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 Specimens of ferritic and martensitic steels have been exposed to steam atmospheres at 550 °C
using three different experimental procedures. Slight differences in scale growth kinetics were
observed but the major differences were in the morphology of the oxide scales that were formed.
The microstructures of the scales have been compared with those formed on similar materials
during service.
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1. Introduction

During service components such as boiler, superheater
and reheater tubes are exposed to steam at high pressure,
flowing at high rates and often in the presence of heat flux.
The precise conditions are difficult if not impossible to re-
produce in the laboratory and some degree of simplifica-
tion is necessary. Several exposure procedures are in com-
mon use in the laboratory - in ascending order of complex-
ity these are:

• Water vapour in a carrier gas (usually argon);
• Flowing steam at atmospheric pressure;
• Static steam at high pressure;
• Flowing steam at high pressure.
None of these laboratory procedures include heat flux

for which exposure in pilot plant is the main route available
to assess its influence. Pilot plant exposure is normally the
final stage in material selection.

A recent review1 has highlighted the scatter in data aris-
ing from the use of different exposure procedures. The pur-
pose of the current work is to identify any differences in
oxidation kinetics and scale microstructure arising from the
exposure procedure that is used. The materials investigated
were two low alloy ferritic steels (T22 and T23) and three
batches of a 9Cr1Mo martensitic steel.

2. Experimental

Material was supplied in the form of plate for the ferritic
steels and tube for the 9Cr1Mo martensitic steel. The com-
position (nominal for T22 and T23, actual for 9Cr1Mo) of
each material is given in Table 1.

For the ferritic steels, specimens were machined in the
form of rectangular blocks and the surface was prepared by
abrasion using 600 grit SiC paper. The 9Cr1Mo tube was
cut into segments and the surface was left in the as-received
condition. All the specimens were cleaned using industrial
alcohol prior to exposure.

The specimens were exposed to steam at 550 °C for
durations up to 1000 h using three procedures.

1. Gaseous argon and liquid water were passed into the
furnace at rates of 100 ml/min and 0.0736 ml/min re-
spectively. The water is gasified on entry to the fur-
nace to give the desired argon/50% H

2
O by volume.

2. Water in a reservoir is boiled outside the furnace and
the steam flows naturally through the furnace.

3. Steam is generated in a sealed pressure vessel. A nomi-
nal pressure of 50 bar was chosen for these tests; ex-
cess pressure is released through an outlet valve.

Control of water chemistry during exposure was lim-
ited to ensuring that the water was de-ionised and de-aer-
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ated prior to conversion to steam. For the exposures under
flowing steam and the argon/50% H2O mixture, water was
taken from a de-ionised supply and distilled, de-aerated by
bubbling nitrogen through the reservoir before final con-
version to steam by boiling. In the autoclave the water was
de-aerated during leak testing of the system under high-
pressure nitrogen prior to heating.

After exposure the specimens were plated with nickel
to retain the oxide, sectioned and mechanically polished.
Oxide scale thickness was measured at 24 positions, evenly
spaced along the specimen surface, using a calibrated eye-
piece graticule in the optical microscope. The resolution of
these measurements is 1 µm.

3. Results and Discussion

In general the oxide scale formed in two layers – an
outer layer of magnetite and an inner layer of iron-chro-
mium spinel. In some cases internal oxidation was also ob-
served. Some spallation of the outer oxide scale was ob-
served for T23 but not in the other materials. This is be-
lieved to be largely a function of the higher creep strength
of T23 compared to T22. Figure 1, which is taken from the
work of Masuyama et al.2, shows that T23, referred to in
Fig. 1 by its alternative nomenclature, HCM2S, has rupture
lives ~5 times that of T22 for the same stress at 550 °C.
Stresses that are developed in the scale during cooling relax
more slowly than in the weaker T22 material and hence
spallation occurs in thinner scales when cooled to room tem-
perature. This mechanism is described in more detail by
Evans and Lobb3.

Oxide scale thickness as a function of time and expo-
sure procedure is shown in Fig. 2 for both material classes.
Although there is scatter in the data some general observa-
tions can be made. The scales grown under flowing steam
are thicker than those grown in static high-pressure steam
in the autoclave. The scales grown under argon/50% H2O
were intermediate in thickness between these extremes.

 The 9Cr material exhibited lower growth rates than ei-
ther of the 2¼Cr steels. This is an expected result and con-

firms the well-known beneficial influence of Cr on steam
oxidation resistance4. There were no significant differences
in behaviour between T22 and T23 indicating that the pres-
ence of Nb and W in T23 had no influence on the steam
oxidation properties.

The three 9Cr1Mo steels showed fairly consistent be-
haviour with the oxidation rate in 9Cr1Mo(1) greater than
that in 9Cr1Mo(2) which in turn was greater than that in
9Cr1Mo(3). This ranking is probably a result of the slightly
lower Cr and Si content in 9Cr1Mo(1) in comparison with
the other two materials and the lower C content of
9Cr1Mo(3) compared to 9Cr1Mo(2). It is suggested that C
affects the oxidation resistance through tying up Cr in the
form of carbides: this Cr would otherwise be available for
oxidation resistance.

Significant differences in the morphology of the oxide
scales grown under different conditions can be observed.
The behaviour of the 2¼Cr steels is illustrated in Fig. 3.
Scales grown under Ar/50% H2O show a compact inner
spinel layer with an outer porous magnetite layer. There are
traces of haematite at the surface but these are very thin and
discontinuous. The scale grown under flowing steam at room
temperature has a compact outer layer of magnetite with an
inner spinel layer that contains a plane of massive defects.

Table 1. Alloy Composition.

Alloy Composition (wt.%)
C Si S P Mn Cr Mo Co V N Nb W B(ppm) Al

T22 0.10 0.5 0.025 0.025 0.6 2.25 0.54

T23 0.07 0.5 0.01 0.03 0.35 2.25 0.17 0.25 0.03 0.05 1.6  6 0.03
9Cr1Mo(1) 0.11 0.41 0.004 0.02 0.45 8.82 0.95 0.019

9Cr1Mo(2) 0.12 0.63 0.009 0.018 0.47 9.89 1.01 0.024

9Cr1Mo(3) 0.10 0.59 0.007 0.006 0.50 9.70 1.00 0.031

Figure 1. Creep Properties of T22 and T23 (after Ref. 2).
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In contrast the scale grown under high-pressure static steam
is compact throughout although there is some evidence of
roughening at the surface of the outer scale.

Similar diversity in the scales grown under different
conditions is observed in the 9Cr1Mo steels (Fig. 4). Two
additional features in the scales grown on these materials
are the presence of internal oxidation below the spinel un-
der all conditions and the development of wavy scale/subs-
trate interface and surface in the scales grown under flow-
ing steam and static high pressure steam.

The growth mechanisms that cause this change in micro-
structure of the oxide scale between the different exposure
techniques are not apparent: the differences in the activity

Figure 2. Scale growth kinetics for materials grown using differ-
ent laboratory procedures: a) low alloy ferritic steels; b) 9Cr1Mo
martensitic steel.

Figure 3. Microstructure of oxide scales grown on T22 ferritic
steel at 550 °C for 300 h using different laboratory procedures: a)
argon/50% H

2
O; b) flowing steam; c) static high pressure steam.
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of the active species in the various atmospheres are minor.
One possibility is that the different experimental facilities
produce a range of local flow rates that may affect the scale
formation.

The development of a wavy interface is illustrated in
Fig. 5 for the 9Cr1Mo(2) material. Here, individual scale
thickness measurements are represented on a probability
plot. A horizontal line indicates a uniform scale whilst in-
creasing slope to the data indicates increasing variation in
the scale thickness. Two effects are apparent. Firstly the
wavy interface develops with time – data from the 100 h
exposures (open symbols) follow an almost horizontal path;
the slope of the data generally increases with increasing
exposure time (black- and gray-filled symbols). Secondly
the data from scales grown under argon/50% H

2
O are much

more homogeneous in thickness than those grown under
flowing steam or in the autoclave.

Specimens were cut from pipes that had been exposed
to steam during service. The piece of T22 had been in serv-
ice for 19000 h at 550 °C and the 9Cr1Mo material had
been at 590 °C for 28000 h. The steam pressure during serv-
ice was unknown. Cross sections of these materials were
prepared and examined in the optical microscope. The struc-
ture of the oxides is shown in Fig. 6. The scales are signifi-
cantly thicker that those formed in the laboratory, due to the
much longer exposure time, and do not appear to have
spalled. In both cases the outer magnetite layer shows some
porosity whilst the inner spinel has a fully dense structure.
Rather surprisingly it is the structure of the scales formed

Figure 4. Microstructure of oxide scales grown on 9Cr1Mo(2) steel
at 550 °C for 300 h using different laboratory procedures: a) ar-
gon/50% H

2
O; b) flowing steam; c) static high pressure steam.
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Figure 5. Probability plot of oxide scale thickness for 9Cr1Mo(2)
material, exposed to steam at 550 °C using various procedures.
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under the argon/50% H
2
O mixture that is most similar to

that which is formed in service. This procedure is the most
dissimilar to the actual service conditions so it would be

expected to produce the least representative scales.
Future work will attempt to determine the different oxi-

dation mechanisms that operate in each laboratory proce-
dure and to explain how the different scale morphologies
are produced.

4. Conclusions

Specimens of ferritic and martensitic steels have been
exposed to steam environments at 550 °C using three dif-
ferent laboratory procedures. Although the scale thicknesses
measured after a given time were similar for all the proce-
dures, there were significant differences in the microstruc-
ture of the scales that were grown under the various condi-
tions.

Examination of material that had been retired from serv-
ice, showed that using an argon/50% H2O mixture produced
the scale most similar in morphology to that grown in service.
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Figure 6.  Morphology of oxide scales formed in service in a steam
environment: a) T22 after 19000 h at 550 °C; b) 9Cr1Mo after
28000 h at 590 °C.
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