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Summary 

This article presents the results of the inspection of damaged tubes of steam 
boilers, the damage being a result of deposit attack. 

Changes in the chemical composition of feedwater, i.e. its hardness 
increased due to leaks in brass tubes of the turbine condenser, result in the 
formation of scale on the tube material, followed by corrosion, overheating and 
numerous defects. 

Only during one of the necessary stops, damage of varying degree to over 
20 tubes was detected, from a pit (or crack initiation) to fractures of a few tubes.  

The results of visual inspection and mechanical and metallographic tests of 
the damaged tubes are given.  
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Introduction  

Damage of tube heating surfaces of thermal power plant steam boilers is the 
most frequent reason of steam-boiler downtime.  

It is not surprising, because the number of heating elements of a powerful 
steam-boiler exceeds 30 thousand and comprises tubes made of carbon steel 
(with a possible working temperature of up to 450°С), low-alloy steel (with 
working temperature up to 585°C) and high-alloyed heat-resistant and heatproof 
steel (to 610°С) [1–7]. 

Tubes Ø60×6 mm of Т–type steam boiler are directly subject to radiation 
from coal-fired burners.  

Part of each tube is set in the boiler structure, and the other part gets heat 
produced by the combustion of coal (Fig. 1). Due to the forced circulation of 
feedwater under a pressure of 13.7 MPa, they are heated to a temperature not 
higher than 350–400°С.  

 

 
 
Fig.1. A boiler tube set in the furnace lining. Fire side – left, furnace lining – right  
 

1. Experimental procedure 

The research concerned boiler tubes manufactured of 20 carbon steel whose 
chemical composition and mechanical properties in the initial state meet the 
technical requirements given in Tables 1 and 2) [1–5]. 

 
Table 1. Chemical composition of 20 steel  
 

C Si Mn Cr Ni Сu S P 

0.17– 0.24 0.17– 0.37 0.35– 0.65 ≤ 0.25 ≤ 0.25 ≤ 0.30 ≤ 0.025 ≤ 0.030 
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Table 2. Mechanical properties of 20 steel  
 

Yield Strength Tensile Strength Elongation Reduction Impact Strength 

МPа % MJ/m2 

≥ 216 412–549 ≥ 24 ≥ 45 ≥ 0.5 

 
 
The damaged tubes were examined after 125·103 h of operation.  
The inspection and measurements of tubes were conducted with a 

magnifying glass (х5 ) and a slide calliper. The examination included the 
following: 
− visual inspection (5x magnification), 
− measurement control with a slide calliper,  
− deposit composition,  
− mechanical properties of samples taken from various sections of a tube, and 
− metallographic tests with a light microscope. 

Chemical analysis of internal deposits was carried out by the chemical 
digestion  method.  

Mechanical tests were made on segment samples (sample width of 10 mm, 
with a total thickness corresponding to the tube wall thickness), which were cut 
from different areas of the boiler: heat-fire side (front), flank zone and back 
(from the side set in the boiler lining). The examination encompassed Rm, Re, 
and A.  

The microstructure was investigated with a Neophot-21 optical microscope 
for different samples, polished and etched in 4% nitric acid solution.  

2. Results and discussion 

2.1. Appearance and measurements of the geometric size  

Tubes selected for investigation had damage in various stages of 
development.  

 On the outside, the tube surface shows blisters and longitudinal cracks of 
different sizes and depth, from hardly noticeable to through cracks, significantly 
related with the presence of blisters (Fig. 2).  

Blisters are located on the fire side of the tube and occurred separately or in 
chains, and ran radically along a line, with intervals from 10 to 50 µm.  

The internal surface of tubes on the fire side was covered with deposit 
(chemical composition of which is given in section 3.5 below) up to a few 
millimetres thick, compact, with clear changes in colour due to the penetrating 
products of corrosion, which takes place under the deposit. 
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Fig. 2. Appearance of selected tube defects (№1 and №2) 

 
Boiler burners heated the corroded areas under the deposit, which 

accumulates on the internal surface of tubes. A scale layer apparently hindered 
heat exchange, which led to local overheating of some tubes.  

The inside tube failures have forms of corrosion cavities with diameters up 
to over ten millimetres. The reduced wall thickness in corroded places was 
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uniform in nature, although cavities have clear contours. Near the cavities, the 
surface was covered with a layer of oxides (mainly iron), under which the metal 
did not show any signs of damage. The speed of corrosion propagation into the 
metal tube wall ranged from a millimetre up to a few millimetres a year.  

The depth, length, and width of cavities characterise the intensity of 
corrosion and determine the profile of tube cross-section (Fig. 4).  

It is possible to identify destructive processes which took place (scale-
formation, corrosion, overheating) and their rate and to indicate the 
predominating processes.  

 

 

Fig. 3. Places of deposit attack on the internal tube surface  

 

 
Fig. 4.  Cross-section of 

tubes, the fire 
side  

 

For example, tube №1 from the fire side had brittle sediments. Corrosion 
was uniform there, and there were small blisters (thickness < 6 mm), with weak 
cracks that appeared quickly, mainly as a result of overheating and scale 
presence (Fig. 2a, b). 

Another more localised character of damage was observed in № 2 tube 
(Fig. 2b, c). The scale is dense here. The corrosion was under it, and, 
correspondingly, external cracks are deeper, even through cracks occur. Thicker 
blisters took more time to grow and were of deposit layer size, larger at places 
of overheating.  

2.2. Structure  

The microstructure and mechanical properties of the material changed 
parallel to the development of tube failure. The steel structure of №1 tube 
showed only an initial stage of phase recrystallization in the area of cracking 
(Fig. 5a). On the opposite side, the steel structure was much better (Fig. 5b). 
The least changes were observed on the inside of the tube (water side) (Fig. 5d). 

A similar structure is traced on intact surfaces without visible defects, 
between the bulges (Fig. 5e, f). 
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Fig. 5.  Structure of tube №1 in the place of damage (a, b), near the damage (c, d) and between 

bulges (e, f) a, b, c – external side; d – internal surface; e, f – between bulges 
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Fig. 6.  The structure of tube №2 in place of cracking and reheating (a, b) near it (c, d) four blister 

diameter lengths from blisters (e, f); c, e – external side; d, f – internal side 
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The metal structure of tube №2 is characteristic of high overheating with 
complete phase recrystallization (Fig. 6). In the areas of maximum overheating, 
the structure is connected with cracks. (Fig. 6a, b).  

Along the boundaries of failed tube sections intermediate (mixed) forms of 
structure occur (Fig. 6c, d). In vicinity of the blisters, in a distance of four blister 
diameters, the metal has a typical ferrite-pearlite structure (Fig. 6f) of the 
normalised steel. Its weakening is due to the slight reduction of pearlite content 
in the external layer (Fig. 6e).  

2.3. Mechanical properties of damaged tubes 

Mechanical tests were carried out on samples cut from different parts of the 
tube. The metal from the fire side showed lower strength characteristics, 
primarily tensile strength (Table 3).  

At the same time, the elongation satisfies the standard requirement for 
metal in the initial state.  

 
Table 3. Mechanical properties of metal tube specimens  
 

Place of сut Yield strength (YS), 
МРа 

Tensile strength (TS), 
Мра 

Elongation (A5), 
% 

heat-fire side (front) 235 387 30.1 
flank zone  246 403 28.3 
back (lining of the 
boiler) 

261 420 27.5 

2.4. Chemical composition of deposits 

The analysis of the deposit, selected from the inside of the tube revealed 
the following contents: iron oxide (50.0%), phosphorus (15.1%), calcium 
(15.0%), copper (5.0%), zinc (4.6%), sulphur (1.1%), aluminium (1.0%), 
magnesium (6.5%) and silicon (1.4%).  

The deposit analysis confirmed that the high hardness of feed water indirectly 
accelerates the damage of tubes. The presence in the deposit of a considerable 
quantity of brass (copper, zinc) indicates intensive corrosion of condenser tubes 
and necessitates stricter control of boiler water composition [6–8].  

Analysis results show there are electrochemically heterogeneous areas on 
the tube surface and these areas facilitate a varied growth of oxide layers, which 
in turn are destroyed by mechanical and thermal stresses.  

These stresses are mainly connected with regular deformations of tube 
material, caused by pulsating pressure of steam and water, and vibrations due to 
the operation of circulating system components, such as pumps and non-return 
valves.  

Under the layer of deposits, the spreading of alkaline corrosion is possible 
when boiler water has excessive alkalinity.  



4-2010 PROBLEMY  EKSPLOATACJI – MAINTENANCE  PROBLEMS 
 

87 

The contact of metal surface with iron and copper oxides may cause the 
followings reactions: 

 

O3FeFeO4Fe 4332 →+                      (1) 
 

4Cu.OFe3Fe4CuO 43 +→+               (2) 

 
These reactions indicate that mechanisms of electrochemical damage may 

occur. 
In selected places of internal tube surfaces, mainly on the fire side, 

outstanding accumulation of these products was found. In other places, these 
accumulations make up a comparatively even layer.  

If we assume there is a complex multi-electrode system on the tube, we can 
identify active corrosion macrocells. In anode areas, tubes undergo accelerated 
damage as a result of produced unstable iron oxides. Cathode areas show higher 
corrosion resistance in comparison to surrounding areas. Damage forms are 
similar to those shown in Fig. 2.  

The characteristic feature of this corrosive system is that iron and copper 
oxides act as a depolarizator, and pits make up anodal areas.  

Salt deposit in a boiler (phosphorus and calcite) is less dangerous for the 
oxides of iron and copper. Anode and cathode processes in this case will take 
place as a result of the following reaction: 
1) Anode process: 

;Fe2Fe 2+→− e  

2)  Cathode process during depolarisation of cathode areas by the oxides of 
trivalent iron: 

2OHO3)H(n2Fe(OH)2OnHOFe 22232
−+−+→+⋅ e       (3) 

and afterwards:  

O.4HOFe2Fe(OH)Fe(OH)

;Fe(OH)2OHFe

24332

2
2

+→+
→+ −+

 

With yet greater lightness, the process of depolarisation of cathode areas 
takes place in the presence of copper oxides in the deposits: 

.2(OH)2CuOH2OCu

;2(OH)CuOH2CuO

22

2

−

−

+→++

+→++

e

e
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A necessary condition for the reactions maintaining the continuous process 
of the corrosion of steel is a good contact of iron and copper oxides with the 
surface of cathode areas. 

The reduction of deposit attack should primarily be based on removing iron 
(III) and copper oxides from boiler feedwater, since these oxides are stimulators 
of boiler tube damage. 

Conclusion 

1. The primary causes of tube damage were deposits of scale and slime.  
2. The decreased heat exchange leads to the formation of bulges and cracks. 

Their rate of growth depends on whether overheating or corrosion processes 
prevail. Overheated tubes suffered more or less considerable changes of 
structure, up to complete recrystallization. Their strength properties also 
worsened. These properties are more susceptible to overheating.  

3. The state of most overheated areas corresponds to the condition of the metal 
after complete annealing.  

4. Even if a tube had no visible defects, its durability was insufficient, so such 
tubes were considered unfit for further use. Physical wear and material 
degradation were causes of tube exchange.  
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Zniszczenia podosadowe rur energetycznych kotłów parowych 

Słowa kluczowe 

Kocioł parowy, rury, korozja podosadowa, przegrzanie, mikrostruktura. 

Streszczenie 

W pracy przedstawiono wyniki badań uszkodzeń rur kotłów parowych, 
interpretowanych jako wynik procesów korozji podosadowej. Jako główne 
przyczyny uszkodzeń wskazuje się obecność w wodzie kotłowej związków 
żelaza (III) oraz związków miedzi (pochodzących z układu skraplacza turbiny), 
których osady stanowią obszary katodowe, stymulujące rozwój wżerów stano-
wiących anody. Przedstawiono wyniki inspekcji wizualnej rur, badań właści-
wości mechanicznych, badań mikrostruktury oraz analiz chemicznych. 




