm diameter) and two 
small punctures (as enclosed by the circle). Figure 6b 
shows the various layers of deposits with different 
hues, including white, that were present in certain 
areas. Thick and even brownish deposits were 
present in other areas.

Metallographic Examination

Metallographic examinations were conducted 
in the vicinity of the punctures of Tubes A1 and B. 

Various metallographic specimens were extracted 
from Tubes A1 and B as follows:

•  Specimen SP-B2: a longitudinal section 
removed from the B2 end of Tube B, containing 
thick scale/deposits but no puncture. This 
specimen would show the initial stages of the 
development of leakages in the rear wall tube.

•  Specimen SP-B1: a transverse section removed 
from the B1 end of Tube B, in the vicinity of the 
puncture. This would show an advanced stage 
of failure in the rear wall tube.

•  Specimen SP-A1: a transverse section across 
the puncture in Tube A1. This would show an 
advanced stage of failure in the roof tube.

Figure 4. Internal surfaces of Tube B viewed from (a) end B1 and  
(b) end B2.

Figure 5. Cross-section of Tube B (in the vicinity of end B2).

Figure 6. (a) Specimen extracted from Tube A1 with arrows showing the 
extent of the gouging (about 36 x 30 mm diameter) and circle encloses 
two small punctures. (b) Specimen extracted from punctured location 
of Tube B (B1).
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In Specimen SP-B2, a thick, multi-layer deposit 
with a mottled appearance was observed with 
some of the sub-layers containing needle-shaped 
crystals as shown in Figure 7.

In Specimen SP-B1, a thick, multi-layer deposit 
was also present, as shown in Figure 8a. The layer 
had a mottled appearance and was composed of 
sub-layers with different colours. Needle-shaped 
crystals were also present in certain sub-layers. 
The deposit layer was similar in structure to 
that observed in SP-B2, with the only difference 
being the colour. The etched microstructure 
comprised medium-grained pearlite (darkish) in 
a matrix of ferrite (whitish) with a carbon content 

of approximately 0.1% as shown in Figure 8b. No 
abnormalities were observed, and there was no 
visible thermal degradation of the pearlite.

For Specimen SP-A1, the microstructure of the 
tube wall is presented in Figure 9b. A sharp-lipped 
puncture can be observed near the location of the 
arrow. The microstructure had transformed from 
the original, equilibrium pearlite and ferrite to more 
non-equilibrium forms (Figure 10). When the region 
Q in Figure 9b was magnified, the microstructure 
appeared to be coarse Widmanstatten ferrite with 
some pearlite as shown in Figure 10.

The circled area in Figure 9b was enlarged in 
Figure 9a, showing only a thin layer of mottled 
deposits. When the regions shown by arrows in 
Figure 9a were magnified, needle-shaped crystals 
were observed. The deposit layer was similar to 
that observed in SP-B2.

Elemental Analysis Using EDX

A small section of the specimen containing 
the multi-hued deposit (Figure 6b) and a small 
section of Specimen SP-B2 (Figure 7) were analysed 
using EDX in a scanning electron microscope. 
Both samples gave the same pattern of results. A 
typical result is presented in Figure 11, which shows 
abnormally high sodium (Na) content, in excess 
of 16% by weight. The high detected content of 
aluminum (Al) came from the residues of aluminum 
used in treating the raw water, and this is not Figure 7. Specimen SP-B2.

Figure 8. (a) Microstructure of Specimen SP-B1 of rear wall tube (Tube 
B) near the puncture (100X) and (b) basic microstructure of Specimen 
SP-B1 (200X).

Figure 9. (a) Enlarged view of the circled area in (b) showing a thin 
layer of mottled deposit. (b) Cross-section of Specimen SP-A1 of Tube 
A1 showing the sharp-lipped puncture, Nital etch (65X).
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normally tested for by the palm oil mill. The high 
detected content of silicon (Si) came from the silica 
dissolved in the water, which was not removed by 
treatment. Both Al and Si were in dissolved form 
and though initially in low concentrations, would 
have been concentrated by wick-boiling. They only 
contributed to the formation of the deposits and did 
not contribute to the corrosion process.

DISCUSSIONS

The three tube samples supplied for examination all 
had sharp-lipped punctures which were initiated 
from the inside of the tubes. It may be inferred that 
the problem had been caused by some interaction 
between the water/steam and the metal of the tube 
wall. The internal surfaces of all the tubes had the 
following common characteristics:

• separated mounds of deposits were present;
• the vicinity of the punctures contained deep 

gouges on the internal surface of tubes;
• deposits of varying thicknesses and hues were 

present, in particular, whitish deposits visible 
to the naked eye. Sections examined under 
the microscope had a mottled appearance 
and some sub-layers contained needle-shaped 
crystals; and

• EDX analysis showed the presence of 
abnormally high concentrations of Na.

The above characteristics are typical of a form 
of under-deposit corrosion known as ‘caustic 
gouging’ (EPRI, 1993; Howell, 2006; Khajavi et al., 
2007; Wood et al., 2007). This corrosion is due to the 
presence of NaOH, possibly from a direct source 
or from an indirect source of sodium salt (Khajavi 
et al., 2007). The reactions of the caustic corrosion 
with iron (base material) and iron oxide (oxide on 

Figure 10. Specimen SP-A1: typical location from Figure 8b, with large 
amounts of a coarse Widmanstatten ferrite (whitish parts) together with 
some pearlite (darkish parts).

Figure 11. Elemental analysis of internal deposit on Tube B (at end B2) showing  an abnormally high sodium content.
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the surface) (EPRI, 1993) are as follows:

Fe + 2NaOH ➛ Na2FeO2 + H2
Fe3O4 + 4NaOH ➛ 2NaFeO2 + Na2FeO2 + 2H2O

The microstructure at the punctured area of 
Tube B was discovered to be Widmanstatten 
ferrite (Vazdirvanidis et al., 2008; Dhua, 2010). The 
transformation to Widmanstatten ferrite was a 
secondary occurrence caused by the rapid cooling 
of a locally overheated area when a puncture 
occurred during the operation. At the local area, 
the steel temperature would have exceeded 900ºC. 
This is gross overheating under water starvation; 
this could only have been possible if the inside of 
the tube at this location had a thick layer of deposits 
that had impeded heat transfer to the water/steam. 
Porous deposits could have formed due to poorly 
treated water; indeed, the water analysis report 
from the palm oil mill showed high total dissolved 
solids (TDS) in ppm, almost double the value in 
the control specifications. High temperature in 
the vicinity of the deposits would have caused 
selective evaporation of the water content in the 
NaOH solution. The NaOH becomes concentrated 
and corrosive upon reaching pH levels above 12 
(Khajavi et al., 2007). This is so-called wick-boiling 
mechanism, whereby water with dissolved species 
enter the porous deposits and boil off, leaving the 
species behind within the deposits. In this ways, 
the dissolved species (in this case, salts of Na, Al 
and Si), even though initially at low concentration, 
would become highly concentrated.

Boiler water treatment in palm oil mills is more 
challenging and complicated compared with that 
used in industrial boilers. Unlike industrial boilers 
such as refinery boilers (Wood et al., 2007) which rely 
heavily on condensate return for boiler feedwater, 
the source of raw water for the boiler feedwater in 
palm oil mills normally is from a lake, river or well. 
Relatively little condensate is recovered in palm 
oil mills. Normally, the raw water from natural 
resources is high in impurities, turbidity, dissolved 
gases and mineral content. In the present case study, 
the raw water came from a pond. This scenario 
further complicates the raw water treatment. Lack 
of or inadequate water treatment is dangerous as 
it may cause scaling and corrosion which affect 
the reliability, efficiency and safe operation of the 
boiler. Although water treatment was conducted, 
the adequacy and frequency of such treatment 
of the raw water from ponds might need to be 
enhanced. The high content of dissolved solids or 
minerals detected in the raw water had very likely 
contributed to the formation of the porous deposits, 
and had directly resulted in poor heat transfer, local 
overheating and subsequently the production of a 
high concentration of corrosive NaOH solution.

Caustic gouging corrosion in industrial boilers 
is a common phenomenon (Khajavi et al., 2007; 
Wood et al., 2007). However, there are very limited 
references or case studies related to caustic gouging 
corrosion in the boilers of palm oil mills which is 
different from industrial boilers with regards to 
water source and treatment.

CONCLUSION

The three tube samples investigated comprised two 
roof tubes and one rear wall tube. All contained 
visible punctures that would have caused leaks. 
All tubes had characteristic multi-hued, multi-
layered deposits and gouges in the vicinity of the 
punctures. Some of the layers contained needle-
shaped crystals within the deposits, and in general, 
contained very high concentrations of Na. These 
features are typical characteristics of a form of 
under-deposit corrosion known as caustic gouging. 
The proximate causes are the formation of a porous 
deposit layer, the presence of NaOH in the water 
(from added chemicals) and a heat flux high 
enough to cause wick-boiling and concentration of 
NaOH, which then becomes a corroding agent. It 
is suspected that the sodium content found in the 
deposits may have originated from the chemicals 
used in the internal treatment of the boiler, one 
of which is sodium sulphite. The high content of 
dissolved solids detected in the raw water was 
very likely the root cause of the formation of the 
porous deposits, which in turn had resulted in 
local overheating and subsequently the production 
of a corrosive environment capable of inducing 
caustic gouging corrosion. Unlike other industrial 
boilers, the feedwater for the palm oil mill boiler is 
mainly derived from raw water because not much 
condensate return can be recovered; thus, the water 
treatment for a palm oil mill boiler needs to be 
enhanced.

REFERENCES

CHEN, X; GAO, B and CHEN, G (2006). Ratcheting 
study of pressurized elbows subjected to reversed 
in-plane bending. Transactions of ASME, 128: 525-
532.

DHUA, S K (2010). Metallurgical investigation 
of failed boiler water-wall tubes received from a 
thermal power station. Engineering Failure Analysis, 
17: 1572-1579.

THE ELECTRIC POWER RESEARCH INSTITUTE 
(EPRI) (1993). Boiler Tube Failure Metallurgical Guide. 
Volume 1: Technical Report, EPRI-TR-102433-T1. 
Palo Alto, California.

C-Wong Kok Cheong.indd   1359 8/2/12   10:06 AM



JOURNAL OF OIL PALM RESEARCH 24 (AUGUST 2012)

1360

HESELTON, K (2005). Boiler Operator’s Handbook. 
Fairmont Press Inc, Lilburn, Georgia.

HOWELL, A G (2006). Under-deposit corrosion 
mechanisms in boilers. CORROSION/2006. Paper 
No. 06458. NACE International, San Diego, 
California.

KHAJAVI, M R; ABDOLMALEKI, A R; ADIBI, N 
and MIRFENDERESKI, S (2007). Failure analysis of 
bank front boiler tubes. Engineering Failure Analysis, 
14: 731-738.

VAZDIRVANIDIS, A; PANTAZOPOULOS, G and 
LOUVARIS, A (2008). Overheat induced failure of 
a steel tube in an electric arc furnace (EAF) cooling 
system. Engineering Failure Analysis, 15: 931-937.

WOOD, S P; ALGEO, W J; CALL, R A and LARONGE, 
T M (2007). Caustic gouging in a refinery boiler – 
root cause and remediation. CORROSION/2007. 
Paper No. 07451, NACE International, Nashville, 
Tennessee.

C-Wong Kok Cheong.indd   1360 8/2/12   10:06 AM


