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Abstract
The corrosion behavior of metals and alloys at high temperatures in complex multi-
oxidant environments is of a great interest for achieving extended service perfor-
mances and improved operation efficiencies. In this basic study, the scaling reactions 
of pure chromium in several multi-oxidant gas mixtures were assessed. The environ-
ments studied are similar to those that exist in low-NOx burner and coal gasifica-
tion atmospheres, which are very reducing and favor sulfidation and carburization, 
together with possible formation of  Cr2O3. The effect of sulfur on chromia-scale 
growth kinetics was also considered. Isothermal exposures were done for up to 100 h 
at 871 °C (1600 °F), and comparison was made to similar exposures to air. Exposed 
samples were characterized in detail using some combination of X-ray diffraction 
and electron beam scattering and spectroscopic techniques. It was found that chro-
mia scales formed in mixed gases containing water vapor grew much faster and had 
a finer grain structure than those formed in dry air. Both inward growth and outward 
growth of the chromia scale were inferred for the mixed-gas conditions. The effect 
of a high carbon potential in the gas on the scaling behavior is also discussed.
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Introduction

In many process environments such as low-NOx burners, coal gasifiers or other 
advanced power systems, alloys are exposed to multi-oxidant gas atmospheres con-
taining low oxygen and high sulfur and carbon activities. Many of these high-tem-
perature alloys rely on formation of a protective slow-growing chromia (or alumina) 
scale to prevent aggressive attack by oxidants other than oxygen (sulfur, carbon, 
etc.). However, under some reducing conditions, the alloy may fail to form a protec-
tive scale and phases other than oxides may also be stable. In the case of chromia-
scale forming alloys, sulfides and carbides of chromium or other alloying elements 
may form either at the early stages of the reaction or after longer exposure times, 
which can subsequently cause breakdown of the oxide scale. The presence of these 
non-oxide phases in the scale can greatly influence the growth kinetics of oxides 
and associated transport properties by providing short-circuit transport paths and/or 
a higher defect density. Thus, a considerable increase in the corrosion rate may be 
observed.

The corrosion mechanism of pure chromium and chromia-forming alloys in dif-
ferent environments of  H2–C3H6 [1, 2], CO–CO2 [2–4],  H2–H2S [5–7],  O2–SO2 [2, 
8, 9] or other gas mixtures [2, 6, 10–12] has been reported in past studies. Although 
understanding the mechanisms in environments containing one or two oxidants 
can be very useful, such environments do not necessarily reflect what occurs under 
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actual service conditions, which tend to be more complex. Consequently, it is impor-
tant to identify and analyze corrosion in multi-oxidant environments. The purpose 
of this study was to investigate the effects of different oxidants in mixed-gas envi-
ronments on corrosion mechanisms and the morphological development of reac-
tion products on pure Cr in strongly reducing sulfidizing and sulfidizing/carburizing 
environments at 871 °C (1600 °F). Although chromium is typically used in combi-
nation with Ni, Co, Fe and other alloying elements for improved oxidation resist-
ance, a separate study of pure chromium in mixed-gas environments can provide 
improved understanding of the breakdown mechanism(s) of the thermally grown 
chromia scales due to the presence of other species in the atmosphere.

Experimental Procedures

Pure chromium of 99.99% purity, procured from Goodfellow Corporation, was used 
in this study. Test samples were cut to approximate dimensions of 10 × 10 × 1 mm3. 
A 1-mm-diameter hole was drilled near the edge of a given sample so that it could 
be suspended during testing using Kanthal wire. Samples were then polished to 320-
grit finish using SiC paper, ultrasonically cleaned and degreased in ethanol and then 
weighed prior to testing. Samples were then suspended from a sample holder in the 
furnace. The system was first purged with argon gas for about 20 h to remove oxy-
gen prior to exposing samples to the reaction gas.

Tests were carried out at 871 °C in gas mixtures summarized in Table 1. Water 
vapor was obtained by flowing the gas through distilled water at a controlled tem-
perature of 0 °C, 23 °C and 46 °C to obtain 0.6, 3 and 10% water vapor, respectively. 
The pH of the water was stabilized via saturation to ensure achievement of the nomi-
nal gas compositions. The equilibrium partial pressures of the gases calculated using 
HSC software are presented in Table 1 and shown in the Cr–O–S stability diagram 
in Fig. 1.  Cr2O3 is seen to be the equilibrium phase in contact with gases 2, 3 and 4. 
Gas 1, on the other hand, is located very close to the thermodynamic boundary of Cr 
sulfide/Cr oxide.

With a given gas mixture flowing through the preheated system at a rate of 50 ml/
min and linear gas flow rate of 0.05 cm/s, a test was initiated by pushing the samples 
from a position outside the furnace to inside the hot zone. Sample heating to 871 °C 
was less than 60 s. A Pt catalyst was positioned at the front (i.e., upstream position) 
of the hot zone to ensure gas-phase equilibrium. After thermal exposure, samples 

Table 1  Equilibrium gas compositions and corresponding equilibrium oxidant potentials at 871  °C 
(1600 °F) and a total pressure of 1 atm

Gas no. Gas composition (vol%) PS2 (atm) P
O

2
 (atm) aC

1 N2–15%CO–3%H2–0.6%CO2–0.12%H2S 1.3 × 10−6 7.9 × 10−22 0.2
2 N2–15%CO–3%H2–0.6%CO2–0.12%H2S + 0.6%  H2O 9.2 × 10−7 2.1 × 10−20 0.2
3 H2–25%CH4–14.8%N2–4%CO–0.6%CO2–0.6%H2S + 3%  H2O 2.6 × 10−8 1.3 × 10−22 ~ 1
4 H2–25%CH4–14.8%N2–4%CO–0.6%CO2–0.6%H2S + 10%  H2O 2.2 × 10−8 4.1 × 10−22 ~ 1



 Oxidation of Metals

1 3

were removed from the hot zone, cooled to room temperature under argon gas at 
a normalized rate and then removed from the system for analysis. Additional tests 
were also carried out in dry-air atmosphere using a Setaram symmetrical thermo-
gravimetric analyzer (TGA) with heating and cooling rates of 99 and 50  °C/min, 
respectively.

After a given exposure, the specimens were weighed and photographed. Metal-
lographic cross sections were prepared by cold mounting, sectioning and then pol-
ishing using standard techniques. Final polishing of the cross-section specimens 
were performed using a Fischione Instruments Model 1061 by broad-beam Ar ion 
milling. This method was found to be the best solution for obtaining high-quality 
cross section without damaging the brittle scale caused by conventional mechani-
cal polishing. Selected specimens were characterized using X-ray diffraction (XRD) 
prior to mounting. Reaction product morphologies were characterized using scan-
ning electron microscope (SEM), energy-dispersive X-ray analysis (EDX), as well 
as electron backscatter diffraction (EBSD) and a transmission electron microscope 
(TEM). The TEM used in this study was a 300 kV FEI TF30 with a field emission 
gun (FEG), and specimens were prepared using a focused ion beam (FIB) and fur-
ther thinned using a Fischione Instruments Model 1040  NanoMill® TEM specimen 
preparation system in order to obtain ultrathin and defect-free foils.

Results

Measured weight changes of pure Cr exposed for 25 h to the four environments 
at 871 °C are compared in Fig. 2. It is seen that the highest weight gain occurred 
for the sample exposed to gas 3, which had both high sulfur and carbon activi-
ties. The lowest weight gain, however, occurred to the sample exposed to gas 4, 
which had 10% water vapor. SEM analyses of the corroded cross sections (Fig. 3) 
showed the formation of a multilayer structure on the sample exposed to gas 1. 
The scale in this instance consisted of an outer layer of Cr sulfide (56.9S–43.1Cr), 

Fig. 1  Phase stability diagram for Cr–O–S system at 871 °C
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followed by a thin, intermediate mixed region of Cr oxide and Cr sulfide 
(38.2O–4.8S–57Cr overall) and a thick inner zone rich in both Cr oxide and Cr 
sulfide. (All compositions are given in atomic percent, at.%, unless stated other-
wise.) In gas 2, a relatively thick and porous  Cr2O3 layer formed, which contained 
Cr sulfide particles inside the scale. EDX analysis of the scale showed an aver-
age of 7 at.% sulfur in the scale. In gas 3, simultaneous formation of oxide and 
sulfide occurred, followed by a mixed inner zone. In the case of gas 4 exposure, a 
continuous chromia scale formed together with void formation at the metal/scale 
interface. No sulfidation or carburization attack was observed.

Fig. 2  Weight change measurements after 25 h exposure to the different environments at 871 °C

Fig. 3  SEM cross-sectional images of pure Cr after exposure to a gas 1, b gas 2, c gas 3 and d gas 4 for 
25 h
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Based on the cross-sectional images, it is inferred that gas 3 is very close to 
the so-called kinetic boundary [5, 13, 14], since simultaneous oxide and sulfide 
formation had occurred. In addition, exposure to gas 3 resulted in Cr carbide for-
mation in the inner region of the corrosion product. When the chromium sample 
was exposed to gas 4, it formed solely a  Cr2O3 scale. This gas had oxygen and 
sulfur partial pressures lower than those in both gas 1 and gas 2. Moreover, and as 
will be presented,  O2 is not the main oxidant under these gas conditions. Rather, 
mass-transfer calculations confirmed that either  H2O or  CO2 is the main reactant.

The effect of atmosphere composition is most interesting in the cases of gases 
2 and 3. For the pure chromium exposed to gas 2 for 25 h, the chromia scale that 
formed was remarkably thick. In addition, by increasing the carbon activity from 
0.2 in gas 2–1, in gas 3, more extensive degradation was observed in which the 
mode of attack changed from oxidation to mixed sulfidation–oxidation–carburiza-
tion. Thus, key questions to address are the criteria to form a thick chromia scale 
under conditions of gas 2 and a complex structure resulting from mixed attack 
under gas 3.

Figure 4 shows an SEM cross-sectional image of pure chromium after expo-
sure to gas 2 for 25 h and the associated EDS maps of oxygen (blue) and sulfur 

Fig. 4  a SEM cross-sectional image of pure Cr after exposure to gas 2 for 25 h at 871 °C and b over-
lapped EDS maps of sulfur and oxygen. The middle region is epoxy resin stemming from detachment of 
the scale from the metal substrate
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(green), which are superimposed. Sulfur is detected throughout the scale. Chro-
mium sulfide precipitates were also present at the metal surface.

Figure  5 presents phase distribution and inverse pole figure (IPF) orientation 
maps of the scale formed on pure chromium after 25 h exposure to gas 2. The grain 
structure is mainly equiaxed throughout the scale. However, the grain size varies 
from the metal/scale interface to the scale/gas interface. According to the orienta-
tion map in Fig. 5b, the scale is duplex in structure, with an inner layer comprised 
of smaller grains with random orientations and an external layer of {0001}-textured 
larger grains. According to the phase distribution map (Fig. 5a), the scale is primar-
ily chromia. However, small  Cr2S3 particles with a slightly higher amount along the 
duplex-layer boundary were observed. This boundary is believed to be the location 
of the original alloy surface, with the sulfide precipitates formed during the initial 
stages of exposure and then later overgrown by chromia.

To obtain further insight on the growth mechanism of the scale formed in gas 
2, additional experiments with varying exposure times were carried out in this 
environment. Figure 6 shows the mass change after 5, 10, and 25 h exposure at 
871 °C. It is shown that the scaling kinetics increased rapidly between 5 and 10 h 
exposure. SEM images of the polished cross sections of these samples are pre-
sented in Fig. 7. A continuous chromia scale formed after 5 h exposure, together 
with voids at the metal/scale interface. No sulfide could be detected in the scale 
or at the metal/scale interface at this stage. The amounts of the initially formed 
sulfides may be too low to be detected by EDS. The formation of interfacial voids 
typically is a manifestation of the Kirkendall effect [15] owing to the oxidation of 
Cr and its outward transport through the scale to react at the scale/gas interface. 
The relatively thick scale observed after 10  h exposure had a similar structure 
to that formed after 25 h exposure. The presence of a sulfide layer at the metal/

Fig. 5  Electron backscatter diffraction (EBSD) data acquired from the scale formed on pure Cr after 
exposure to gas 2 for 25 h at 871 °C: a phase distribution map, b IPF orientation map and c pole figure 
showing {0001} texture
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scale interface was clearly observed (Fig. 7b). Spallation of the scale can also be 
observed after 10 h exposure, similar to that after 25 h exposure. Detachment of 
the scale after 10 h can be attributed, at least in part, to the coalescence of the ini-
tially formed voids (observed after 5 h) in addition to imposed thermal and lateral 
compressive growth stresses, which are known to develop in scales [16–21].

For a more detailed analysis of the sample exposed to gas 2 for 25 h (Fig. 5), 
two FIB lamellae were prepared for TEM characterization. Figure  8 presents 
resulting cross-sectional scanning transmission electron microscopy (STEM) 
images of the scale. The scale has an average grain size of about 440 nm; how-
ever, the grain-size distribution varies across the thickness, with larger grains 
about 640 ± 145 nm (average of 20 grains) in breadth close to the scale/gas inter-
face and smaller grains about 240 ± 70 nm (average of 20 grains) in breadth at the 
bottom of the scale closer to the metal/scale interface. The void content increases 

Fig. 6  Measured weight changes for pure chromium exposed to gas 2 at 871 °C for 5, 10 and 25 h

Fig. 7  SEM cross-sectional image of pure Cr after exposure to gas 2 for a 5 h and b 10 h (the scale after 
10 h exposure was detached from the metal substrate; as a result, the position of the scale shown here 
does not match exactly with the substrate)
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closer to the metal/scale interface, such that the scale close to scale/gas interface 
is apparently dense.

To better understand the effect of environment on chromia-scale growth, a 
pure chromium sample was exposed to dry air in a thermogravimetric analy-
sis (TGA) system for 25  h at 871  °C. The weight gain kinetics were found to be 
in accordance with the parabolic rate law (Fig. 9), with the rate constant,  kp, cal-
culated to be 4.1 × 10−12  g2  cm−4  s−1. This value is in very good agreement with 
previously reported data [20, 21] which, from interpolation, give a  kp of about 
4 × 10−12 g2 cm−4 s−1 at 871 °C in oxygen.

As indicated in Fig. 10, the chromia scale that formed after 25 h exposure was 
detached from the substrate on cooling to room temperature. The scale was also 
highly convoluted, suggesting the presence of large internal stresses. For reasons 
that are not clear, the exclusive chromia scale that formed in gas 4 was quite planar, 
even though it was similar in thickness to the scale formed in air. Presumably the 
presence of sulfur affected the state of stress in the scale and/or the mode of stress 
relief. According to the EBSD orientation map, the scale consists of large columnar 
grains with random orientations and an average grain width of about 940 ± 40 nm 
(average of 20 grains). Figure  11 shows corresponding cross-sectional STEM 
images of the scale formed in air. The average scale thickness is around 3.5  µm. 
The observed columnar grains have an average length of 2.5 µm and width of about 
0.9 µm. A much finer grain structure was observed at the bottom of the scale near to 
the metal/scale interface, which is believed to be the initially formed oxide grains. It 
is noteworthy that the scale thickness increased from 3.5 µm in air to 17.4 µm in gas 
2 for the same exposure time of 25 h.

Significantly greater weight gains were observed for the pure chromium sample 
exposed to gas 3 compared to other environments. Figure 12a shows a cross-sectional 

Fig. 8  a SEM cross-sectional image of the scale formed on pure Cr after exposure to gas 2 for 25 h at 
871 °C with the selected areas for FIB preparation indicated, b cross-sectional STEM image of the scale 
close to Cr/scale interface and c cross-sectional STEM image of the scale close to the scale/gas interface
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image of the pure chromium sample exposed to gas 3 for 25 h. The co-formation of 
chromium oxide and chromium sulfide can clearly be seen from the EDS maps of 
oxygen and sulfur. The EBSD band contrast and phase distribution maps, Fig. 12b, c, 
identified the scale constituents to be  Cr2O3 and  Cr2S3. The external scale consists of a 
mixture of sulfide and oxide with an extremely fine grain size at the bottom and larger 
columnar grains of  Cr2S3 at the top. The inner attack region (Fig. 13), however, shows 
three major zones, as indicated by differences in contrast. EDS measurements in each 
of these zones gave compositions of 51Cr–28S–21O in zone 1, 45Cr–19S–25O–11C 
in zone 2 and 69Cr–1S–18O–12C in zone 3. The relative differences in carbon content 
in these zones are more indicative of a trend than anything specific owing to the semi-
quantitative nature of the EDS measurement method, particularly for a light element 
such as carbon. Even so, it is inferred that the carbon content progressively increases 
from nearly zero in zone 1 to a measurably significant level (~ 12 at.%) in the innermost 
zone 3. Sulfur, however, decreases from 28 at.% in zone 1 to about 1 at.% in zone 3, 
suggesting that the main constituents in the inner corrosion zone are (Fig. 13b): sulfide 
and oxide in zone 1; sulfide, oxide, and carbide in zone 2; and primarily oxide and car-
bide in zone 3.

Fig. 9  Measured weight-change kinetics for pure chromium isothermally exposed to untreated air at 
871 °C
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Discussion

Gas Flux Calculations

Before proposing any possible corrosion mechanisms under the atmospheres tested, it 
is informative to ascertain the main oxidant(s). The maximum flux of a given gaseous 
species i to the alloy surface can be approximated by the following expression [22, 23]:

where J is the flux, km the mass transfer coefficient, Pi the partial pressure of the 
species i, R the gas constant, and T the temperature. Under laminar flow conditions, 

(1)Ji =
km(i)Pi

RT

Fig. 10  a Cross-sectional SEM image and b EBSD inverse pole figure orientation map of pure chromium 
exposed to dry air for 25 h at 871 °C
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which existed for the current exposures (i.e., Reynolds number calculated to be 
0.03), the value of km can be estimated from mass-transfer theory via

Here, L is the sample length, Di(N2) the diffusion coefficient of species i in nitro-
gen and Sh the Sherwood number. The use of nitrogen gas for calculation of dif-
fusion coefficient of gaseous species i (Eq. 2) is a good approximation for the cur-
rent discussion. The diffusion coefficient can be calculated from the kinetic theory 

(2)km = Sh
Di(N2)

L

Fig. 11  Cross-sectional STEM image of the scale formed on pure chromium after exposure for 25 h in 
dry air at 871 °C

Fig. 12  a SEM cross-sectional image and EDS maps of sulfur and oxygen, b phase distribution map and 
c EBSD band contrast map of pure Cr after exposure to gas 3 for 25 h
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of gases as formulated in the Chapman–Enskog equation. The Sherwood number 
is estimated from the gas density and viscosity. Using calculated km values and the 
equilibrium partial pressures for a given gas mixture, the mass fluxes of  O2,  CO2, 
 H2O and  H2S were calculated via Eq. (1) and the results are summarized in Table 2.

It should be noted that in an evaluation of mass transfer, the boundary layer thick-
ness is an important parameter. The classical mass transfer theory used in this study 
assumes boundary layer flow over a flat plate in an unconstrained space. However, 
for the gas flow in tubular furnace, the boundary layer thickness is significant com-
pared to the tube cross section. This issue was assessed more carefully by Næss et al. 
[24] in their study of the oxidation kinetics of liquid silicon and using both classical 
mass transfer calculations and computational fluid dynamics (CFD). The mass trans-
fer rates for SiO (g) obtained from calculation, experiment and CFD modeling were 
all within the same order of magnitude. This confirmed that under laminar flow con-
ditions, which were also used in the current study, the use of classical mass transfer 
calculations is valid.

An actual instantaneous oxygen flux for chromia-scale growth can be calculated 
from the scale thickness formed on Cr after 25 h in gas 4 by assuming

where x is the scale thickness (cm), t is time (s) and kP is the parabolic scaling con-
stant in  cm2/s. The oxygen flux necessary to form such a scale is therefore generally 
given by

(3)x2 = 2kPt

Fig. 13  a SEM cross-sectional image and b EDS measurements of the inner corrosion zone of pure Cr 
after exposure to gas 3 for 25 h

Table 2  O2,  CO2,  H2O and  H2S mass fluxes

Gas 1 Gas 2 Gas 3 Gas 4

Pi (atm) Ji (g/cm2 s) Pi (atm) Ji (g/cm2 s) Pi (atm) Ji (g/cm2 s) Pi (atm) Ji (g/cm2 s)

O2 7.9 × 10−22 5.6 × 10−26 2.1 × 10−20 1.5 × 10−24 1.3 × 10−22 9.3 × 10−27 4.1 × 10−22 2.9 × 10−26

CO2 9.4 × 10−4 7.8 × 10−8 4.7 × 10−3 3.9 × 10−7 1.6 × 10−4 1.3 × 10−8 5.0 × 10−4 4.1 × 10−8

H2O 2.3 × 10−4 1.0 × 10−8 1.3 × 10−3 5.8 × 10−8 2.5 × 10−3 1.1 × 10−7 4.2 × 10−3 1.9 × 10−7

H2S 1.2 × 10−3 8.2 × 10−8 1.2 × 10−3 8.2 × 10−8 4.6 × 10−3 3.1 × 10−7 4.1 × 10−3 2.8 × 10−7
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which is about 5.1 × 10−10 g/cm2 s after 25 h of reaction and much higher than the 
calculated oxygen flux for all four environments (Table 2). Thus,  O2 cannot be the 
principal oxidant in all gases studied. Knowing that the decomposition of  CO2 is rel-
atively slow [25],  H2O is inferred to be the main oxidant in each environment tested. 
In accordance with this, the sample exposed to gas 4 had the highest flux of  H2O and 
formed a continuous and exclusive chromia scale, while the sample exposed to gas 
1, which had the lowest  H2O flux, was apparently on the sulfidation side of the Cr 
sulfide/Cr oxide kinetic boundary, such that sulfidation was the predominant mode 
of attack.

Microstructural Development in Gas 2

Observations of the chromium samples reacted in different environments illus-
trate the complex effect of different gas species on the reaction mechanisms. Under 
conditions of the gas 2 environment with an oxygen partial pressure of about 
2.1 × 10−20 atm, a thick duplex chromia scale had formed, followed by sulfide for-
mation at the  Cr2O3/Cr interface. Chromia-scale growth in  H2O-containing envi-
ronments with low partial pressures of oxygen has been studied by others [26–29]. 
Hänsel et al. [29] studied the oxidation of Ni-25Cr at 1000 °C in a low PO2

 test gas 
of Ar–2%H2–2%H2O and inferred that oxygen from the water vapor is the princi-
pal oxidant for chromia-scale growth. According to these authors, the oxide growth 
is dictated primarily by the outward diffusion of Cr, which led to Kirkendall void 
formation at the alloy/scale interface. These voids may subsequently fill with oxide 
via an  H2–H2O dissociation process [30, 31]. By contrast, Zurek et al. [26] showed 
using isotope profiling that  Cr2O3-scale formation in  H2O-containing environments 
proceeds by the predominance of inward oxygen grain-boundary diffusion which, 
in combination with the  H2–H2O dissociation process, causes better adherence and 
prevents the establishment of voids at the alloy/scale interface. It is clear from those 
two recent studies that the growth mechanism of chromia scales in  H2O-containing 
environments is unresolved.

In the present investigation, a time study was done using pure chromium in gas 
2 to more carefully elucidate the growth mechanism. Based on the current results 
and literature data, the deduced scaling mechanism is summarized schematically in 
Fig. 14. During the initial stages of the reaction, oxide and sulfide can form simul-
taneously due to the high  H2O and  H2S fluxes in the gas; however, because  Cr2O3 
is thermodynamically more stable in gas 2 conditions, it can overgrow the initially 
formed sulfides to establish gas/scale equilibrium. During the scale growth pro-
cess, voids start to form at the metal/scale interface. The void formation at the Cr/
Cr2O3 interface clearly resulted from chromium consumption and can, therefore, be 
interpreted as a sign of outward scale growth during the initial stages of reaction. 
The interfacial voids were apparently able to persist for a certain period. This is not 
in agreement with other studies [26, 30–32], which clearly revealed that in water 

(4)JO =
1

2

√

kP

t
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vapor-containing environments, the tendency for formation of the interfacial voids 
and porosity can be eliminated or at least reduced by the rapid gas-phase trans-
port of oxygen within the pore space. A plausible explanation may be linked to the 
adsorption of sulfur at the internal surfaces of these voids, which poisons the oxida-
tion reaction and, hence, precludes void space filling. Due to the large number of the 
interfacial voids, scale contact with the substrate is greatly reduced, which restricts 
Cr supply and consequently causes a relatively low effective growth rate of the scale. 
However, water vapor can eventually diffuse through the chromia scale and facilitate 
oxide formation within the void space at the metal/oxide interface. By filling these 
void spaces, continuity between the scale and substrate metal is achieved and there 
is a consequent increase in the scaling kinetics (Fig. 6). Such a mechanism can result 
in the formation of a duplex layer, where the outer scale growth is dictated by cation 
diffusion and the inner zone is the result of the oxide growth within the metal con-
sumption zone.

In the cases where the chromia scale grows by outward chromium diffusion (espe-
cially in the absence of  H2O and at high PO2

 levels), formation of a large columnar 
grain structure is reported [26–29]. Under such conditions, the oxide grains at the 
free surface can easily grow in size without any constraints. Similar behavior was 
observed in this study with the sample exposed to the dry-air atmosphere. However, 
comparison of the results between dry and wet atmospheres suggests that water 
vapor in the environment interacts with oxide grain boundaries. According to Young 
[27], under wet oxidizing conditions, the  H2O molecules can be adsorbed on the 
oxide grain boundaries and hinder their movement and grain growth. What results is 
a fine-grained equiaxed structure. It was also reported by Galerie et al. [33] that in 

Fig. 14  Schematic of the oxide scaling process on pure Cr in gas 2 at 871 °C with increasing time,  t1 to  t4
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the presence of water vapor and at lower PO2
 levels, the growth mechanism changes 

to inward growth, possibly due to the transport of hydroxyl ions along the grain 
boundaries. By contrast, in the current study, the grain structure observed in the 
outer scale (believed to grow by outward diffusion of cations) after exposure to gas 
2 was more equiaxed and the grain size was much smaller than in dry air. Indeed, 
adsorption of  H2O molecules may be causing the change in grain size and struc-
ture. However, the sulfur- and carbon-containing species in the environments used 
in this study may also be a factor by adsorbing on grain boundaries and, thus, affect-
ing their movement and growth. Specifically, under such conditions, nucleation is 
favored over growth and a fine equiaxed grained scale structure results. Competitive 
adsorption of different species on internal surfaces of the scale, such as grain bound-
aries, has been reported previously [34–37]. Young and Watson [2] and Zheng and 
Young [12] also showed that the presence of sulfur and water vapor in the atmos-
phere affects the transport properties of other species, such as carbon and nitrogen, 
through the scale. The results observed by other researchers and the results observed 
in this study together strongly indicate the ability of sulfur-containing species and 
water vapor in the gas to interact with internal surfaces of a chromia scale, to the 
extent that transport properties are changed and the scaling mechanism is affected. 
The grain-boundary diffusion contribution to the scaling kinetics will be discussed 
next.

Grain Size Effect

Although an exclusive chromia scale had formed under both gas 2 and dry-air con-
ditions, it was observed that scaling was much faster in the former. According to 
the TEM cross-sectional images of these two specimens, the oxide scale formed in 
the dry air showed large grains with a columnar morphology. In contrast, the oxide 
formed in the gas 2 was polycrystalline with a very small grain size. These results 
suggest that the faster scale growth in gas 2 proceeds to a large extent via relatively 
rapid grain-boundary diffusion. Considering that the oxide grew according to para-
bolic kinetics in both gas 2 and dry air, the scale thickness at a given time is given 
by the rate law in Eq. (3).

According to the Wagner’s theory [38], the oxidation kinetics are controlled by 
the transport properties of the oxide scale. As summarized by Atkinson [39], the 
following expression for the parabolic rate constant is related to the tracer self-diffu-
sion coefficients D* in the oxide  (Moα),

where f is the correlation coefficient for diffusion, aO2 is the molecular oxygen activ-
ity (approximately equal to the partial pressure of oxygen) and the limits of integra-
tion are the metal/scale (I) and scale/gas (II) interfaces.

(5)kP =
II

∫
I
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�

D∗
M
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In the case of  Cr2O3-scale formation, the existing data show that the oxide itself 
has very good protective properties and the reported lattice diffusion coefficients 
are extremely low [39]. In fact, the reported diffusion coefficients are far too low to 
explain the oxidation rates observed for chromium under the different environments 
used in this study. According to the literature [39–42], grain-boundary diffusion 
coefficients are orders of magnitude faster than the coefficients for lattice diffusion. 
The contribution of grain-boundary diffusion can be represented in an effective dif-
fusion coefficient D*

eff given by [43]

where DLattice is the lattice and Dg is the grain-boundary diffusion coefficient, δ is the 
grain-boundary thickness and g is the grain size of the oxide scale. Using Eq. (6), if 
it is assumed that the grain boundary thickness, δ, is the same in two gases 2 and dry 
air (there may be some variations for δ in the scales formed in these gases. however, 
very likely not close to the variations in g) and taking Dg ≫ DLattice, the ratio of effec-
tive diffusion coefficients in gas 2 and dry air can be written as

for the oxide scales having grain sizes of 440 nm (gas 2) and 940 nm (dry air); this 
ratio is calculated to be around 2.1. However, using D*

eff in Eq. (5) gives

and knowing the scale thickness, reaction time and partial pressures of oxygen at 
both interfaces, the ratio of effective diffusion coefficients in gas 2 to dry air is cal-
culated to be 110, which is far higher than the calculated 2.1 based on the grain-
size measurements. Thus, grain-boundary diffusion cannot solely account for the 
observed oxidation rates in gas 2. This shows that the scale formed under the condi-
tions of gas 2 contains even faster transport pathways, perhaps due to the presence of 
other species (sulfur- or carbon-containing species) in the gas affecting  Dg in some 
way that is currently not understood in chromia-scale systems.

A previous study by Heuer et al. [44] on alumina scales showed that both grain-
boundary diffusion coefficients of Al (Dg

Al) and oxygen (Dg
O) are orders of magnitude 

larger than lattice diffusion  (105 for Al and  108 for oxygen). Moreover, it was also 
shown that not all grain boundaries are equal when it comes to enhanced diffusion. 
The diffusion properties of the scale can vary according to the differences in diffu-
sion coefficients along random high-angle grain boundaries. That study along with 
others [45, 46] clearly showed that oxygen diffusivities in alumina scales can vary 
by a factor of  103, depending on the grain boundary character and atomic structures. 

(6)D∗
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≃ DLattice + 2
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Dg�
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g
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In this study, the measured grain-boundary diffusion coefficient in the chromia scale 
formed in gas 2 is higher than that formed in dry-air atmosphere by a factor of  102, 
which is within the  103 range reported for diffusivities in alumina scale. Thus, it 
is possible that the significantly enhanced diffusion in the chromia scale formed in 
gas 2 could also be due to the higher diffusion coefficient of the grain boundaries 
aligned in the growth direction of the scale. The predominance of one orientation 
in the outer scale of the sample exposed to gas 2 compared to that exposed to dry 
air might also be due to the sulfur presence at the internal surfaces such as grain 
boundaries, favoring a specific rapid transport orientation. Further investigation of 
these hypotheses for  Cr2O3 scales is clearly needed.

Microstructural Development in Gas 3

The scale formed during exposure to gas mixture 3 contained both oxide and sulfide. 
The total weight gain per unit area was much greater than that for gas mixture 2 (see 
Fig. 2). Continuous sulfide paths through the entire scale thickness were observed, 
with larger sulfide grains close to the scale/gas interface. It should be noted that 
although the calculated equilibrium partial pressure of sulfur (PS2) is lower in gas 
3 compared to gas 2, the flux of  H2S to the surface of the sample is more than three 
times higher, which can increase the relative amounts of sulfide formation at the 
initial stages compared to oxide. LaBranche and Yurek [5] previously studied the 
effect of PH2O

∕PH2S
 ratio on oxidation resistance of pure chromium in carbon-free 

 H2–H2O–H2S gas mixtures at 900  °C. They showed that a critical value of the 
PH2O

∕PH2S
 ratio in the environment is necessary to promote formation of a protec-

tive  Cr2O3 scale over the metastable sulfide. Based on their observations, this criti-
cal value of the PH2O

∕PH2S
 ratio for pure chromium at 900 °C was determined to be 

between 3 and 10. In this study, exposure of chromium to the gas mixture 3 with a 
PH2O

∕PH2S
 = 0.5 resulted in a more aggressive attack than what was observed for 

gas mixture 2 with PH2O
∕PH2S

 = 1.1. Even though  Cr2O3 is still the thermodynami-
cally more stable phase in gas mixture 3, the observed co-formation of oxide and 
sulfide in the outer scale indicates that the kinetic boundary of Cr oxide/Cr sulfide 
in Cr–O–S phase stability diagram is slightly shifted to the right, where gas 3 is 
now located on this boundary. As a result, the initially formed metastable sulfides 
can continue to grow due to the kinetic factors, which will result in a fast-growing 
scale comprised of Cr oxide and Cr sulfide. The fast growth rate of the scale under 
such conditions is a consequence of both continuous diffusion pathway through the 
sulfide phase and the phase boundaries of oxide/sulfide, which can act as fast dif-
fusion pathways. It should also be noted that the presence of other species, most 
importantly carbon, can affect the oxide/sulfide transition and the corrosion mecha-
nism. A comparison of the results observed in this study with those of LaBranche 
and Yurek [5] suggests that presence of carbon in the environment can affect the 
required PH2O

∕PH2S
 for the formation of protective oxide scale, such that this ratio 

can be lower in the carbon-containing gas. But this is not to state that carbon is ben-
eficial, as this study clearly showed that more aggressive attack occurred in gas 3 
which had the high carbon activity and comparatively low PH2O

∕PH2S
 ratio.
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Regarding gas 3, a relatively deep porous inner corrosion zone was observed after 
25 h exposure. The average EDS measurements across the inner attack zone con-
firmed the formation of the Cr carbide at the reaction front (Fig. 13). Formation of 
the inner corrosion zones depends on the ability of different oxidants in the gas to 
penetrate the scale. It has been shown [2, 3, 12] that carbon penetrates the  Cr2O3 
scale primarily by molecular transport through internal surfaces and physical imper-
fections. The mixed interwoven oxide–sulfide structure of the external scale with 
phase boundaries aligned in the diffusion direction appears to increase the carbon 
permeability toward the scale/metal interface compared to only oxide grain bounda-
ries in the sample exposed to gas 2. The increased carbon permeability led to an 
increase in carbon activity at the scale/metal interface, where oxygen activity is low-
est. As a result, the carbide was stable to form. Finally, the sulfide also dissociated 
at the heavily voided metal/scale interface (formed mainly due to the rapid outward 
growth of the mixed scale) and released sulfur, which could subsequently go on to 
form Cr sulfides. In accordance with the analysis presented by Meijering [47], the 
sequence of phases formed occurred in the order of thermodynamic stability, with 
the most stable phase (oxide) at the surface and the least stable (carbide) at the bot-
tom. Furthermore, the higher carbon activity in gas 3 might play a more important 
role in changing the reaction pathway as compared to gas 2 by affecting the corro-
sion mechanism at initial stages of reaction. However, a clearer understanding of the 
effect of carbon requires further investigation.

Conclusions

High-temperature exposure to mixed sulfidizing–carburizing–oxidizing environ-
ments is a complex and dynamic process that requires oxide-scale formation for pro-
tection. However, the mode of growth and kinetics of oxide formation are clearly 
affected in the presence of sulfur and carbon in the atmosphere.

Gas 2 with the PH2O
∕PH2S

 ratio of 1.1 is located close to the kinetic boundary of 
Cr oxide/Cr sulfide at 871 °C, but is still within the oxide stable region. The forma-
tion of a relatively thick chromia scale was observed after 25 h exposure. Kinetic 
analysis that considered gas supply and consumption showed that under such condi-
tions,  H2O or  CO2 is the main reactant in the environment. The kinetically easier dis-
sociation of  H2O leads to the inference that it is the principal reactant. The observed 
chromia scale was shown to form by a combination of both outward growth and 
inward growth, where the outer scale growth is dictated by cation diffusion and the 
inner zone is the result of the oxide growth within the metal consumption zone.

It was shown that the fine-grain structure of the chromia scale in the gas 2 envi-
ronment cannot solely account for fast oxidation kinetics observed in the mixed envi-
ronments. The adsorbed sulfur affecting the grain boundary structure of the scale 
and the higher diffusion coefficient of the grain boundaries aligned in the growth 
direction of the scale are inferred to affect the grain-boundary diffusion.

Void formation due to the initial outward scale growth was observed at the alloy/
scale interface. Sulfur adsorption at the scale/metal interfacial voids and sulfur 
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poisoning at the void surfaces are believed to be the main reasons for an initial 
period of oxide formation inside the voids being impeded.

Exposure of chromium to the gas mixture 3 with a relatively low PH2O
∕PH2S

 
ratio of 0.5 resulted in a more aggressive attack than what was observed for gas 
mixture 2 with a PH2O

∕PH2S
 ratio of 1.1. Formation of a duplex Cr oxide/Cr sulfide 

outer scale indicates that the kinetic boundary of Cr oxide/Cr sulfide in the Cr–O–S 
phase stability diagram is slightly shifted to the right, where gas 3 is located on 
this boundary. Increasing the carbon activity, in addition to the lower PH2O

∕PH2S
 in 

gas 3, caused the co-formation of oxide and sulfide in the external scale and deep 
oxide–carbide–sulfide inner corrosion zones.
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