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The following study describes some laboratory corrosion tests and their results with
the aim to clarify if lead, zinc and their chlorides cause corrosion problems in the colder parts of the boiler and if the attack is worsened by the use of sulphur containing
additives.

1. Materials and experimental method
Three common boiler materials were chosen for the study. Table 1 presents the elemental
compositions of the steels used in the tests.
The steel tubes were cut to coupons with a size of approximately 20 x 20 x 5 mm. The top
surfaces were subsequently polished by a 320 and a 1,000 grid silicon carbide grinding
paper to get a fresh and smooth surface. Then the specimens were cleaned in ethanol
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In recent years, used (recycled) wood has become a fuel of interest due to low price
compared to virgin wood-based fuels. Used wood is often contaminated with paint,
plastic and metal components, leading to elevated concentrations of heavy metals, such
as zinc and lead, chlorine and sodium in flue gases and deposits. The chlorides of zinc,
lead and alkali and their mixtures have been shown to cause corrosion on boiler materials and superheaters [1-4], One way to reduce superheater corrosion caused by alkali
chlorides is to use a sulphur containing additive that reacts with the alkali chlorides
and forms alkali sulphates and gaseous HCl. However, thermodynamic calculations
have shown that the addition of sulphur to a fuel such as used wood may result in an
increase in ZnCl2 and PbCl2 in the gas phase. These chlorides may be potential causes
to corrosion problems in boiler parts with lower temperatures than what is the case
with alkali chlorides.
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in ultrasound bath and further pre-oxidised in 200 °C for 24 h. A pre-determined
salt or salt mixture, simulating a simplified deposit, was then placed on each coupon
before exposure (~ 0.25 g/specimen). The salts were put on the top surface of the steel
and shaped a pillar.
Table 1:
Material

The compositions of the tested steels as analysed with SEM/EDX
Fe

Cr

Ni

Mn

Si

Mo

C

N

Ti

V

Nb

Al

P

S

Cu

Co

								
wt-%
10CrMo9-10 95,96 2,24 		

0,45 0,25 1,00 0,07						

0,01 0,01		

P235GH

97,17 0,30 0,30 1,20 0,35 0,08 0,16 0,01 0,03 0,02 0,02 0,02 0,03 0,02 0,30

16Mo3

98,70 0,30 0,30 0,35 0,35 0,90 0,20 0,01					 0,03 0,01		 0,30

Eight tests were carried out in a horizontal tube furnace for 168 h at 300 and 350 °C.
The furnace was equipped with a pre-heater, water pump, and gas lines (Figure 1). The
water was pre-heated to 200 °C and then introduced into the furnace together with
the gas mixture.
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The chemical compositions of the salt deposits and of the gas mixtures used in this
study are shown in Table 2 and Table 3, respectively.

Figure 1:

The horizontal tube furnace used for the corrosion tests

Table 2:

The compositions of the salt mixtures and their first melting points

#
1

The compositions of the gas mixture
used in the corrosion tests

Salts

Compositions

T0

wt-%

mol%

°C

PbCl2

100

501

			
vol.% or ppm

80/20

411

Gas 1

5

15

15

0

rest

80/10/10

210

Gas 2

5

15

15

500

rest

2

KCl-PbCl2

3

KCl-PbCl2-ZnCl2

466

Table 3:

O2

CO2

H 2O

SO2, ppm

N2
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Figure 2:

A schematic view of the colouring stages of the SEM images in order to determine the
oxide layer thickness

2. Results
The test matrix is presented in Table 4 and a summary of the results is presented in
Figure 3.
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After 168 h (1 week), the furnace and the injection of H2O and SO2 were turned off
and 30 minutes later the pre-heater was turned off. The specimens were allowed to
cool down to room temperature inside the furnace in a continuous flow of an O2-N2
mixture. The samples were then taken out from the furnace, placed in a mould and
cast in epoxy, then cut off in the middle to reveal cross-section of each specimen. The
cross-section surfaces were further polished by a 320, a 1,000 and a 1,200 grid SiC
paper using kerosene as lubricant. After polishing, the specimens were cleaned in petroleum ether in an ultrasound bath and sputtered with carbon. The specimens were
then analyzed by means of a scanning electron microscope equipped with an energy
dispersive X-ray analyser (SEM/EDXA). The corrosion layer thickness was determined
by using scanning electron microscope back-scatter images. Several SEM images were
combined into one panoramic image. After that, the panoramic images were digitally
treated by using contrast differences. An example of the treatment stages of a typical
SEM panoramic picture is shown in Figure 2. After the panoramic images have been
coloured, the thickness of the oxide layer was determined for each vertical line of pixels
and converted into µm. The corrosion layer is defined as the thickness of the oxide layer
for each line and the corrosion attack is expressed as the mean thickness of the oxide
layer [2, 5]. A specific area chosen from the corrosion layer was analysed by using the
SEM backscatter electron mode to identify the distribution and the relative amounts
of the present elements.

Patrik Yrjas, Na Li, Dorota Bankiewicz, Rikard Norling

Table 4:

Test matrix for all materials in the study

Temperature
°C

Salt		

Gas atm

300

PbCl2

5 % O2, 15 % CO2, 15 % H2O, rest N2

300

PbCl2

5 % O2, 15 % CO2, 15 % H2O, 500 ppm SO2, rest N2

300

KCl-PbCl2

5 % O2, 15 % CO2, 15 % H2O, rest N2

300

KCl-PbCl2

5 % O2, 15 % CO2, 15 % H2O, 500 ppm SO2, rest N2

350

KCl-PbCl2

5 % O2, 15 % CO2, 15 % H2O, rest N2

350

KCl-PbCl2

350

KCl - PbCl2 - ZnCl2

5 % O2, 15 % CO2, 15 % H2O, rest N2

350

KCl - PbCl2 - ZnCl2

5 % O2, 15 % CO2, 15 % H2O, 500 ppm SO2, rest N2

5 % O2, 15 % CO2, 15 % H2O, 500 ppm SO2, rest N2

2.1. Corrosion layer thicknesses
When exposed to 300 °C without SO2, only thin oxide layers were formed on the steels
(Figure 3), except for 16Mo3 (Figure 4a), which developed a 20 µm thick oxide layer.
When the temperature was increased to 350 °C, very heavy corrosion occurred on all
three steels, with oxide layer thicknesses over 110 µm. Figure 5a and Figure 6a show
16Mo3 after being exposed to KCl-PbCl2 and KCl-PbCl2-ZnCl2, respectively. Both
10CrMo and P235GH corroded to a significantly lower degree in the case when exposed 350 °C and KCl-PbCl2-ZnCl2 in a gas without SO2. This may, however, be a cause
of uneven corrosion, which not reflects the corrosion behaviour correctly (Figures 7a
and 8). As can be seen from the figures there are non-corroded surfaces in both cases
while the surfaces around has been clearly corroded. This naturally influences on the
calculated oxide layer thickness average value. For example the maximum corrosion
layer thickness values for 10CrMo, 16Mo3, and P235GH were as high as 110, 200, and
70 µm, respectively.
Thickness of the
oxide layer µm

Corrosion layer thickness from isothermal tests
10CrMo
16Mo3

200
140 120 130
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150

P235GH

110

100

300 °C

KCl+PbCl2

3

2

2
8

7

KCl+PbCl2

<1

350 °C

7
13

11

9

P235GH
16Mo3
10CrMo

KCl+PbCl2ZNCl2

350 °C

<1

PbCl2

<1

<1
KCl+PbCl2ZNCl2

300 °C

22
KCl+PbCl2

PbCl2

0

<1

<1

18

9
<1 20

KCl+PbCl2

50

15% CO2, 5% O2, 15% H2O, rest N2 15% CO2, 5% O2, 15% H2O, 500ppm S2O rest N2

Figure 3:
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Results from corrosion tests at 300 °C and 350 °C in two gas atmospheres with three salts
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In all tests with SO2 in the gas phase the corrosion layer were very thin, and the positive
effect is obvious. Very low corrosion attacks were detected after exposure to 350 °C with
KCl-PbCl2 and KCl-PbCl2-ZnCl2 as shown in Figures 4b, 5b, 6b, and 7b. In the tests
with PbCl2, there was no measureable oxide layers at 300 °C in either gas atmosphere.
a

100 µm

b

100 µm

Figure 4:

The panorama images of 16Mo3 after exposure to KCl-PbCl2 a) without SO2 and b) with
SO2 at 300 °C

a
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200 µm

b

100 µm

Figure 5:

The panorama images of 16Mo3 after exposure to KCl-PbCl2 a) without SO2 and b) with
SO2 at 350 °C
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a

200 µm

b

100 µm

Figure 6:

The panorama images of 16Mo3 after exposure to KCl-PbCl2-ZnCl2 a) without SO2 and
b) with SO2 at 350 °C

a

200 µm

b
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100 µm

Figure 7:

The panorama images of 10CrMo after exposure to KCl-PbCl2-ZnCl2 a) without SO2
and b) with SO2 at 350 °C

200 µm

Figure 8:
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The panorama image of P235GH after exposure to KCl-PbCl2-ZnCl2 without SO2
at 350 °C
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2.2. Elemental distributions in the corrosion layers
The compositions of the corrosion layers were analysed by X-ray mapping and the
results are shown in Figures 9-20. These images show that the corrosivities of the salt
mixtures were quite the same for the three steels when exposed to similar gas atmospheres. In the tests with KCl-PbCl2 without SO2, the oxide scale build-up on the steels
consisted of two layers on top of each other. The upper layer composed entirely of Fe
and O, while an iron chloride layer with some iron oxide FexOy was clearly observed
close to the steel surface at 300 °C (Figure 9). When the temperature was increased to

O

K

Pb

Fe

X-ray maps of 16Mo3 after exposure to KCl-PbCl2 without So2 at 300ºC.

Cl

K

Pb

Fe
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Figure 9:

Cl

200 µm

O

Figure 10:

X-ray maps of 16Mo3 after exposure to KCl-PbCl2 without So2 at 350ºC.
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350 °C, the salt and the corrosion product mixture seems to have been partly molten,
causing significant damage. In addition, some K and Cl were observed in the Fe depleted
zone (Figure 10). As with KCl-PbCl2 also with KCl-PbCl2-ZnCl2 and without SO2, a
high Cl concentration was detected in the inner oxidation layer as shown in Figures
11 and 12 and dual corrosion layers (FeCl2 and FexOy) were detected. The presence of
FeCl2 may decrease the first melting point of the salt and corrosion product mixture
and thus enhance the corrosion.
Cl

K

Pb

Zn

O

Fe

100 µm

Figure 11:

X-ray maps of 16Mo3 after exposure to KCl-PbCl2-ZnCl2 without SO2 at 350 °C

Cl

K

Pb

O

Fe

Cr

25 µm

Zn
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Figure 12:

X-ray maps of 10CRMO after exposure to KCl-PbCl2-ZnCl2 without SO2 at 350 °C

In the tests containing SO2, the presence of iron chloride close to the steel surface was
observed. Nevertheless, the corrosion layers were considerably thinner than in the cases
without SO2. This can be explained with the sulphation of the metal chlorides, which is
clearly observed from the X-ray maps (Figures 13-15). From the figures, it is clear that
both K and Pb are present as sulphates and not chlorides, while the remaining chlorine
is present as FeCl2. Zinc only gives a weak signal, and possibly a part of it has evaporated and a part of it may have reacted to ZnO and/or ZnSO4. The presence of ZnSO4
is, however, not as obvious as the presence of K2SO4 and PbSO4 from the X-ray maps.
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Cl

K

Pb

S

O

Fe

25 µm
25 µm

Figure 13:

X-ray maps of 16Mo3 after exposure to KCl-PbCl2 without SO2 at 350 °C
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100 µm

S

X-ray maps of 16Mo3 after exposure to KCl-PbCl2-ZnCl2 without SO2 at 350 °C
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Figure 14:

25 µm

Figure 15:

X-ray maps of 10CrMo after exposure to KCl-PbCl2-ZnCl2 without SO2 at 350 °C
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3. Concluding remarks
The performed tests were arranged to evaluate the corrosiveness of KCl, PbCl2 and
ZnCl2 containing deposits at lower temperatures and to better understand the role of
SO2. The results showed that the presence of SO2 (500 ppm) diminished the corrosion
via sulphation of Cl-containing salt mixtures.
Generally, the results from the tests were consistent and clear, and based on these it
can be concluded that SO2 hinders corrosion, also in cases where chlorine-containing
deposits already have been formed. However, deposits that contain chlorides may form
very low-melting salt mixtures together with some corrosion products (e.g. FeCl2) which
in turn can accelerate the corrosion if there is a momentary lack of available sulphur.
Accordingly, any feeding/injection of corrosion protective sulphur should be more or
less continuous. It is also concluded that at 300 °C, the corrosion risk is very low, while
at 350 °C, the risk may be substantial, and that no obvious difference concerning the
corrosion susceptibility of the tested materials was observed.
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