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Abstract
A model Si-free alloy, Fe-30Cr (wt.%), was exposed to Ar-10H2O mixture (in vol.%) 
at 650  °C, forming a protective Cr2O3 scale, which contained silica. Liquid water 
used to form water vapour in a bubbler was either deionised or distilled. In both 
cases, low-level water impurities of Si, F, Cl, S, and Ca matched those detected in 
the Cr2O3 scales by TEM/EDX and ToF–SIMS. Consideration of water droplet and 
residual solute particle sizes, together with Stokes’ Law shows that entrainment of 
Si in the gas stream is likely. Calculation of mass transfer rates from the gas to the 
growing chromia scale show that the amount of silica in the scale is accounted for. 
Many laboratory experiments could be affected in this way.

Keywords  Chromia formers · Water vapour · High-temperature corrosion · Si 
contamination

Introduction

Combustion of fossil fuels releases mainly CO2 and water vapour. For this reason, 
the extensively studied high-temperature corrosion of commercial and model alloys 
in H2O-containing gases is of practical relevance as well as fundamental interest. 
Corrosion resistance of these alloys usually relies on the formation of slow-growing 
scales of Cr2O3, Al2O3, or SiO2. Alloys with sufficient Cr and Si concentrations oxi-
dise in various gases to form a duplex scale of an outer Cr2O3 layer and a thin, inner 
SiO2 layer [1–7]. This additional SiO2 layer is beneficial in slowing growth of the 
overlying Cr2O3 layer and consequently Cr depletion in the alloy.

The SiO2 layer is usually observed between the Cr2O3 layer and alloy, because 
SiO2 is more stable. Alloy Si concentrations are rather small (less than 2 wt.%), but 
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its diffusion in alloys is quite fast [1–6]. It has been reported that additional SiO2 
precipitates were detected within Cr2O3 scales on Fe-20Cr-0.5Si (all alloy composi-
tions in wt. %) formed in Ar-20H2O-20CO2 [3, 4]. In a previous study [4], chromia 
scales formed in 380 h on a model Fe-20Cr alloy at 650 °C had different structures 
in wet and dry gases: relatively coarse, columnar grains in Ar-20CO2 (Fig. 1a), but 
an inner layer of fine, equiaxed grains surmounted by Cr2O3 blades on the scale sur-
face in Ar-20CO2-20H2O (Fig.  1b). Surprisingly, recent EDX analysis shows that 
silicon was detected in the chromia scale formed in wet CO2 (Fig. 1d, e), but not for 
that in dry CO2 (Fig. 1c).

Silicon-rich oxides have also been found on the surface of and inside an Al2O3 
scale formed on FeCrAl-1.3Si alloy reacted in wet air at 800  °C [7]. In the case 
of chromia scales, the additional silica layer strengthens their protective effect and 
improves the alloy corrosion resistance significantly. The formation of additional 
SiO2 precipitates in the Cr2O3 or Al2O3 layer was suggested to be due to the trans-
port of Si from the underlying alloy to the surface [3, 7].

In the present work, a model Si-free alloy of Fe-30Cr was reacted with Ar-10H2O 
(volume %) at 650 °C. The aim was to study contamination by silicon and other ele-
ments during high-temperature oxidation in water vapour. The results would also 
help to understand the potential effects of these contaminations on corrosion behav-
iour in other wet gases.

Fig. 1   BF-TEM cross-sections [4] and EDX spectra of selected areas of thin Cr2O3 scales formed on Fe-
20Cr reacted in (a, c) Ar-20CO2 and (b, d, e) Ar-20CO2-20H2O for 380 h using a distilled water source
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Materials and Experiments

A model Fe-30Cr alloy (wt.%) was prepared by arc melting pure metals Fe 
(99.98% metals only basis) and Cr (99.995% metals only basis) under a protective 
Ar-5%H2 (volume %) gas atmosphere, using a non-consumable electrode. The 
resulting button was annealed at 1000 °C for 70 h in a flowing Ar-5%H2 gas for 
homogenization. Rectangular alloy coupons (1 ± 0.1) × (8 ± 0.2) × (8 ± 0.2) mm in 
size were surface ground to a 1200-grit finish and ultrasonically cleaned in etha-
nol prior to reaction. The alloy composition was checked by SEM/EDX (Fig. 2) 
and found to be Fe-(29.8 ± 0.1)Cr (wt.%). No Si peak was observed in the spec-
trum, showing the alloy to contain less than the detection limit of about 0.1 wt.%. 
Further ICP analysis confirmed a very low concentration of Si impurity, about 
0.002 wt.%.

All specimens were reacted at 650 °C in Ar-10H2O mixture (volume %) with a 
linear flow rate of 1 cm/s and a total pressure of 1 atm for up to 240 h. A horizon-
tal alumina tube furnace was used, and the experimental setup is shown in Fig. 3. 
The Ar gas was flowed at controlled rates through a flask containing water at a 
controlled temperature, yielding the desired partial pressures of H2O. The flask 
was filled with deionised water (Sartorius, arium-pro). Heating tapes set at 88 °C 

Fig. 2   SEM/EDX spectrum of 
as-received Fe-30Cr

Fig. 3   Schematic illustration for experiments in Ar-10H2O
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were used to prevent condensation inside glass tubes connecting the condenser to 
the reactor tube’s end cap.

No silicone grease was used at glassware joints to avoid potential Si contamina-
tion from this source. Alloy samples were suspended in an alumina crucible using 
Kanthal alloy wire.

Corroded samples were characterized by X-ray photoelectron spectroscopy (XPS, 
ESCALAB250Xi-Thermo Scientific), scanning electron microscopy (SEM, Hitachi 
S3400) with an energy dispersive X-ray spectrometer (EDX, Bruker), and transmis-
sion electron microscopy (TEM, JEOL JEM-F200). The TEM samples were pre-
pared using a focused ion beam system (FIB, FEI Nova Nanolab 200) with a max-
imum accelerating voltage of 30  kV. Scale contaminants on the oxidised samples 
were analysed mainly by time-of-flight ion mass spectrometry (ToF–SIMS, TOF.
SIMS5-IONTOF). A sputter area of 300 × 300 µm2 was formed by a Cs + ion beam 
(1 keV, 70.9 nA). A Bi+ ion beam (30 keV, 2.6 pA) was used for negative ions pro-
files and Bi3+ for positive ions profiles. The analysis area was 100 × 100 µm2. For 
ToF–SIMS analysis, samples were oxidised in the alumina tube with aluminium end 
caps to avoid any possible contamination from the Teflon cap.

Results

The scale formed on Fe-30Cr in Ar-10H2O consisted of fine, equiaxed grains 
at its surface (Fig.  4). Analysis by STEM/EDX mapping (Fig.  5a, b) and spectra 
(Fig. 5c–e) shows the thin, dense scale (about 240 nm thick) to be Cr2O3. A pore was 
also found beneath this Cr2O3 scale, located at an alloy grain boundary (Fig. 5a).

A small amount of Si (0.2 at.%) was detected in the oxide scale, e.g. area (c) 
in Fig.  5a, but not everywhere, e.g. at points 1 and 2 of coarse oxide grains 

Fig. 4   SE-SEM top view of Fe-30Cr reacted in Ar-10H2O (deionised water source) for 240 h
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(Fig. 5a,d,e). The chemical state of silicon in the Cr2O3 scale was analysed by XPS 
(Fig.  6). The Cr2p3/2 peak centred at 577.16  eV matches with the Cr2p3/2 binding 
energy in Cr2O3 [8]. The Si2p peak centred at 102.14 eV matches with the Si2p bind-
ing energy in SiO2 [8]. The Si spectrum was weaker than that of Cr because of its 
lower concentration.

The ToF–SIMS depth profiles obtained from the scale on Fe-30Cr oxidised in Ar-
10H2O (deionised water) for 20 h (Fig. 7) show that ions of Si, F, Cl, S, and Ca were 
detected in the Cr2O3 scale. Part of these impurities, Si and Ca were concentrated 

Fig. 5   Fe-30Cr reacted in Ar-10H2O (deionised water source) for 240 h: a BF-STEM cross-section, b 
EDX mapping, and EDX spectra of the scale: c area, d point 1 and e point 2

Fig. 6   Fe-30Cr reacted in Ar-
10H2O (deionised water source) 
for 240 h: XPS spectra of Cr2p 
and Si2p taken from the surface
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mainly in outer parts of the scale, whereas F, Cl and S appeared throughout the oxide. 
In addition, FeO− was found to be present at the middle of the chromia, possibly 
derived from Fe–Cr-spinel.

An experiment with Ar-10H2O using distilled liquid water was carried out to com-
pare scales grown with deionised and distilled water. The ToF–SIMS depth profiles of 
the Cr2O3 scale formed in Ar-10H2O (distilled water) in Fig. 8 show impurities of Si, F, 
Cl, S, and Ca. The detection of Si−, Si+, F−, Cl−, S−, and Ca+ ions in both experiments 
is a surprise, and is now considered.

Fig. 7   ToF–SIMS analysis of Fe-30Cr oxidized in Ar-10H2O (deionised water source) for 20 h using a 
primary ion beam of (a) Bi+ for negative polarity profiles and b Bi3+ for positive polarity profiles. Cs in 
(b) from the sputter ion source



565

1 3

Oxidation of Metals (2022) 97:559–574	

Discussion

Origin of Si Contamination in Water Vapour Oxidation

The presence of silicon in the chromia scale after oxidation in Ar-10H2O is a big 
surprise. The experiment was carried out in an alumina tube instead of a silica tube, 
eliminating possible interactions between the reaction tube and water vapour at high 
temperatures. The silica rod used to insert and retract samples (Fig. 3) was behind 
the sample at the gas downstream side, minimising any possible contamination from 
reactions between silica and the reaction gas.

It has been reported that solid SiO2 could react with steam (0.8 atm) at 800 °C 
[9] and a gas mixture of water vapour and oxygen (1 atm) at 1200 °C [10], forming 
volatile hydroxides:

Fig. 8   ToF–SIMS analysis of Fe-30Cr oxidized in Ar-10H2O (distilled water source) for 20  h using a 
primary ion beam of (a) Bi+ for negative polarity profiles and b Bi3+ for positive polarity profiles. Cs in 
(b) from the sputter ion source
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with a standard Gibbs free energy change of [11, 12]

Another possible volatile Si-bearing gas could be formed by the reaction:

with a standard Gibbs free energy change of [11]

The maximum partial pressures of Si(OH)4 (g) and SiO (g) were calculated from 
Eqs. (2, 4) using pH2O

= 0.1 atm and pH2
= 1×10−8 atm (partial pressures of water 

vapour and H2 in reaction gas) and unit SiO2 activity are pSi(OH)4 = 1.1×10−9 atm 
and pSiO = 6.1 × 10−29  atm. It is clear that Si contamination from the SiO2 rod was 
very low and the Si contamination came from the alloy and/or reaction gas (water 
vapour).

Effect of Si Impurity in Alloy

The total amount of Si in the chromia scale is

where NSi and NCr are average concentrations (atom %) of Si and Cr in the chromia 
scale measured by TEM/EDX analysis, and nscale

i
 the amount of indicated compo-

nent per unit surface area in the scale (mol/cm2). Approximating the scale formed on 
Fe-30Cr as pure Cr2O3

where �Cr2O3
 and MCr2O3

 are density and molar mass of Cr2O3, and �Cr2O3
 the aver-

age chromia scale thickness. The average �Cr2O3
 value is 240 nm (Fig. 5), yielding 

nscale
Si

 = 8.1 × 10–9 mol/cm2.
The Si concentration in the alloy is Co = 0.002 wt.% obtained from the ICP meas-

urement. The total amount Mt of Si transported from a thin sheet, with a thickness 
of 2 � = 1 mm, to a surface at which the alloy Si concentration is set at zero is calcu-
lated from [13]:

(1)SiO2(s) + 2H2O(g) ⇌ Si(OH)4(g)

(2)ΔGo = 52300 + 76.79T (J/mol)

(3)SiO2(s) + H2(g) ⇌ SiO(g) + H2O(g)

(4)ΔGo = 568700 − 228.5T (J/mol)

(5)nscale
Si

=
NSi

NCr

nscale
Cr

(6)nscale
Cr

= 2
�Cr2O3

�Cr2O3

MCr2O3

(7)
Mt

M∞

=
1

2

[

1 −

∞
∑

n=0

8

(2n + 1)2�2
exp

(

−DSi(2n + 1)2�2t

4�2

)]
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Here M∞ = 2.1 × 10–7 mol/cm2 is the initial Si amount in Fe-30Cr,DSi = 3.1 × 10–13 
cm2/s [14], t time (s). Using the graphical solution provided by [13], it is found 
for t = 240  h that Mt∕M∞ = 0.005 . The calculated Mt value of Si for 240  h is 
1.1 × 10–9 mol/cm2, significantly smaller than the Si amount in the Cr2O3 scale of 
nscale
Si

 = 8.1 × 10–9 mol/cm2. It is therefore concluded that Si impurity in the alloy was 
not the main Si source for the formation of silicon oxide within the Cr2O3 scale 
grown in Ar-10H2O.

The remaining possible Si source is the reaction gas. The shape of the Si profiles 
within the chromia scales (Figs. 7, 8), with their high concentrations near the scale 
surface, supports the view that silicon enters the oxide from its interface with the 
gas. Moreover, Fe-20Cr alloy, when exposed to dry CO2 (Fig. 1), oxidised to form 
a Cr2O3 scale containing no detectable level of silicon, but developed a scale con-
taining Si when H2O(g) was added to the environment. This pattern of behaviour is 
readily understood if water was the source of silicon. The latter explanation is now 
examined.

Transport of Si Impurity by Water Vapour‑Containing Gases

Tap water usually contains impurities as shown in Table 1. Tap water in our labora-
tory was analysed by ICP-OES to contain about 1.29  mg/L silicon, in agreement 
with a result from the water supplier in Sydney of 0.7 ~ 1.68 mg/L [15]. Sources of 
Si in tap water can be natural weathering of mineral matter or human activity (water 
fluoridation). Fluoride is commonly added to water sources for dental health rea-
sons. The fluoride level in Sydney water is about 1.02 mg/L [16]. The most common 
fluoride compound used in New South Wales (Australia) is sodium silicofluoride 
(Na2SiF6) for large water supplies, and sodium fluoride (NaF)/hydrofluosilicic acid 
(H2SiF6) for medium to small water supplies [16]. The detection of low levels of F 
in the Cr2O3 scales (Figs. 7, 8) which contained silicon is consistent with the view 
that fluoridation with Na2SiF6 is the ultimate source of silicon contamination.

Silicon is one of the most abundant elements on earth, and can be found in large 
amounts in rivers and the sea. Weathering of Si-containing minerals results in dis-
solved silicon in the form of silicic acid Si(OH)4 [17]. The world average concentra-
tion of dissolved Si in rivers is about 4.2 mg/L [17]. As is seen, the concentration 

Table 1   Main impurities in 
Sydney drinking water [15] mg/L

Calcium 11.5 ~ 16.5
Chloride 30 ~ 31.5
Fluoride 1
Magnesium 2.6 ~ 7.3
Potassium 2.6 ~ 3.2
Sodium 14.8 ~ 20.4
Sulfate 8.4 ~ 11
Si 0.7 ~ 1.68
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of dissolved Si in tap water caused by water fluoridation and mineral weathering is 
small, and is generally disregarded in corrosion research reports.

For water vapour experiments, tap water was deionised using a Sartorius Arium-
pro ultra-pure lab water system. An ICP-OES analysis (Table  2) indicated silicon 
concentrations in the deionised water to be 0.16 mg/L. The other main impurities of 
Ca, Cu, K, Mg, and Na were also still present. For comparison, the distilled water 
supply was also analysed (Table  2). It is clear that the deioniser and distiller had 
greatly improved water quality (Table 1), but had failed to remove dissolved Si and 
other impurities completely. These low residual impurity levels would be common 
in conventional laboratory experiments, but are ignored.

The question remains as to how these species were transferred from the liquid 
water through which gas was bubbled (Fig. 3), via the gas phase, resulting in their 
detection in the reaction product Cr2O3 scales (Figs. 5, 6, 7, 8).

The transport of impurity species from liquid water into the flowing gas at the 
low temperature of the bubbler flask could occur, at least in principle, via chemi-
cal and physical processes. Any contribution of salt vaporisation can be dismissed. 
Water vapour was formed by bubbling Ar gas in the heated flask containing liquid 
water, resulting in the Ar-10H2O mixture with an equilibrium saturation temperature 
of 45.8 °C [18]. Equilibrium vapour pressures of the dilute solute salts, which have 
high melting points, would be negligible at this temperature.

However, the dry Ar gas was injected at the water flask bottom, forming bubbles 
(Fig. 3). When these bubbles burst at the gas–water interface, very small water drop-
lets containing dissolved impurity species are ejected, forming an aerosol [19–21]. 
Subsequent evaporation of water from these droplets would leave solid salt particles. 
The size of bubbles depends on many factors: inner diameter of gas tube, gas flow 
rate, water density/viscosity, wetting property of gas tube, and water height above 
the tube outlet. It has been reported [22] that bursting a bubble with a diameter of 
3.95 mm formed a majority of droplets with a diameter of about 20 ~ 40 µm. On this 
basis, approximating the bubble diameter as equal to the inner diameter of the gas 
tube, 4.6 mm, the resulting droplet diameters would be up to 40 µm.

An approximate calculation shows that these residual particles are likely to be very 
small. A water droplet of 3.3 × 10–5 mm3 with a total dissolved solids level of about 

Table 2   Concentrations (mg/L) 
of main impurities in distilled 
and deionized water by ICP 
analysis

Deionized water (mg/L) Distilled water (mg/L) Detection limit (mg/L)

Ca 0.132 0.021 0.002
Cu 0.006 0.0002 0.0002
K 0.096 0.067 0.002
Mg 0.055 0.002 0.002
Na 0.504 0.684 0.002
S 0.05 - 0.05
Si 0.167 0.161 0.002
F - - 0.05
Cl 0.319 - 0.2
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1 mg/L (Table 2) contains about 3.3 × 10–14 g of solute. Approximating the solid den-
sity to be that of NaCl, 2.17 g  cm−3, it is calculated that if the solute formed a sin-
gle spherical particle, its maximum diameter would be about 0.3 μm. The possibility 
that water droplets or salt particles could be carried upward by the flowing gas is now 
considered.

The terminal velocity ( vT ) of a falling spherical droplet/particle in a viscous fluid is 
described by Stokes’ law.

Here �droplet = 1000  kg  m−3 and �gas = 1.69  kg  m−3 are the mass densities of 
water and Ar gas, g = 9.81  m  s−2, r radius of water droplet or particle, and 
� = 2.4 × 10–5 kg m−1 s−1 is the dynamic viscosity of Ar gas at 50 °C [23].

The average Ar gas velocity in the gas space above the water surface in the flask 
filled with one litre of water at 45.8 °C is vgas = 0.13 cm s−1 = 13 × 10–4 m s−1. When 
vT = vgas , the critical value of rdroplet calculated from Eq.  (8) such that any smaller 
droplets could be carried upward by the gas is 3.8 µm (or 7.6 µm diameter). In the case 
of a spherical NaCl salt particle ( �salt = 2170 kg m−3), the critical rsalt value is 2.6 µm 
(or 5.2 µm diameter), much greater than the maximum diameter of a salt particle of 
0.3 μm calculated above. It is concluded that the flowing Ar-10H2O gas mixture could 
carry water droplets smaller than 7.6 µm from the bubbler into the heated reactor tube, 
along with solid solute residues from larger droplets after evaporation.

The ToF–SIMS results show that intensities of depth profiles of impurity ions are 
the same for the samples oxidised in either distilled or deionised water (Figs.  7, 8), 
except for F− and Cl−. The F− concentrations in the two water supplies were below 
the detection limit of ICP analysis (Table 2), but the ToF–SIMs results show higher 
intensities for the F− profile in the experiment with distilled water (Figs.  7, 8). The 
Cl− concentration in deionised water was higher than that in distilled water (Table 2), 
resulting in higher intensities for the Cl− profile in the scale formed from deionised 
water (Figs. 7, 8). This reinforces the conclusion that water vapour produced from liq-
uid water is not absolutely pure and still contains significant amounts of the original 
impurities.

Mass Transfer of Si

The liquid water volume consumed during the 240  h reaction was about 
VH2O

= 0.373 L , and the silicon concentration in the deionised water was 0.16 mg/L. 
If all the solute Si in the vapourised water was transported by the gas stream into the 
reactor, a total amount ngas

Si
= 2.1 × 10−6 mol was supplied during the 240 h reaction.

The overall reactions of Na2SiF6 and H2SiF6 in liquid water are [24]:

(8)vT =
2
(

�droplet − �gas
)

g r2

9�

(9)Na2SiF6(aq) + 4H2O(l) = 6F− + 2Na+ + 4H+ + Si(OH)4(aq)

(10)H2SiF6(aq) + 4H2O(l) = 6F− + 6H+ + Si(OH)4(aq)
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The hydrolysis reaction (11) of Na2SiF6 or H2SiF6 has been shown to be rapid 
and complete, resulting in essentially no SiF2−

6
 remaining in tap water at equilib-

rium [24]. It is concluded that the chemical state of most of the Si dissolved in 
water is Si(OH)4.

Conversion of liquid water to water vapour results in a partial pressure of 
Si(OH)4 gas 

(

pSi(OH)4

)

 given by

At the temperature employed, pH2O
 = 0.1  atm, Cwater

Si
 = 0.16  mg Si/1L 

H2O = 16 × 10–8  g Si/g H2O in deionised liquid water, MH2O
 and MSi are molar 

masses of H2O and Si. The calculated value of pSi(OH)4 is 1 × 10–8 atm. This is an 
order of magnitude greater than the value estimated from a presumed equilibrium 
of Eq. (1).

However, the rate of the unimolecular gas phase reaction (1) to form SiO2(s) 
is unknown, but probably slow. It will therefore be assumed that the actual value 
of pSi(OH)4 lies between a maximum value 1 × 10–8  atm, deriving from the input 
Ar-H2O-Si(OH)4 gas stream, and a minimum of 1.1 × 10–9 atm resulting if reac-
tion (1) reaches equilibrium.

For laminar flow of gas over and parallel to a flat sample, a boundary layer of 
gas attaches to the sample surface. Mass transfer of Si from the bulk gas onto the 
sample surface is controlled by diffusion across the boundary layer, and may be 
calculated using gas transport theory in the viscous flow regime [25].

The deposition rate was calculated as a flux, J, from

where km(cm/s) is the mass transfer coefficient and pSi(OH)4(atm) partial pressure of 
Si(OH)4, and T  = 923 K the gas temperature. The value of km is given by

where D
AB

 (cm2s−1) is the binary gas A-B diffusion coefficient, vg the kinematic 
viscosity, v = 1 cm/s the linear gas velocity at 650 °C, and L = 0.8 cm the length of 
sample surface.

The reaction gas mixture was Ar-10H2O-Si(OH)4. A simplified model of a 
binary gas mixture of Ar-Si(OH)4 was used. The necessary collision diameter and 
interaction energy data for Si(OH)4 are not available, so values [26] for SiF4 were 
used in calculating the diffusion coefficient D

AB
 from the Chapman-Enskog equa-

tion [25]

(11)SiF2−
6

+ 4H2O(l) = 6F− + 4H+ + Si(OH)4(aq)

(12)pSi(OH)4 = pH2O

Cwater
Si

MH2O

MSi

(13)J =
km

RT
pSi(OH)4

(14)km = 0.664

(

D4
AB

vg

)1∕6
(

v

L

)1∕2
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Here MA = 40  g  mol−1 (Ar) and MB = 96  g  mol−1 (Si(OH)4) are the molecular 
weights, P = 1 atm the total pressure, the collision diameter �

AB
= 4.211 Å, and the 

collision integral ΩD,AB = 0.867 was found from tabulated [27] interaction energies. 
The calculated value of D

AB
 is 0.64 cm2s−1.

The kinematic viscosity of a gas mixture is defined by

where �Ar = 0.519 × 10−3 (g cm−3) [28] is the Ar density at 650 °C and 1 atm. Since 
the partial pressure of Si(OH)4 is very small, the Ar gas viscosity is used to calculate 
�mix

with ΩAr = 0.826 [27]. The calculated values are �mix = 4.95 × 10−4 Poise and 
vg = 0.95 cm2s−1, yielding km = 0.55 cm s−1.

The Schmidt number

is calculated to be 1.5 which satisfies the condition

for the applicability of Eq. (14).
The flux of Si(OH)4 to the flat sample calculated from Eq.  (13) is 

JSi(OH)4 = JSi = 7.3 × 10−14 mol cm−2  s−1 or JSi = 2 × 10−12 g cm−2  s−1, if pSi(OH)4 
has the maximum (input) value of 1 × 10–8  atm. If the equilibrium state of (1) is 
approached and a minimum value pSi(OH)4 = 1.1 × 10–9 atm is achieved, a lower value 
of the silicon flux to the sample surface, JSi = 2.2 × 10–13  g  cm−2  s−1, results. The 
total Si amount deposited onto a sample surface of 1.6 cm2 after 240 h is therefore 
in the range nmass transfer

Si
 = 1 × 10–8 to 1 × 10–7 mol. These nmass transfer

Si
 values are suffi-

cient to account for the amount of silicon found in the scale ( nscale
Si

 = 1.3 × 10–8 mol), 
but smaller than the total amount of Si transported into the reactor in the gas 
( ngas

Si
= 2.1 × 10−6 mol). It is therefore concluded that the Si impurity in the reaction 

gas was the main supply for the formation of silicon oxides in the Cr2O3 scale during 
oxidation in water vapour.

Silicon in the gas was deposited onto the sample surface via the chemical vapour 
deposition (CVD) process. Numerous parameters may affect CVD rates, such as gas 

(15)D
AB

=
1.858 × 10−3

√

T3(1∕MA + 1∕MB)

P�2
AB

ΩD,AB

(16)vg =
�mix

�

(17)� ≈ �Ar

(18)�mix = �Ar =
2.669 × 10−5

√

MArT

�2
Ar
ΩAr

(19)Sc =
vg

D
AB

(20)0.6 ≤ Sc ≤ 50
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flow rate, sample direction/angle, surface roughness, nucleation sites, and so on. 
Surface roughness could be a significant factor. The samples had been ground to 
a 1200 grit finish prior to exposure. The physical shadowing of an uneven surface 
could cause unequal deposition on the tops and sides of grinding scratches.

Chromia scales formed in wet CO2 gas usually have finer grains than those in dry 
gas, a result thought [3, 4, 29] to be due to changed diffusion properties of oxide 
grain boundaries. Solubility of Si in Cr2O3 is negligible at high temperature [30], 
and for this reason, SiO2 grains have been found on Cr2O3 grain boundaries and 
triple points [3].

The discovery of chromia scale contaminations by Si during corrosion in water 
vapour offers a new explanation for the formation of finer Cr2O3 grains in wet gases. 
The additional, intergranular SiO2 grains impede Cr2O3 grain boundary movement 
and hence grain growth. The growth of polycrystalline Cr2O3 scales is controlled 
by the transport of species along grain boundaries [31, 32]. The finer-grained Cr2O3 
scales formed in wet gas have higher grain boundary densities, and these scales are 
on this basis expected to grow faster than those formed in dry gas. However, the 
intergranular SiO2 grains formed in wet gas oxidation act as a diffusion barrier to 
Cr2O3 grain boundary species. For this reason, the Cr2O3 scale formed on a Si-free 
alloy in Ar-20CO2-20H2O was thinner than that in Ar-20CO2 at 650 (Fig.  1) and 
818 °C [3, 4].

Conclusions

Chromia scales containing silicon formed on a Si-free alloy exposed to Ar-H2O gas. 
A diffusion calculation showed that the very low concentration of alloy silicon was 
insufficient to account for the level of silicon found in the scales.

Water used to generate the water vapour, either deionised or distilled, was found 
by chemical analysis to contain silicon. Although Si concentrations of ~ 0.16 mg/L 
were much lower than those of tap water, a simple mass balance calculation showed 
that the amount was more than enough to supply the scale Si content, if carried into 
the reactor tube.

The deionised and distilled water also contained low levels of dissolved F, Cl, 
S, and Ca. These impurities were also found in the chromia scales, indicating that 
water solutes were indeed carried by the gas stream into the reactor.

Water vapour was generated in a conventional laboratory bubbler. Consideration 
of likely water droplet sizes and also of solid residue particles resulting from their 
evaporation and application of Stokes’ Law led to the conclusion that both droplets 
and particles would be carried by the flowing gas.

The partial pressure of Si(OH)4 in the gas stream is low at ~ 10–8 atm. However, 
the calculation of mass transfer in the viscous flow regime showed that the rate of 
transfer of Si from the gas to the chromia scale surface is sufficient to account for the 
observed silicon uptake.

Silicon impurities in drinking water are ubiquitous. Normal quality deionised or 
distilled water still contains low, but significant levels. Vapour generated from these 
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liquids can generally be expected to convey sufficient Si to lead to significant accu-
mulations in slow-growing oxide scales.

As SiO2 precipitates within Cr2O3 scales are located at grain boundaries and tri-
ple points, they will affect the protective qualities of the scale. It seems likely that 
much of the published laboratory research on water vapour effects on oxidation 
would be affected by this phenomenon.
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