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1. Summary

For a large number of steel compositions the resistance against erosion corrosion in wet steam was
determined in a laboratory test. Minute quantities of chromium, copper and molybdenum

proven to increase the resistance against erosion corrosion. Steels originated from some obvious
erosion corrosion in-service failures proved to have low resistance against erosion corrosion in the
laboratory test.

2. Introduction

Both in conventional and nuclear power stations suspended iron oxides in the steam water circuit can
cause trouble. The number of problems in installations due to suspended oxide in the water is
considerable such as the occurrence of corrosion in evaporators of conventional boilers, corrosion in
steam generators of pressurized water reactors and deposition and caking of iron oxides on fuel
elements in nuclear reactors.
In view of these problems it is recommendable to keep the iron content in steam water circuits as low
as possible.
Major iron sources in the water through erosion corrosion in electricity power units are:

water separators

wet steam pipes

pre-heaters

economizers.

Erosion corrosion depends on water chemistry, water velocity and chemical composition of the steel.
This report deals only with the influence of chemical composition of steel on erosion corrosion
resistance.

3. Experiments

a. Test apparatus

Discs of steel samples were exposed to wet steam. The samples were weighed before and after
exposure. Weight loss after 100 h of exposure has been used as a scale for the resistance against
erosion corrosion.

In figure 1 the design of the test equipment has been given. Right before the opening of the jet tube,
water (10 w.%) was injected into the steam. The steel sample was mounted at a distance of 5 cm at
an angle of 45 degrees in the test chamber below the jet tube opening.
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steam Figure 1. Design of the erosion corrosion loop

38 ba‘253°0

The test equipment consisted of 24 test chambers, for which
the steam and water was delivered by the KEMA experimental test rig
(figure 2).

Figure 2. KEMA experimental boiler
and the erosion-corrosion test
equipment

There was a pressure drop of 36 bar
over the jet tube, pressure before the
tube being 38 bar and in the test
chamber 2 bar. The calculated
steam velocity at the exit tube was
supersonic, 960 m/s. The steam
temperature was 253<C. By means

of a thermocouple in a steel test
specimen the metal temperature was
measured during the test, being
127<C. When leaving the test
chamber the water steam mixture
consisted of 25 w.% of water.

The conductivity and oxygen content of the injected water and steam condensate were lower than 30
uS/m and 2 ug/kg.

Because of the high water content in the test chamber there will be a highly turbulent water film on the
steel discs. Under these conditions, corrosion rate will depend considerably on the diffusion velocity of
matter involved in the corrosion reaction.

b. Steel specimens

A number of steel samples were taken from various components of electricity power stations.

Much new materials were received from a few steel and boiler manufacturers. Discs were machined
with a diameter of 19 mm and a thickness The surfaces were ground fine. All the samples were
exposed in duplicate. Since only 24 test chambers were available the steel samples were tested in
various batches. In each batch also two reference steel samples were exposed. The steels of table 1
have been ordered as to their weight losses.

For coding the steel types, the following system was used



22 erosion Les Renardieres www.hbscc.nl 3

Steel 15Mo3 - no. 1
Carbon steel - no. 2
Steel 14Mn4 - no. 3

The specimens were taken out of tubes or plates.

The specimens with code 5 originated form thick wall materials (+ 5 cm) of carbon steels and steel
19Mn5.

The reference steel used in the tests was carbon steel no. 2,35. The weight losses suffered after 100
h of exposure were between 61 and 69 mg for the total of six test batches for this reference steel.

4. Results

In figure 3 the SEM pictures of the different flow patterns at the eroded-corroded surface are given.
The water-steam jet hits the surface on place 2 from where the water flows over the surface to point 7.
At this point there is a small hole in the mounting ring (see figure 1 and 2).

Via this hole the water-steam mixture escapes to the header and is pumped back into the
experimental boiler.

Detailed chemical analyses were carried out on all steels. The analyses were all done in the same way
by the same staff. The compositions found together with weight losses after 100 h of exposure to wet
steam have been placed in table 1.

Figure 3. SEM pictures at different places at the eroded corroded surface of a mild steel specimen
after 100 h of exposure in wet steam.
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Table 1 Wet steam erosion-corrosion test results
) C Mn Si P S Cr Mo Al Cu Ni Average
Specime Weight loss
nnr.
265 0.14 0.58 0.22 0.009 | 0.027 0.26 0.02 0.01 0.16 0.06 43.1
234 0.1 0.55 0.04 0.006 | 0.026 0.05 0.01 0.01 0.19 0.07 56.6
215 0.09 0.49 0.1 0.005 | 0.028 0.05 0.01 0.01 0.2 0.08 57.5
313 0.15 1.13 0.32 0.024 | 0.023 0.12 0.03 0.01 0.19 008 59.9
3.19 0.13 1.1 0.48 0.017 | 0.025 0.08 0.05 0.01 0.22 0.12 60.7
314 0.16 1.03 0.33 0.022 | 0.029 0.08 0.02 0.01 0.11 0.17 61.2
235 0.1 0.65 0.18 0.021 | 0.024 0.08 0.02 0.01 0.14 0.08 61.6
5.6 0.2 1.25 0.55 0.004 | 0.011 0.22 0.04 0.045 0.05 0.06 62.0
1.26 0.17 0.72 0.25 0.006 | 0.014 0.07 0.29 0.005 0.04 0.03 63.1
19 0.14 0.61 0.18 0.004 | 0.021 0.04 0.26 0.01 0.07 0.04 63.4
117-3 0.15 0.61 0.16 0.009 | 0.025 0.04 0.27 0.005 0.1 0.02 64.0
249-2 0.22 0.56 0.18 0.009 | 0.023 0.06 0.04 0.005 0.17 0.06 65.5
3.9 0.13 0.99 0.37 0.016 | 0.022 0.04 0.02 0.01 0.18 0.08 65.9
315 0.1 0.98 0.21 0.008 | 0.018 0.05 0.04 0.005 0.1 0.1 67.7
3.10 0.12 0.98 0.37 0.012 0.01 0.04 0.02 0.01 0.03 0.03 68.6
53 0.15 1.3 0.34 0.012 | 0.017 0.1 0.4 0.005 0.03 0.08 70.0
115 0.14 0.57 0.23 0.009 0.01 0.11 0.29 0.01 0.07 0.06 70.3
3.12 0.12 0.98 0.37 0.012 | 0.016 0.04 0.01 0.01 0.03 0.03 70.3
5.9 0.12 1.47 0.47 0.015 | 0.016 0.1 0.005 0.02 0.04 0.02 71.0
311 0.12 1.01 0.39 0.011 | 0.013 0.04 0.01 0.01 0.03 0.03 71.2
2.90 0.14 0.57 0.26 0.015 | 0.032 0.042 0.01 0.01 0.11 0.06 72.0
116 0.14 0.62 0.22 0.004 | 0.007 0.04 0.5 0.01 0.04 0.03 72.4
15 0.16 0.59 0.24 0.004 | 0.022 0.04 0.26 0.01 0.1 0.06 72.7
16 0.18 0.68 0.21 0.006 0.02 0.05 0.26 0.01 0.1 0.06 72.7
2.89-2 0.14 0.58 0.25 0.015 | 0.031 0.043 0.01 0.01 0.11 0.05 73.0
245 0.18 0.52 0.34 0.008 | 0.017 0.04 0.05 0.005 0.1 0.04 75.0
259 0.18 0.94 0.18 0.012 0.01 0.04 0.01 0.01 0.02 0.03 75.0
111 0.16 0.7 0.19 0.006 | 0.019 0.02 0.28 0.01 0.04 0.02 75.6
55 0.21 1.31 0.42 0.016 | 0.021 0.24 0.01 0.055 0.08 0.07 76.0
57 0.19 1.09 0.57 0.01 0.009 0.14 0.04 0.03 0.12 0.22 76.0
1.22 0.15 0.73 0.25 0.013 | 0.014 0.02 0.29 0.01 0.03 0.03 76.3
258 0.11 0.54 0.07 0.009 | 0.017 0.03 0.01 0.04 0.05 0.04 76.3
112 0.16 0.69 0.18 0.007 0.02 0.02 0.28 0.01 0.04 0.02 76.6
317 0.15 1.22 0.38 0.017 | 0.013 0.02 0.01 0.01 0.03 0.04 77.8
211 0.08 0.5 0.18 0.012 | 0.012 0.06 0.01 0.02 0.04 0.04 78.6
201 0.09 0.56 0.18 0.01 0.014 0.02 0.01 0.02 0.03 0.02 78.6
113 0.16 0.73 0.18 0.006 | 0.018 0.02 0.27 0.01 0.04 0.02 79.0
110 0.16 0.7 0.2 0.006 | 0.015 0.02 0.28 0.01 0.04 0.02 79.2
266 0.1 0.48 0.25 0.009 | 0.026 0.03 0.01 0.005 0.1 0.04 79.6
114 0.16 0.72 0.2 0.006 0.02 0.02 0.27 0.01 0.04 0.02 80.5
33 0.15 1.18 0.33 0.008 | 0.018 0.05 0.02 0.01 0.18 0.07 82.9
220 0.1 0.51 0.14 0.008 | 0.016 0.03 0.01 0.01 0.04 0.02 83.3
219 0.09 0.51 0.18 0.009 | 0.021 0.02 0.01 0.01 0.04 0.02 85.2
3.7 0.16 1.09 0.26 0.02 0.032 0.03 0.01 0.01 0.12 0.06 87.9
285 0.14 1.05 0.005 0.014 | 0.019 0.017 0.003 0.003 0.05 0.02 88.6
3.6 0.16 111 0.42 0.007 | 0.022 0.08 0.02 0.03 0.1 0.06 88.9
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216 0.1 0.49 0.2 0.011 | 0.022 0.02 0.01 0.02 0.03 0.02 89.5
510 0.18 0.99 0.28 0.011 | 0.009 0.02 0.005 0.03 0.01 0.02 90.0
217 0.1 0.48 0.2 0.007 | 0.018 0.02 0.01 0.01 0.02 0.02 90.4

2.40-1 0.37 0.63 0.32 0.004 | 0.026 0.02 0.01 0.01 0.07 0.04 91.0
218 0.1 0.49 0.16 0.012 | 0.024 0.02 0.01 0.02 0.03 0.02 92.7
288 0.15 1.15 0.005 0.027 | 0.034 0.01 0.003 0.003 0.04 0.02 95.2
279 0.09 0.55 0.1 0.028 | 0.018 0.01 0.005 0.02 0.03 0.05 96.9
284 0.18 1.09 0.005 0.011 | 0.025 0.018 0.003 0.003 0.06 0.02 98.0
273 0.17 0.64 0.26 0.015 | 0.014 0.01 0.005 0.02 0.02 0.01 98.3
2.89-1 0.17 0.64 0.28 0.017 | 0.016 0.005 0.003 0.02 0.02 0.02 103.1
2104 0.18 1.11 0.32 0.014 | 0.024 0.014 0.003 0.05 0.02 0.02 107.0
283 0.09 0.97 0.23 0.009 | 0.014 0.01 0.005 0.003 0.01 0.01 116.0
2.109 0.1 0.48 0.2 0.033 | 0.018 0.01 0.005 0.055 0.01 0.04 not tested
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Using linear regression analysis the weight losses of the test conditions were related to the chemical

composition.
The regression equation is:

y =94 -100 Cr - 120 Cu - 35 Mo
y = weight loss after 100 hours of exposure in mg. Cr, Cu, Mo: w.%
Significance level and explained variance of this equation are more than 99% and 59% respectively.

The standard deviations for the constant, Cr, Cu and Mo are 2, 24, 23 and 9 respectively.
The influence of the elements Cr, Cu and Mo on the weight losses has been shown graphically in
Figure 4. No influence on the erosion-corrosion resistance was found for the other 6 analyzed

elements in the steels.
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Figure 4. Influence of Cr, Cu and Mo on
the weight loss

Figure 5. Frequency distribution of the
weight losses, as measured in the
erosion-corrosion tests

A number of samples originated from
evident cases of erosion-corrosion
damage. it was remarkable that the
relevant steels also gave very high
weight losses in the erosion corrosion
test. These steels are marked in table
1 with an asterisks and in figure 5 with
black blocks.

In the next chapter the failures will be
discussed.
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5. In-service failures

After the end of the erosion-corrosion tests several more in-service failures were offered to the
laboratory for further research. These new cases are summarized in table 2 together with the earlier
ones. The different cases will be discussed now.

a. Nuclear reactors

Erosion corrosion had occurred in the low and high-pressure water separators and in wet steam pipes
of a boiling water reactor. These components were made of a simple carbon steel.

A pipe after the water separator was made of a number of bended steel plates welded together (see
figure b). One of those plates had been attacked severely (specimen 2.89-1).

The other plates in upstream and downstream direction had not been attacked (2.89-2 and 2.90). The
corroded plate turned out to be of an obviously differing chemical composition. The weight loss of the
corroded plate (2.89-1) in the erosion-corrosion test amounted to 103 mg, whereas the corresponding
weight loss figures for non-corroded plates (2.90 and 2.89-2) amounted to only 72 and 73 mg.

Several other steel specimens were taken from the eroded-corroded water separator (Figure 7) and
some wet steam tubes. The laboratory erosion-corrosion test was performed on those specimens
2.72,2.73, 2.84 and 2.88. High weight losses and low Cr, Cu and Mo contents were found too.
During the last years before the erosion-corrosion tests were finished, the low pressure and high
pressure water separators, the pre-water separator and the wet steam tubes in the BWR were
replaced by stainless-steel components.

The water separator of a PWR was corroded. We received two flat plates of which one had a weld
(samples 2.119 and 2.120). The three materials were analyzed. The corroded plates had rather low
Cr, Cu and Mo contents, so that the calculated weight losses amounted to about 92.mg. The non
corroded plate (2.120-1) had higher Cr, Cu and Mo contents, giving a calculated weight loss of 58 mg.

Figures 6. The corroded plate (2.89-1) in the
bended tube behind the water separator of the
boiling water reactor
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Figure 7. The eroded-corroded water separator of
the boiling water reactor

b. Back pressure units

We received tubes of two back pressure units, one was eroded--corroded and the other one had only
some corrosion spots. Also in these cases the chemical composition of the attacked tube was such
that the calculated erosion-corrosion resistance was much higher than the non eroded tube. Compare
samples 2.121 and 2.122 in table 2.

c. Valve housing, switch levers and spindle

Heavy erosion corrosion had occurred in a control valve housing. This resulted in leakage. This steel
(no. 2.104) suffered a high weight loss in the erosion-corrosion test, 107 mg. Cr, Cu and Mo contents
were very low.

The switch lever of a supply water pump had been attacked heavily by erosion corrosion. A part of this
lever is shown in Figure 8. The steel (no. 2.83) was analyzed and tested. It appeared to have suffered
a very high weight loss in the laboratory test, 116 mg. The operation time of this lever was 10.000
hours.

A lever taken out of an identical pump at the same station after an operation time of 40.000 hours
showed also corrosion but in a less extent (sample 2.108). As can be seen in table 2, the amounts of
Cr, Cu and Mo in this steel are only a little bit higher.

Figure 8. Corroded
switch levers of two
feed water pumps
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Figure 9. A mild steel spindle (partly coated with 9% Cr
steel) in a condensate effluent valve of a low pressure
preheater was eroded-corroded on the non-coated
side; the steel contained very low Cr, Cu and Mo
content.

d. High pressure preheater

In a high pressure preheater erosion-corrosion was found down-stream behind several butt welds.
Several corroded tubes had very low contents of Cr and Cu. One of the tubes showed leakage
(sample 1.123).

The inner diameter of the 15Mo3 steel tubes amounted to 20 mm and the heights of the butt welds for
the different tubes are mentioned below.

Unit |Tube|Specimen nr.| Height butt weld Behavior
mm)
A 1 2.123 1.8 downstream corroded
1.124 upstream uncorroded
A 2 1.125 1.55 downstream corroded
1.126 upstream uncorroded
A 3 1.127 1.7 downstream hardly corroded
1.128 upstream uncorroded
B 4 1.129 2.0 downstream uncorroded
1.130 upstream uncorroded

The tubes 1, 2 and 3 originate from the same unit A, tube 4 comes from a second unit B. The water
composition of the two units could be slightly different. However, a clear difference could not be found.

e. Waste heat boilers

In the economizer of a waste heat boiler heavy erosion corrosion occurred in the bends of the tubes.
The economizer was of a too low capacity so that steaming occurred. This could also be concluded
from the appearance of the damaged tube surface: erosion-corrosion on the outer radius of the curve
and "steam-blanketing" on the inside curve. The water-film was loosened from the inner radius surface
where coarse crystals (probably magnetite) were formed (see Figure 10)

Despite the too low capacity of the economizer, it can be concluded from the steel composition of the
samples (2.109 and 2.131) that the erosion-corrosion resistance of this steel was very low and that
this was one of the causes for the leakage.
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Figure 10. Eroded corroded economizer of a waste heat boiler. In sample 2.131 the steam
blanketing phenomenon can be distinguished very clearly.

In the waste heat boilers at two different power stations the connection tubes from the low pressure
evaporators to the header were very highly eroded-corroded. The leakages occurred behind a 30
degree bend. The steels 2.118 and 2.132-1 contained rather low amounts of Cr, Cu and Mo. So it was
not surprising that leakages occurred. From one of the evaporators a tube was checked on chemical
composition (2.132-2). This tube was not corroded at all, though very sharp 90 degree bends were
present in the tube. The Cr and Cu contents of this steel were obviously higher than those in the
eroded-corroded connection tube, so that the calculated weight loss amounted to only 59 mg.

6. Conclusions

Erosion corrosion in wet steam is controlled by three factors:

- chemical water treatment

- hvdraulic conditions

- steel composition
It is obvious that in the past the influence of composition of unalloyed steels on erosion corrosion has
been neglected and that all attention was pointed to the 2 factors first mentioned.

From the laboratory erosion-corrosion tests it can be concluded that low contents (approximately
0.1%) of the elements Cr, Cu and Mo can already give an obvious increase in erosion-corrosion
resistance.

There appears to be a remarkable similarity between test results in the laboratory and practical
experience. Steels involved in in-service failures due to erosion corrosion also showed the highest
weight losses in the wet steam test.

In-service failures, due to erosion corrosion and offered to the laboratory for research after the
erosion-corrosion tests were finished, appeared to show low Cr, Cu and Mo contents in the steel. In
some cases steels with slightly higher Cr, Cu and Mo contents did not corrode, though the hydraulic
conditions in the component were the same or even worse.
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Examples are:
- the corroded and non corroded plates in bended pipes of the BWR,;
- the corroded and non corroded plates of the water separator of the PWR,;
- the corroded and non corroded tubes downstream behind butt welds in high pressure
preheaters;
- the corroded connection tube and the non corroded low pressure evaporator tube of the waste
heat boiler.

In modern high pressure power plants (conventional and nuclear) the iron content in the water-steam
circuit should be kept as low as possible. Erosion-corrosion can result ir. leakages and therefore,
replacements of large components. However, the continuous delivery of iron to the water as a result of
erosion-corrosion is rather annoying and can be decreased not only by good chemical water treatment
and hydraulic construction but also by choice of unalloyed steels with more than a minimal amount of
Cr, Cuand Mo in it.
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Table 2. In-service failures
Sample [Components Cr Cu Mo Weight loss |Weight loss
nr. calculated | measured
Pipe of bended steel plates in BWR
2.89-1 |corroded plates 0.01 0.02 0.003 91.5 103
2.89-2 |uncorroded plate 0.04 0.01 76.5 73
2.90 |uncorroded plate 0.04 0.01 76.5 72
Wet steam tubes in BWR
2.72 |corroded 0.01 0.005 88.1 96.9
2.73 |corroded 0.01 0.005 914 98.3
\Water separator in BWR and PWA
2.84 |corroded 0.02 0.06 0.003 84.7 98
ccrroded 0.01 0.04 0.003 88.5 95.2
2.119 |corroded plate 0.01 0.008 0.01 91.7
2.120 |corroded plate with weld 0.01 0.006 0.01 91.6
2.120-1 |non corroded plate with weld 0.1 0.21 0.02 58.1
Back pressure units 0.07
2.121 |non eroded tube 0.03 0.15 0.03 68
2.122 |eroded-corroded tube 0.03 0.03 0.01 87.4
Valve housing, switch levers,
2.104 |corroded control valve housing 0.01 0.02 0.003 91.5 107
2.83 |corroded switch lever 0.01 0.01 0.005 91.6 116
2.108 |corroded switch lever 0.025 0.03 0.02 87.2
2.114 |corroded spindle 0.02 0.05 0.02 85
High presure preheater
2.123 |leakage behind butt weld 0.02 0.04 0.3 76.7
2.124 |uncorroded before butt weld 0.09 0.09 0.26 65.1
2.125 |corroded behind butt weld 0.03 0.03 0.36 74.8
2.126 |non corroded before butt weld 0.09 0.09 0.36 61.6
1.127 |hardly corroded behind butt weld 0.06 0.09 0.36 64.4
1.128 |non corroded before butt weld 0.1 0.1 0.33 60.4
1.129 |non corroded behind butt weld 0.05 0.15 0.27 61.6
1.130 |non corroded before butt weld 0.12 0.08 0.3 61.9
Waste heat boilers
2.109 |corroded economizer 0.01 0.019 0.01 90
2.0131 |corroded economizer 0.01 0.02 0.01 90.3
2.118 |corroded connection tube of the low pressure 0.01 0.014 0.02 90.6
evaporator
2.132-1 |corroded connection tube of the low pressure 0.5 0.03 0.06 84
evaporator to the outlet header
2.132-2 |non corroded bended tube of the low pressure | 0.08 0.22 0.01 59

evaporator




