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Abstract
Oxidation of the Fe-base alloy T22 in humid air at 500  °C was investigated. The 
samples were exposed for up to 1000 h at 1 bar and 20 bar. The influence of three 
furnace tube materials, alumina, ET45 and quartz glass, on the oxide scale morphol-
ogy was investigated. Samples and their cross sections were examined using opti-
cal microscopy, scanning electron microscopy, electron probe micro analysis and 
Raman spectroscopy. Multilayered oxide scales consisting of hematite, magnetite 
and Fe–Cr spinel were found on all samples. However, the composition and mor-
phology of the oxide scales depend on the furnace tube material and on the sys-
tem pressure. The system pressure is assumed to change the reaction equilibria and 
adsorption rates. The tube material changed the initial gas composition by formation 
of volatile Cr species. This volatilization rate increased at higher system pressures.

Keywords  Water vapor · Pressure · Volatilization · Oxide morphology · Low alloyed 
steel

Introduction

High temperature oxidation by gases with varying water vapor contents occurs 
e.g., in power generation or in the petrochemical industry [1]. In these applications, 
tubes and parts are often made of Fe-base alloys. When exposed to oxidizing envi-
ronments, these alloys form Cr- and/or Fe-containing oxides. When the Cr content 
in the alloy is high enough to form a continuous chromia (Cr2O3) scale, the oxi-
dation rate is low due to the slow growth rate of chromia. However, the chromia 
scale stability is reduced in atmospheres with water vapor and on alloys with low Cr 
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content [1, 2]. In Fe oxide-rich scales, usually a hematite (Fe2O3) layer is formed at 
the scale/gas interface and magnetite (Fe3O4) is formed underneath, both as outward 
growing oxides. Below the original alloy surface, Fe–Cr-spinel can form and a chro-
mia scale may be present between the spinel and the alloy or an internal oxidation 
zone [1, 3, 4].

In oxidizing environments, the formation of hematite crystals in the form of 
whiskers or platelets on top of the scale is often observed. It is assumed that either 
the surface diffusion or the dissociation of the oxidant is the rate-limiting step for 
platelet formation. Hence, the rapid dissociation of water enhances the formation of 
oxide platelets [5, 6].

The formation of volatile (oxy-)hydroxides is another important aspect respon-
sible for mass loss of the samples in water vapor-containing atmospheres at high 
temperatures. Two compounds which usually form on Fe–Cr alloys are CrO2(OH)2 
and Fe(OH)2 [7]. According to data compiled by Meschter et al. [7] the vapor pres-
sure of CrO2(OH)2 at 600 °C is 2.0 × 10–6 bar in an atmosphere with 1.0 bar H2O 
and 0.5 bar O2. The partial pressure of Fe(OH)2 in the same environment is calcu-
lated as 7.1 × 10–15 bar. Alumina and silica are often present in the form of tubes 
or crucibles of high temperature testing devices. In the described condition, they 
form the volatile species Al(OH)3 and Si(OH)4 with 3.9 × 10–12 and 1.6 × 10–7 bar 
partial pressure, respectively. When a species has a partial pressure of more than 
10–9 to 10–4 bar, measurable material loss is expected, depending on the respective 
reaction kinetics [8–10]. Thus, the formation of CrO2(OH)2 needs to be considered 
for Fe–Cr-alloys as it might increase the depletion of Cr from the sub-surface of 
the material. The formation of Fe(OH)2 or Al(OH)3 can be neglected at 600 °C and 
below, while the formation of Si(OH)4 should also be considered e.g., in quartz 
glass reaction tubes.

Typical materials used for furnace tubes are quartz glass and alumina (Al2O3). In 
most studies, the influence of the tube material on the gas atmosphere is neglected. 
Opila [11] showed that impurities in high-purity alumina tubes can enhance the oxi-
dation rate of SiC at 1300 °C. Also, mass spectrometry of the exhaust gas of expo-
sure tests of Cr, Al, Si, and their oxides showed that volatile species containing these 
elements are formed at 650 °C and 1 atm in humidified argon [12]. Hence, the gas 
atmosphere that comes in contact with the sample may contain volatile species from 
a prior reaction with the furnace tube. In this study, exposure tests in different tubes 
are compared to evaluate the influence of the tube material on the oxidation charac-
teristics of the samples.

Another aspect which is looked at here is the total system pressure. Processes and 
process efficiency often require elevated system pressure. The influence of elevated 
pressure is neglected in most laboratory studies due to the complexity of a high 
pressure testing device. However, from the thermodynamic point of view, changes 
in pressure are expected to shift the equilibria of reactions between gases and solids 
[13, 14]. In addition, the adsorption behavior of the gas is pressure-dependent [15]. 
In terms of kinetics, increased collision frequency between gas molecules and the 
sample are expected [14]. Studies at elevated pressure showed changes in the high 
temperature corrosion behavior, as reported e.g., for dry air [16], supercritical CO2 
[17–21] or carburizing atmospheres [14, 22].
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Corrosion issues in steam turbines have initiated research on water vapor-induced 
oxidation at elevated pressure in static or flowing pure steam [17, 23–28]. In these 
studies, Fe- and Ni-base alloys were tested. Other studies at elevated pressure have 
been performed on SiC [29, 30]. In some of the mentioned work, an increase in 
oxide scale growth at elevated pressure was found [17, 24, 27, 28], while other 
studies found similar or enhanced oxide scale growth at atmospheric pressure [23, 
25, 26]. A possible explanation for enhanced scale growth at elevated pressure is 
an increase of diffusion rates in the oxide and alloy [24, 28, 31]. However, when 
the stresses caused by the applied pressure are high enough to induce lattice defects 
such as dislocations, simple compression of the crystal lattice reduces the diffusion 
rates in most metals [32]. Therefore, the increase in diffusion rate has to be mainly 
related to the changes in the gas phase.

According to calculations performed by Holcomb [24], an increase in solid state 
diffusion alone is not sufficient to explain the observed changes in the oxide scale 
at elevated pressure. Other factors attributing to the different oxidation behavior 
may be the increase in scale porosity [33] or the dissolution of impurities [34]. The 
detailed mechanism behind this phenomenon has not been fully understood yet.

The aim of this study is to evaluate the influence of the tube material and system 
pressure on the oxidation of a low alloyed steel (T22) at 500 °C in humid air. T22 
was chosen because it forms a relatively thick multilayered oxide scale allowing a 
detailed examination of the scale.

Experimental Procedures

The chemical composition of T22 is given in Table 1.
Sample coupons with the dimensions 15 × 10 mm were cut from a T22 plate and 

ground to a P1200 grit finish. Two samples were exposed under each condition. The 
samples were put in separate alumina crucibles. The tests were performed at 500 °C 
for 310 h, 690 h and 1000 h by discontinuous isothermal testing. The gas mixture 
was synthetic air with 7.6 vol% water vapor at 20 bar and synthetic air with 10 vol% 
water vapor at atmospheric pressure. This difference in the water vapor content 
resulted from a variation in the actual, determined dosage.

To evaluate the influence of gases formed by possible reactions with alumina, 
chromia or silica, the tests were performed in three kinds of furnace tubes. Tests 
at both pressures were performed in high-purity alumina tubes and in preoxidized 
tubes made of Centralloy ET45 micro (named ET45 in the following). ET45 is a Ni-
base alloy containing 35 wt% Cr and 16 wt% Fe and thus a chromia-forming alloy. 
Exposure in a quartz glass tube was performed only at atmospheric pressure.

Table 1   Chemical composition of T22

Fe C Si Mn P S Cr Mo Cu N

In wt% Rest 0.08–0.14 ≤ 0.35 0.40–0.80 ≤ 0.02 ≤ 0.01 2.0–2.5 0.9–1.10 ≤ 0.30 ≤ 0.012
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All exposure tests were conducted in a horizontal furnace in flowing gas. For the 
tests at atmospheric pressure, heated distilled water was pumped along a membrane to 
enrich the gas with water vapor. Heating and cooling of the furnace were carried out in 
a dry atmosphere to avoid condensation in the furnace. The gas flow rates used in the 
different exposure tests are given in Table 2. A total gas flow rate of 6 ln/h (norm liter 
per hour) was set in all cases. Different diameters of the furnace tubes and reduced gas 
flow at elevated pressure caused the differences in gas flow rates at the samples.

In the tests at elevated pressure, a mass flow controller regulated the supply of syn-
thetic air. When the exposure temperature was reached, water vapor was added to the 
gas flow by feeding distilled and degassed water to the gas at the target pressure. The 
mixture was heated to evaporate the water and led into the furnace. A pressure control-
ler was positioned behind the condenser at the gas exit of the furnace. The pressure was 
increased or decreased simultaneously to the heating or cooling of the furnace, respec-
tively. For the test at elevated pressure with alumina tube, the alumina tube was inserted 
into the high-pressure rack. With this arrangement it was ensured that the heated gas 
only came in contact with the alumina tube before reaching the sample.

Mass changes of the samples before and after exposure were recorded using a pre-
cision (0.01 mg) weighing balance (Mettler Toledo). Cross sections of samples were 
prepared using conventional metallographic methods involving nickel plating, hot 
mounting in resin, grinding with SiC papers and polishing with diamond suspension 
(1 µm). Analysis was performed using optical microscopy, scanning electron micros-
copy (SEM, Hitachi FlexSEM 1000) and electron probe microanalysis (EPMA, Jeol 
JXA-8100). Raman spectroscopy (Renishaw inVia Raman Microscope) with a laser 
wavelength of 633 nm was used to analyze the oxide phases.

Results

The mass gain of the samples over exposure time is given in Fig. 1a. Two samples were 
weighed for each data point and the mean value and deviations are plotted. A higher 
mass gain was found for the samples exposed at 1 bar. When comparing the tube mate-
rial, samples exposed in the ET45 tube showed the highest mass gain. The mass gain in 
the quartz tube was the lowest for the exposures at 1 bar. In general, mass gains in the 
same order of magnitude were recorded.

Cross sections of the samples are shown in Fig. 2. The bright layer on top of the 
oxide is a nickel plating to protect the oxide scales during preparation. Three layers 
formed under all tested conditions: A hematite layer (light gray), a porous magnetite 
layer (dark gray) and a dense inner oxide layer (dark gray, below the dashed line). Hem-
atite formed around some of the pores on all samples. A major difference between the 

Table 2   Gas flow rates in the 
different exposures

Pressure 1 bar 20 bar

Tube Alumina ET45 Quartz glass Alumina ET45
Flow rate / cm/

min
5.7 9.5 5.4 1.0 0.51
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samples exposed at 1 and 20 bar is the thickness of the hematite layer. For a quantita-
tive comparison, the oxide layer thicknesses were measured with the semi-automated 
software Layers by GFaI e.V. and plotted in Fig. 1b. A thinner hematite layer formed on 
the samples exposed at 20 bar. The oxide scale thickness and layer distribution on the 
samples exposed at 1 bar are similar for all tube materials.

The surface of the samples was examined with SEM. Oxide platelets formed on 
all samples, as shown in Fig. 3 for the samples exposed for 1000 h. The smallest 
platelets were found on the samples exposed in the alumina tube at 1 bar, while the 
largest platelets grew on the samples exposed in the ET45 tube at 20 bar. This can 
also be seen in the cross sections (Fig.  2e). After shorter exposure times, similar 
morphologies formed on the samples exposed in the alumina and ET45 tubes (not 
shown). Only the platelet structure on the sample exposed in the quartz glass tube 
at 1 bar changed in the investigated time. These samples formed small, separated 

Fig. 1   a Mean mass gain of the samples; b oxide layer thicknesses of the samples exposed for 1000 h

Fig. 2   Optical microscopy images of sample cross sections after 1000 h exposure a at 1 bar in an alu-
mina tube, b at 1 bar in an ET45 tube, c at 1 bar in a quartz glass tube, d at 20 bar in an alumina tube, 
and e at 20 bar in an ET45 tube. The dashed lines indicate the position of the original metal surface
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platelets during the first 690 h of exposure. After 1000 h, the density of the platelets 
increased, as shown in Fig. 3c.

EPMA measurements were performed on the cross sections of the samples 
exposed for 1000 h. As expected, the oxide scales consist mainly of Fe oxides. The 
distribution of most elements is similar in the oxide scale of all samples. Minor 
amounts of around 0.4 wt% Mn were found in the inner and outer oxide scale. In 
the inner scale, Si (around 0.3 wt%), Cu (around 0.3 wt%), Mo (around 2 wt%) and 
Al (less than 0.1 wt%) were detected as well. Interestingly, the Cr distribution in the 
scale differs depending on the furnace tube and pressure. Line scans with 0.3 µm 
steps were obtained from each sample to investigate the average distribution of Cr in 
the scale. The formation of hematite and magnetite in the outward-grown scale was 
confirmed. The inward-grown scale is a (Fe,Cr)-spinel.

The inner oxide scale contains roughly 3–4 wt% Cr in all samples. A direct com-
parison between the Cr distribution in the outer scale of the samples after exposure 
for 1000 h is given in Fig. 4. Three different types of behavior can be differentiated 
for the Cr distribution in the outer scale. First, the samples exposed in the alumina or 
quartz glass tube at 1 bar (Fig. 4a, c) have a Cr gradient in the outer scale from 0.3 
wt% at the interface between the inner and outer scale to negligible amounts at the 
scale/gas interface. Secondly, the samples exposed at 20 bar in the alumina tube and 
at 1 bar in the ET45 tube (Fig. 4b, d) show slight Cr enrichments of 0.15–0.30 wt% 
Cr in the outer scale, with a maximum in the outer part of the scale. No correlation 
between the Cr distribution and the oxide phases (hematite and magnetite) is found. 
The third kind of Cr distribution is observed on the samples exposed in the ET45 
tube at 20 bar (Fig. 4e). The 1000 h sample shows the highest amount of Cr in the 
outer oxide scale of up to 2 wt%.

On the three samples that showed Cr enrichment in the outer scale, the Cr distri-
bution in the outer scale after 310 h was measured as well. On the samples exposed 
in the ET45 tube, low amount of chromium in the outer oxide scale is found in 
the zone near the original metal surface. The region near the gas/scale interface is 
enriched with Cr. On the samples exposed at elevated pressure, the amount of Cr 
increased from 310 to 1000 h. The sample exposed at 1 bar in the ET45 tube has a 
slightly higher amount of Cr in the outer scale after 310 h than after 1000 h.

Fig. 3   SEM surface images of samples after 1000 h exposure, a at 1 bar in an alumina tube, b at 1 bar in 
an ET45 tube, c at 1 bar in a quartz glass tube, d at 20 bar in an alumina tube, and e at 20 bar in an ET45 
tube
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Raman spectroscopy was used to confirm the phases in the oxide scale. Line scans 
along the oxide scales were obtained from the cross sections.

In the Raman spectra of the outer magnetite and inner Fe–Cr spinel layer (not 
shown), the peak at Raman shift around 674  cm−1 is correlated with the (Fe,Cr)3O4 
structure [35]. Chromia is not detected on any sample after 1000 h. In Fig. 5, the Raman 
spectra of the hematite layer of the samples exposed for 1000  h are shown. Raman 
measurements of all samples confirm hematite by peaks at 228, 246, 294, 413, 500, 
615 and 1322 cm−1, which are in good correlation to the values given by Ohtsuka et al. 
[36]. Only the sample exposed at 20 bar in the ET45 tube shows a slightly different 
spectrum. For this sample (which has around 2 wt% Cr in hematite and magnetite, see 
Fig. 4), an additional peak at 660 cm−1 is found. McCarty and Boehme [35] performed 
a study of the influence of the solid solution compositions Fe3−xCrxO4 and Fe2−xCrxO3 
on the Raman signal and reported that an additional peak at 664 cm−1 appears in the 
Raman spectrum when (Fe, Cr)2O3 contains 9.7 wt% Cr. Hence, the additional peak at 
660 cm−1 indicates formation of (Fe, Cr)2O3 instead of hematite.

Fig. 4   Cr line scans of all samples in the outer scale after 1000 h and additionally after 310 h for samples 
that show Cr enrichment. Four line scans were averaged and normalized across the oxide scale for each 
curve in the diagram. The gas/oxide interface is located at the left side of the diagram and the original 
metal surface at the right side. The vertical lines represent the standard deviation of the data. Note the 
different scale of the y axis in e 
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Discussion

Previous studies have reported a breakaway effect for water vapor oxidation for 9 
wt% Cr steel [3, 37]. While thin chromia scales formed in atmospheres with no or 
low amounts of water vapor, faster growing iron-rich oxide scales formed at higher 
amounts of water vapor due to enhanced Cr-depletion. After breakaway similarly 
thick iron-rich scales are found as observed here. In our exposures, slightly thicker 
oxide scales formed in 10% water vapor at atmospheric pressure compared to scales 
formed in 7.6% at elevated pressure. Pores are found in the outer scale of all sam-
ples. The reason for this faster diffusion behavior in the presence of H2O can be 
explained by two approaches, both centered around the hypothesis that during oxi-
dation, the adsorbed water dissociates more rapidly than oxygen and a high concen-
tration of OH− is expected to build up in the scale [1]: (1) To maintain the net charge 
in the oxide, additional metal cation vacancies are formed [1], which facilitates out-
ward diffusion of the metal ions and the oxide grows faster. (2) Vacancies accumu-
late and form pores in the scale, a typical phenomenon for water vapor oxidation 
[38, 39]. According to the mechanism described by Rahmel and Tobolski [39], the 
pores contain H2 and H2O. Continuous reduction and oxidation of the gas in the 
pores play an important role in the inward transport of oxygen in the scale.

Inner and outer oxide scales formed on all samples, which means that both inward 
diffusion of the oxidant and outward diffusion of metal cations contributed to scale 
growth. The relation between the thickness of the outer and inner scale depends 
on the respective diffusion rates. The relation varies between 1.5 and 1.9 for the 
investigated samples (see Table 3). No clear trend can be seen. The thickness of the 
hematite layer of the samples exposed at 20 bar is about half of that formed at 1 bar, 
see Table 3. Zurek et al. [40] and Segerdahl et  al. [41] showed that accumulation 
of hydrogen at the surface can lower or inhibit hematite formation. In both studies, 
the hydrogen produced from the oxidation by water vapor accumulated due to low 
gas flow rates. In the present study, the gas flow rates vary from 0.51 to 9.5  cm/
min depending on the tube diameter and total pressure of the exposure tests (see 

Fig. 5   Raman spectra of the hematite layer in the outer oxide scale, obtained from cross sections of sam-
ples exposed for 1000 h a representative spectrum of all hematite layers formed at 1 bar and the hematite 
layer formed at 20 bar in an alumina tube, b spectrum of the hematite layer formed at 20 bar in the ET45 
tube
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Table 2). However, gas exchange rates above the surface depend not only on the gas 
flow rate, but also on the gas composition, total pressure and temperature. Accord-
ing to Holcomb [24, 42], the rate of newly formed hydrogen flux from the sample 
surface is proportional to the product Re0.5Sc0.343 with the Reynolds number Re and 
the Schmidt number Sc. This value of the tested conditions is given in Table 3. The 
flux rate of hydrogen from the surface is higher in the exposure tests at 20 bar than 
at 1 bar. The values are similar for exposure tests in the ET45 tube at both pressures. 
If hydrogen accumulation due to lower flux rates would be responsible for the differ-
ences in hematite layer thickness, thinner hematite layers would be expected at the 
samples exposed at atmospheric pressure. However, the contrary is the case, mean-
ing that in this study, the varying gas flow rates are not decisive for the differences in 
the hematite layers.

Excluding changes in diffusion and gas depletion, the decreased hematite thick-
ness at elevated pressure could be connected with a change in the phase stabilities. 
In other studies at elevated pressures, enhanced formation of spinels in outer oxide 
scales was reported [14, 24, 31]. Here, the enhanced formation of magnetite, which 
has a spinel structure, shows a similar trend. According to the EPMA measurements, 
the elements in the outer oxide scale are oxygen, Fe, low amounts of Mn and differ-
ent amounts of Cr. Raman spectra show that only two phases formed in the scale of 
all samples: the corundum structure Fe2O3 and the spinel structure (Fe,Cr)3O4. The 
sample oxidized at 20 bar in the ET45 tube additionally showed a peak at 660 cm−1 
which stems from (Fe,Cr)2O3 according to [35]. In the outer scale of the samples 
exposed at 1 bar in the ET45 tube and at 20 bar in the alumina tube, only 0.3 wt% Cr 
is dissolved. In the hematite layer on these samples no additional peak is detected.

In the tested conditions, formation of volatile species from the furnace tube, from 
alumina crucibles and from samples is possible. In a study by Pérez-Trujillo et al. 
[12], formation of volatile species over chromia, Fe, alumina and silica during expo-
sure in Ar with 80% H2O at 650  °C were detected. These species are formed by 
reaction of the metal or oxides with oxygen and water vapor. When passing through 
a cooler part of the furnace, the volatile species can deposit on the tube walls. The 
collection of condensate is often used to quantify formation of Cr-containing vola-
tile species [43]. When different materials are present in the hot zone of the furnace, 
volatile species can form from one material and deposit on the other, if the activity 

Table 3   Rheological parameter 
in the different exposure tests 
and oxide layer relations of the 
respective samples

Pressure 1 bar 20 bar

Tube Alumina ET45 Quartz glass Alumina ET45
Outer/inner 

scale ratio 
after 1000 h

1.7 1.7 1.5 1.5 1.9

Hematite/total 
oxide scale 
ratio after 
1000 h

0.21 0.25 0.18 0.12 0.09

Re0.5Sc0.343 0.51 0.66 0.50 0.96 0.68



12	 Oxidation of Metals (2021) 96:3–15

1 3

of the element is high in one and low in the other material. This mechanism is for 
example observed in solid oxide fuel cells. Here, volatile Cr species can form at the 
interconnects and accumulate on the cathode. Even though the effect has been stud-
ied intensively, the mechanism of Cr deposition is still under discussion [44, 45].

In the presented results, the formation and deposition of volatile Cr-containing 
species play an important role. Due to the low temperatures and presence of water 
vapor, CrO2(OH)2 is assumed to be the major volatile Cr species present. It forms 
by reaction of chromia with oxygen and water vapor [13]:

The tube material ET45 has a high Cr content of 35 wt% and is expected to 
form a chromia scale at the surface in oxidizing conditions. Hence, enrichment 
of the gas with CrO2(OH)2 in the ET45 tube can be expected. The T22 samples 
exposed at 1 bar in the alumina and quartz glass tube form a Fe oxide scale with 
negligible amounts of Cr at the scale/gas interface. Here, only low amounts of 
CrO2(OH)2 are expected to derive from the T22 samples. In the ET45 tube, when 
the Cr activity in the gas is higher than at the oxide surface, CrO2(OH)2 adsorbs. 
The low Cr activity of iron oxide then allows incorporation of Cr into the outer 
scale of the samples. The continuous condensation of Cr during the exposure 
is manifest as the higher amount of Cr in the outward-growing oxide scale. 
The outer scale of the samples exposed at 20 bar in the ET45 tube contains ten 
times more Cr than the samples exposed at 1 bar. This can be ascribed to several 
changes in the gas due to elevated pressure. Firstly, the adsorption and surface 
coverage with gas molecules is expected to increase at higher pressure, according 
to the Langmuir adsorption model [15]. In addition, the reaction equilibria are 
shifted to the side with lower amounts of gas molecules according to Le Chat-
eliers’ principle. This implies an increased formation of CrO2(OH)2. Calculations 
of the thermodynamic equilibrium of the gas with the software Factsage confirm 
that the partial pressure of CrO2(OH)2 in the gas over ET45 increases from 1 to 
20 bar by two orders of magnitude. Hence, more Cr is deposited on the sample.

Interestingly, the sample exposed at 20  bar in the alumina tube has a simi-
lar amount of Cr in the outer oxide scale as the sample exposed at 1 bar in the 
ET45 tube, but the slope is different and does not show an enrichment toward 
the surface. Thus, while the origin of Cr on the latter can be ascribed to be the 
ET45 furnace tube, another mechanism has to be pressure-related that might 
also be responsible for the slower growth rates at 20 bar. Since the only source 
of Cr is the T22 sample itself with around 2.25 wt%, an increased formation of 
CrO2(OH)2 by elevated pressure has also to be considered. In case the scale was 
not dense, the volatile compound could form from the spinel in the inner oxide 
layer, diffuse outward through pores and distribute in the scale. Alternatively, 
changes in the phase stability toward a spinel structure in the outer scale as men-
tioned above may also enhance the outward diffusion of Cr.

The samples exposed at 1 bar showed different surface morphologies depend-
ing on the furnace tube. In all conditions, the formation of oxide platelets was 

(1)
1

2
Cr2O3(s) +

3

4
O2(g) + H2O(g) ↔ CrO2(OH)2(g)
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observed. The size and density of platelets varies, larger platelets were found on 
samples exposed in the ET45 tube, while dense structures were found on the sam-
ples exposed in the quartz glass tube for 1000 h. The increased platelet growth 
in the ET45 tube compared to the others may be connected with higher amounts 
of CrO2(OH)2. The reason for different morphologies on samples exposed in 
the quartz glass or alumina tube is unsure. Opila [11] showed that high-purity 
alumina tubes may contain impurities in the ppm range that influence the scale 
growth. This amount is below the detection limit of EPMA. Further studies are 
needed to clarify the cause of different surface morphologies. These results indi-
cate that direct comparison of Fe-oxide scales formed in alumina and quartz glass 
tubes in humid environment can be inadequate.

Conclusions

Alloy T22 was exposed to humid air in three different reaction tube materials (alu-
mina, ET45 and quartz glass) and at two different pressures (1 bar and 20 bar) at 
500 °C for 310, 690 and 1000 h. A uniform, layered oxide scale consisting of hem-
atite/magnetite/Fe–Cr spinel formed on all samples. Thinner layers formed on the 
samples exposed at 20  bar. At the gas/oxide interface, hematite platelets formed. 
Larger platelets formed on the samples exposed in the ET45 tube both at 1 and 
20 bar. It was noted that the platelet structure formed in the alumina tube and the 
quartz glass tube differ; possible causes might be impurities from the tubes. At ele-
vated pressure and in an ET45 tube, an increased Cr content was dissolved in the 
outer oxide scale, with the highest enrichment of Cr (2 wt%) found on the samples 
exposed at 20 bar and in the ET45 tube for 1000 h. To a certain degree Cr can be 
correlated to volatile Cr species deriving from the ET45 tube.
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