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Abstract
Corrosion behaviour of Fe–Cr (15, 20, 25, or 30 wt.%) alloys in wet CO2 without 
and with HCl (0.05 or 0.1 vol%) at 750 °C was investigated. The results are com-
pared with those at 650 °C to reveal the temperature effect. In general, weight gain 
kinetics and oxide scaling rates decreased with the increased chromium levels. The 
effect of temperature on weight gains and oxide scaling was strongly dependent on 
NCr. For the 15 and 20 Cr alloys, rates increased with temperature in all conditions. 
However, for the 25 Cr alloy, the rate increased with temperature in HCl free gas, 
but decreased with temperature when HCl was present. The 30 Cr alloy experienced 
very small weight gains which slightly increased with T. Cross-section analysis 
revealed the formation of thick multi-layered oxides for Fe–15Cr and Fe–20Cr, a 
semi-protective duplex scale of Fe2O3 and Cr2O3 on Fe–25Cr, and a thin protective 
chromia scale for Fe–30Cr at both temperatures. Both oxide growth rate and oxide 
constitution were affected by temperature, NCr, and pHCl . The correlation of these 
factors is discussed by considering interactions between the oxides and chlorine 
inside the different scale types.
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Introduction

In several high temperature processes, including energy conversion plants, the pres-
ence of chlorine or hydrogen chloride can cause severe corrosion, reducing equip-
ment life spans. It becomes a major problem in waste-to-energy plants, where hydro-
gen chloride is formed on the fire-side of superheater and/or boiler tubes [1–4].
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Previous research [5–8] showed that the presence of HCl accelerates corrosion 
via an “active corrosion” process in which metal is volatilised as chlorides, which in 
turn are oxidised and redeposited to form a porous scale. Temperature is an impor-
tant factor in corrosion reactions, and is expected to affect this active corrosion pro-
cess. However, it is still not very clear what the temperature effect on this mecha-
nism is in the oxyfuel process, where CO2 and water vapour are the major flue gases. 
Our previous results [9] showed that at 650  °C in CO2 and water vapour, Fe–Cr 
alloys experienced accelerated corrosion, and a higher critical Cr concentration was 
required for protective chromia formation when HCl was also present.

Based on that work, the present investigation focuses on the corrosion behaviour 
of Fe–Cr alloys in wet CO2 with (0, 0.05, 0.1%) HCl at 750 °C. The temperature 
750 °C was chosen to represent an aim-point value in the design of advanced ultra-
supercritical boilers. The results are compared with those at 650 °C to quantify the 
temperature effect with and without HCl, and determine its basis. This work was 
designed as a survey, to identify different corrosion mechanism regimes, rather than 
as a detailed kinetic study.

Materials and Experiments

Four binary ferritic alloys, Fe–15Cr, Fe–20Cr, Fe–25Cr, and Fe–30Cr (all alloy 
compositions in wt.%), were used. In alloy preparation, high-purity metals, Fe 
(99.97 wt.%) and Cr (99.95 wt.%), were melted together in a compact arc melter 
(MAM-1) under a varigon gas (Ar—5% H2), using non-consumable electrodes. The 
resulting 20 g button shaped ingots (approximately 23 mm in diameter and 8.5 mm 
in thickness) were subsequently homogenised by annealing in a horizontal tube fur-
nace at 1150 °C for 50 h under flowing varigon gas. Alloy compositions were con-
firmed by an energy dispersive spectrometer (EDS) analysis and found to be close 
(± 1%) to the desired values.

As-annealed ingots were cut into rectangular samples of appropriate dimensions: 
(12.7 ± 1.3) × (5.5 ± 1.5) × (1.9 ± 0.4) mm, and suspension holes were drilled. The 
specimen surfaces were ground with 320-, 800-, and 1200-grit silicon carbide abra-
sive papers, and ultrasonically degreased in ethanol prior to exposure. Sample sizes 
were measured, and their weights were determined using an analytical balance (Met-
tler Toledo XP205) with an accuracy of ± 0.01 mg.

Alloys were isothermally oxidised in a horizontal tube furnace fitted with a quartz 
tube reactor at reaction temperatures of 650 and 750 °C for up to 160 h. All experi-
ments were operated at approximately atmospheric pressure, and gas flow rates were 
adjusted to give a linear gas velocity of about 1  cm  s−1 in the reactor tube at the 
reaction temperature. The reaction gas was N2–10CO2–10H2O–(0, 0.05, and 0.1) 
HCl (all in vol%). Table 1 lists the equilibrium partial pressures of oxidants calcu-
lated by FactSage 7.2.

Individual flow rates of CO2 and N2 were regulated using mass flow controllers 
(Brooks 5850E). Argon gas was employed to flush the reactor before and after the 
reaction. For HCl-free gas, the gas mixture of N2 (99.999%, < 2  ppm O2) + CO2 
(99.997%) passed through demineralised water at a set temperature to generate an 
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excess of water vapour, which was then partially condensed to obtain the required 
water vapour content. For the experiments using HCl, the gas mixture of CO2 and 
N2 passed through a thermostatted hydrochloric acid solution. The required partial 
pressures of H2O(g) and HCl(g) were achieved by adjusting the temperature and 
concentration of the solution [10].

Before reaction, alloy samples were placed in the cold zone of the reactor where 
samples were aligned with their flat surfaces parallel to the gas flow. Argon was then 
introduced to purge the quartz reactor for 1 h, and then replaced by the reaction gas. 
After the furnace temperature stabilised, the samples were carefully moved into the 
hot zone. After reaction, the samples were removed from the hot zone to the cold 
zone and the reactor flushed with argon.

A separate set of alloy samples was used for each reaction time. Reacted sam-
ples were weighed and then subjected to surface X-ray diffraction analysis (XRD: 
PANalytical). Sample cross-sections were metallographically prepared using alco-
hol-based DP-lubricant. Optical microscopy (Nikon-200 and Nikon-600), and a 
scanning electron microscope (SEM; Hitachi S3400 I) equipped with an energy 
dispersive spectrometer (EDS; Bruker) were used to determine reaction product 
morphologies and compositions. Raman spectroscopy (Renishaw (inVia 2) with a 
wavelength of 532 nm) was used to assist identification of oxides. Carbide forma-
tion was revealed by etching alloy cross-sections with Murakami’s solution (2  g 
K3Fe(CN)6 + 2 g KOH + 20 ml H2O) at room temperature.

Results

Weight Uptakes During Reaction

The weight gains of alloys in the gases with different HCl contents at 750 °C are 
compared with those at 650 °C for 30-h reaction in Fig. 1 and for 160-h reaction in 
Fig. 2. The same qualitative trends were evident after both reaction times. In gen-
eral, increasing the Cr concentration decreases the rate of oxidation. On this basis, 
the alloys can be divided into two main groups: those with low Cr contents (15 and 
20  wt.%) experienced large weight uptakes whereas alloys with Cr containing 25 
and 30Cr reacted significantly more slowly.

Table 1   Equilibrium oxygen, chlorine, and carbon potentials in reaction gas mixtures for 550, 650, 
750 °C at 1 atm

Species N2-10CO2-10H2O N2-10CO2-10H2O-0.05%HCl N2-10CO2-10H2O-
0.1%HCl

650 °C 750 °C 650 °C 750 °C 650 °C 750 °C

Cl2 – – 1.2 × 10–10 1.6 × 10–10 4.5 × 10–10 6.5 × 10–10

O2 5.8 × 10–9 5.3 × 10–8 5.6 × 10–9 5.2 × 10–8 5.3 × 10–9 5.0 × 10–8

aC 6.9 × 10–16 1.2 × 10–14 7.1 × 10–16 1.4 × 10–14 7.5 × 10–16 1.8 × 10–14
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Weight gains for all alloys reacted at 750 °C were significantly higher than those 
at 650 °C, except for the 25Cr alloy which reacted in HCl-bearing gas to produce 
lower weight gains at 750 °C than at 650 °C. With increasing HCl content, weight 
uptakes increased at 650 °C for all alloys. At 750 °C, however, alloys containing 15 
to 25Cr evidenced lower weight gains at higher PHCl values, whereas Fe–30Cr expe-
rienced the same rather low weight gain in HCl-free and HCl-bearing gases.

Reaction Product Characterisation

Corrosion Products in HCl‑Free Gas at 750 °C

Surface XRD analyses of reacted samples after 30-h reaction in 
N2-10%CO2-10%H2O gas at 750  °C are shown in Fig.  3. The phases detected by 

Fig. 1   Weight gains at different temperature and in different HCl found in a Fe–15Cr, Fe–20Cr, and b 
Fe–25Cr, Fe–30Cr alloys reacted for 30 h, except for 50 h in HCl-free at 650 °C
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XRD are listed in Table  2 where those formed at 650  °C after 50-h reaction are 
also listed for comparison. At 650  °C, XRD patterns obtained from Fe–15Cr and 
Fe–20Cr showed the formation of Fe2O3 and Fe3O4. However, no apparent prod-
ucts were detected for Fe–25, 30Cr alloys, only the α-Fe substrate being evident. 
At 750 °C, the corrosion products developed on the surface of 15-25Cr alloys were 
Fe2O3, Fe3O4, and FeO, whereas the oxide formed on the Fe–30Cr surface was 
Cr2O3.

Cross-sectional images and Raman spectra of the reaction products of Fe–15Cr 
alloy after 30-h reaction at 750 °C are presented in Fig. 4. The outer oxide layer 

Fig. 2   Weight gains at different temperature and in different HCl found in a Fe–15Cr, Fe–20Cr, and b 
Fe–25Cr, Fe–30Cr alloys reacted for 160 h, except for 100 h in HCl-free at 650 °C
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contains a thick FeO layer, together with a thin non-continuous Fe3O4 at its sur-
face. The inner oxide is composed of a thick spinel layer and a thin IOZ under-
neath. Phase identification of FeO in the outer oxide and spinel in the inner oxide 
was based on Raman spectroscopic analysis (Fig. 4b), while the scattered Fe3O4 
at the top of the surface was identified by its metallographic appearance (Fig. 4a) 
and the XRD results.

External corrosion products formed on Fe–20Cr (Fig. 5a) after 30-h reaction 
indicated an outer layer of Fe3O4 with small regions of FeO, and an inner spinel 
layer, all identified by their Raman spectra (not shown).

Non-continuous, dispersed particles of Fe2O3 above a thin Fe3O4 layer and an 
inner spinel layer were identified for Fe–25Cr (Fig. 5b). The Fe–30Cr alloy suf-
fered the least attack among the specimens examined (Fig. 5c), forming a thin Cr-
rich oxide scale (~ 1 μm thick), as indicated by the XRD result (Fig. 3, Table 2).

Figure 6 shows cross-sectional images of Fe–Cr alloys after 160-h reaction in 
HCl-free gas. As is seen, increasing the alloy chromium concentration decreased 
the oxide scale thickness. Comparison with Figs. 4 and 5 shows that both outer 
and inner scale layers on each of the 15Cr and 20Cr alloys thicken with times. 

Fig. 3   XRD patterns of the Fe–Cr alloys exposed after 30 h in N2-10CO2-10H2O at 750ºC

Table 2   The surface XRD 
patterns of tested alloys after 
50-h reaction at 650 °C [9] and 
after 30-h reaction at 750 °C in 
HCl-free gas

Alloy 650 °C 750 °C

Fe–15Cr Fe2O3, Fe3O4, α-Fe Fe2O3, Fe3O4, FeO
Fe–20Cr Fe2O3, Fe3O4, α-Fe Fe2O3, Fe3O4, FeO
Fe–25Cr α-Fe/Matrix Fe2O3, Fe3O4, FeO
Fe–30Cr α-Fe/Matrix Cr2O3, α-Fe
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After 160-h reaction, the outer oxide layer on Fe–15Cr was still mainly FeO, with 
a thin outermost Fe3O4 zone. The inner oxide layer consisted of spinel, together 
with a thin IOZ. Oxides developed on Fe–20Cr with a similar morphology but 
reduced thickness.

Significant surface Fe2O3 layer spallation had occurred on some parts of the 
Fe–25Cr surface (Fig.  6c). Beneath the spallation site, traces of Cr-rich oxide 
remained, identified by EDS analysis (not shown). Chromium-rich oxide was also 

Fig. 4    Fe–15Cr alloy exposed after 30 h in HCl-free gas: a Optical microscopy cross-section image and 
b Raman spectra and c high magnification image of internal oxidation zone



378	 Oxidation of Metals (2022) 97:371–400

1 3

detected on the remainder of the surface (Fig. 6d). The Fe–30Cr alloy formed a 
thin (~ 1.5 μm) protective scale (Fig. 6e), identified by XRD as Cr2O3.

Corrosion Products in HCl Gas at 750 °C

05% HCl gas  Cross-sectional images in Fig. 7 show the oxide scale developed on 
Fe–Cr alloys after exposure to 0.05% HCl gas at 750 °C for 30 h. The 15% Cr alloy 
had grown an approximately uniform outer scale layer of Fe3O4, with an average 
thickness of 40 μm. Voids were found in the outer oxide at and near its interface with 
the inner oxide layer. Cracks within the outer Fe3O4 layer had facilitated oxidant 
entry and conversion of the adjacent oxide to Fe2O3. Cracks were also observed in 
the spinel inner layer (~ 40 μm thick) (Fig. 7a). The identification of different oxides 

Fig. 5   Optical microscopy cross-section images of a Fe–20Cr, b Fe–25Cr, and c Fe–30Cr alloys reacted 
after 30 h in HCl-free gas
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was based on specific metallographic appearance of different oxides, using the results 
shown in Fig. 4.

On the Fe–20Cr alloy, uniform outer and inner scale layers were of the same 
thickness (~ 25 μm). The outer layer consisted mainly of Fe3O4, with some Fe2O3 

Fig. 6   Optical microscopy images of oxide scales formed on a Fe–15Cr, b Fe–20Cr, c, d Fe–25Cr, and e 
Fe–30Cr alloys exposed after 160 h in HCl-free gas

Fig. 7   Optical microscopy images of oxides formed on a Fe–15Cr, b Fe–20Cr, c Fe–25Cr, and d Fe–
30Cr alloys after 30 h in 0.05%HCl gas
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near the outermost surface and adjacent to the occasional cracks (Fig. 7b). The 
inner layer was spinel.

On Fe–25Cr, two types of scale were formed (Fig.  7c). Parts of the surface 
were converted by a thin protective oxide, likely Cr-rich oxide. Other parts devel-
oped mutilayered scales consisting of outer Fe2O3 above a thin layer of Cr-rich 
oxide, identified by SEM–EDS analysis shown in Fig. 8, below which oxide had 
grown into the alloy (Fig. 7c). The thin intermediate Cr-rich oxide layer appeared 
to be continuous with the adjacent protective oxide. The inward grown oxide 
beneath the thin Cr-rich layer consisted of spinel with a band of chromia, identi-
fied by EDX (not shown), at the alloy–oxide interface.

Oxide identifications are confirmed by the higher magnification BSE-SEM 
cross-section image of Fe–25Cr alloy reacted for 30  h in 0.05%HCl as shown 
in Fig. 8. It shows the multilayer oxide seen at low magnification at the left side 
of Fig. 7c. The outer Fe–rich oxide was adhered to a thin layer of Cr-rich oxide. 
Voids and Cr-rich spinel were identified by EDS line scan analysis (Fig. 8b) and 
confirmed by element mapping (Fig. 8c).

Only a protective Cr-rich oxide scale about 1.5  μm thick had formed on the 
surface of Fe–30Cr (Fig. 7d).

More severe corrosion attack was found for both 15Cr and 20Cr alloys reacted 
for longer, 160  h, in 0.05%HCl at 750  °C (Fig.  9a, b). A thick overall scale 
(~ 225 µm) had grown on the 15Cr alloy, consisting of two layers separately by 
a gap. On this alloy, the iron oxide outer layer consisted of Fe3O4 at the surface, 
with FeO beneath. These oxides and an inner spinel layer were identified by their 
Raman spectra (not shown). For Fe–20Cr, partial scale spallation occurred at the 
Fe3O4–FeO interface. Thick uniform outer and inner oxide layers (~ 80 μm each) 
were detected.

Fig. 8   Fe–25Cr alloy reacted for 30 h in 0.05%HCl gas: a BSE-SEM cross-section image, b EDX line 
profile along S-T and c EDX mapping of X
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High Cr alloys were much more successful. The Fe–25Cr alloy developed a thin 
Cr-rich oxide layer surmounted locally by Fe2O3 islands (Fig.  9c). A thin Cr-rich 
oxide scale subject to some local scale spallation formed on Fe–30Cr (Fig. 9d).

High magnification BSE-SEM images of Fe–15Cr and Fe–20Cr alloys after 
160-h reaction in the 0.05% HCl gas are shown in Figs.  10 and 11, respectively. 
Local regions of IOZ had formed below the inner spinel layer in some areas of 
Fe–15Cr, illustrated in Fig.  10a. In addition, the higher magnification reveals the 
complex microstructure of the thick (~ 100 μm) inner spinel layer. As is evident from 
the EDS line scan analysis, the innermost region of this layer (Fig. 10a) is delineated 
by a series of Cr-rich oxide bands identified by point analysis shown in Fig. 10a, b, 
plus elemental maps (Fig. 10c–f).

For Fe–20Cr, a uniform thick outer layer of Fe3O4 contained FeO islands near 
the prior scale–alloy interface. The latter is clearly imaged by the boundary between 
outer Cr-free oxide and inner Cr-bearing oxide layer. The inner oxide was a uni-
formly thick spinel layer about 40 μm thick (Fig. 11).

In addition to increasing the oxide layer thicknesses, increasing the reaction time 
led to changes in oxide composition and morphology. For both the 15 and 20 Cr 
alloys, the external oxides changed from Fe2O3 + Fe3O4 after 30-h reaction (Fig. 7) 
to Fe3O4 + FeO after 160-h reaction (Fig. 9). The fraction of Fe3O4 in the external 
oxide was found to increase with the increase of Cr content at both reaction times 
(Figs. 7, 10, 11).

1%HCl Gas  Surface XRD analysis results for Fe–Cr alloys after reaction in 
N2-10%CO2-10%H2O with 0.1%HCl for 30 h at 750 °C are shown in Fig. 12. The 
phases detected by XRD are listed in Table 3 where those at 650 °C after 50-h reac-
tion are also listed for comparison. At 650 °C, the surface oxidation products devel-
oped by 15 to 25Cr alloys were mainly Fe2O3 and Fe3O4, while Fe–30Cr showed only 

Fig. 9   Optical microscopy images of oxides formed on a Fe–15Cr, b Fe–20Cr, c Fe–25Cr, and d Fe–
30Cr alloys after 160 h in 0.05%HCl gas
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the alloy, α-Fe [9], indicating that any oxide was too thin to be detected. At 750 °C, 
the near surface reaction products were identified as Fe2O3 and Fe3O4 for 15Cr and 
20Cr alloys. For Fe–25Cr and Fe–30Cr, only Cr2O3 peaks were detected (Table 3).

Reaction product morphologies and Raman spectra for the 15Cr alloy after 
160-h reaction in 0.1% HCl gas at 750 °C are shown in Fig. 13. Local cracking 
and partial scale spallation are evident (Fig. 13a). A very thin layer formed on the 
outermost part of the oxide was identified as Fe2O3 by its metallographic appear-
ance, and a relatively thick IOZ with Cr-rich band at its inner boundary is seen 

Fig. 10    Fe–15Cr alloy reacted for 160  h in 0.05%HCl gas: a BSE-SEM cross-section image b inner 
oxide, c–f element profile of enlarged image of L area in (a), and g line scan profile along M–N in (a)

Fig. 11   a BSE-SEM cross-section image, b enlarged image of Z from inner oxide, and c line scan profile 
of Fe–20Cr alloy exposed after 160 h in 0.05%HCl gas
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beneath the inner spinel oxide layer in some areas (Fig. 13c). From scale surface 
towards the substrate, oxide phases revealed by Raman spectroscopy (Fig.  13e) 
were magnetite, wüstite, and spinels.

The oxide formed on the 20Cr alloy (Fig.  14) was similar to that formed in 
0.05% HCl (Fig. 11). Its magnetite and spinel oxides were identified by Raman 
spectra. Thin (about 2  μm) protective scales of chromia were developed on the 
surfaces of both 25Cr and 30Cr alloys, as seen in Fig. 15 and Table 3.

Similar oxide structures developed on Fe–15Cr alloy after 160-h reaction 
in both 0.05% HCl (Fig.  10) and 0.1% HCl atmosphere (Fig.  16): outer Fe3O4, 
intermediate FeO, and an inner spinel layer. Increasing alloy Cr to 20% led to a 
decreased FeO layer thickness after 160-h reaction (Fig. 17a), but left the phase 
constitution of the scale unchanged. Both Fe–25Cr and Fe–30Cr alloys formed 
the same protective scale thickness (~ 2 μm) as shown in Fig. 17b, c. In each case, 
the scale thickness was approximately the same after 160-h reaction as it was 
after 30-h reaction. Analysis by EDS (Fig.  18) showed the protective scale on 
Fe–25Cr alloy exposed to 0.1%HCl for a period of 160 h to be Cr-rich, containing 

Fig. 12   XRD patterns of the tested alloys exposed after 30 h in N2–10CO2–10H2O–0.1%HCl at 750ºC

Table 3   The phases identified 
by surface XRD of alloys 
exposed after 50 h at 650 °C [9] 
and 30 h at 750 °C in 0.1%HCl 
gas

Alloy 650 °C 750 °C

Fe–15Cr Fe2O3, Fe3O4 Fe2O3, Fe3O4, α-Fe
Fe–20Cr Fe2O3, Fe3O4, α-Fe Fe2O3, Fe3O4, α-Fe
Fe–25Cr Fe2O3, Fe3O4, α-Fe Cr2O3, α-Fe
Fe–30Cr α-Fe/Matrix Cr2O3
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Fig. 13    Fe–15Cr alloy reacted for 30 h in 0.1%HCl gas a–c optical micrographs, d enlarged image of 
selected IOZ zone, and e Raman spectra of oxides from (c)

Fig. 14   Optical micrographs of Fe–20Cr alloy after reaction for 30 h in 0.1%HCl gas

Fig. 15   Optical cross-section images of scales formed on a Fe–25Cr and b Fe–30Cr alloys after reaction 
for 30 h in 0.1%HCl gas



385

1 3

Oxidation of Metals (2022) 97:371–400	

Fig. 16   Optical microscopy images of Fe–15Cr exposed after 160 h in 0.1%HCl gas

Fig. 17   Optical microscopy images of a Fe–20Cr, b Fe–25Cr, and c Fe–30Cr alloys exposed after 160 h 
in 0.1%HCl gas

Fig. 18    Fe–25Cr alloy reacted after 160-h reaction in 0.1%HCl gas: a BSE-SEM image and b line scan 
profile along A-B in (a)
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very little Fe. This indicates that the Cr2O3 scale formed on this alloy in the first 
30 h of reaction was retained after 160-h exposure.

Carburisation

Etching with Murakami’s reagent revealed carbide formation for Fe–15Cr and 
Fe–20Cr reacted in CO2-H2O gas (without HCl) at 650  °C and 750  °C, as seen 
in Fig. 19. At 650 and 750 °C, both intergranular and intragranular carbides were 
observed, with higher precipitate number densities and deeper penetration at higher 
temperature. For Fe–15Cr, the depth of carbon penetration reached ~ 60  μm as 
intragranular carbides, as measured from the original alloy surface to intragranu-
lar carbide precipitation front, after 100  h at 650  °C (Fig.  19a). The correspond-
ing depth was ~ 600 μm after 160 h at 750 °C (Fig. 19b), again measured from the 
prior scale–alloy interface. Similarly, in the 20Cr alloy, intragranular carbides were 
detected in a shallow subsurface zone beneath Fe–rich oxide nodules at 650  °C 
(Fig.  19c), but to a depth of approximately 330 μm at 750  °C (Fig.  19d) under a 
continuous, uniform scale. In HCl-free gas, carburisation was not detected in the 
higher Cr containing alloys, 25Cr, and 30Cr alloys at 650 °C [9]. At 750 °C, a small 
number of scattered carbides precipitated in the alloy matrix of Fe–25Cr (Fig. 20a), 
but no carbides were found in the 30Cr alloy (Fig. 20b).

Fig. 19   Metallographic cross section of carbide formation found in Fe–15Cr alloys: a after 100  h at 
650ºC, b after 160 h at 750ºC, and in Fe–20Cr alloys: c after 100 h at 650ºC, and d after 160 h at 750ºC 
exposed in HCl-free gas
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Fig. 20   Metallographic cross section of carbide formation observed in a Fe–25Cr and b Fe–30Cr alloys 
exposed after 160 h in HCl-free gas at 750ºC

Fig. 21   Metallographic cross section of carbide formation found in Fe–15Cr alloys: a at 650ºC, b at 
750ºC, and in Fe–20Cr alloys: c at 650ºC, d at 750ºC exposed after 160 h in 0.1%HCl gas

Fig. 22   Metallographic cross section of carbide formation found in a Fe–25Cr and b Fe–30Cr alloys 
exposed after 160 h in 0.1%HCl gas at 750ºC
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Internal carbide formation in Fe–15Cr and Fe–20Cr reacted for 160  h in 
N2–10CO2-10H2O-0.1%HCl at 650 and 750 °C is shown in Fig. 21. As with the HCl-
free gas at 650 °C, carburisation was revealed by etching in both alloys (Fig. 21a, c) 
where denser and deeper carbide precipitation was found after 160-h reaction than 
in alloys reacted for 100 h in HCl-free gas (Fig. 19a, c). At 750 °C, addition of HCl 
to the reaction gas significantly reduced the amount of carbide formed. There was 
no significant intragranular carburisation in any alloy, even for 15 and 20Cr alloys 
(Fig. 21b, d) at this temperature. At 650 °C, no carbide was found in Fe–30Cr alloys 
but intergranular carbides developed in the Fe–25Cr alloy [9]. At 750 °C, a few scat-
tered carbides formed along alloy grain boundaries in both high Cr alloys (Fig. 22).

Discussion

Discussion is facilitated by use of Tables 4 and 5, which summarise scale types—
breakaway, semi-protective or protective—and scale thicknesses. Here “semi-pro-
tective” refers to thin, duplex scales such as that shown in Fig. 9c. The measured 
average thicknesses do not correspond exactly with the weight changes shown in 
Figs. 1 and 2, because of occasional, randomly distributed instances of minor spalla-
tion. In addition, as discussed in "Effects of HCl" section, volatilisation of oxide as 
metal chloride is possible.

Table 4   Scale quality and scale thickness (Both outer Fe oxide and inner spinel layer) of Fe–Cr alloys 
reacted in N2–10CO2–10H2O gas for 30 h

*  B/A- Breakaway oxidation; P- Protective

Alloy 0%HCl 0.05%HCl 0.1%HCl

650 °C(50 h) 750 °C 650 °C 750 °C 650 °C 750 °C

Fe–15Cr B/A, ~ 27 μm B/A, ~ 90 μm B/A, ~ 36 μm B/A, ~ 70 μm B/A, ~ 30 μm B/A, ~ 72 μm
Fe–20Cr P + Nodules B/A, ~ 40 μm P + Nodules B/A, ~ 45 μm B/A, ~ 28 μm B/A, ~ 40 μm
Fe–25Cr P B/A, ~ 12 μm P + Nodules P + Nodules P + , Nodules P, ~ 2 μm
Fe–30Cr P P, ~ 1 μm P P, ~ 1.5 μm P P, ~ 2 μm

Table 5   Scale quality and scale thickness (Both outer Fe oxide and inner spinel layer) of Fe–Cr alloys 
reacted in N2–10CO2–10H2O gas for 160 h

*  B/A—Breakaway oxidation; Semi—Semi-protective; P—Protective

Alloy 0%HCl 0.05%HCl 0.1%HCl

650 °C(100 h) 750 °C 650 °C 750 °C 650 °C 750 °C

Fe–15Cr B/A, ~ 45 μm B/A, ~ 320 μm B/A, ~ 100 μm B/A, ~ 225 μm B/A, ~ 130 μm B/A, ~ 200 μm
Fe–20Cr P + Nodules B/A, ~ 190 μm B/A, ~ 80 μm B/A, ~ 160 μm B/A, ~ 70 μm B/A, ~ 80 μm
Fe–25Cr P Semi, ~ 11 μm Semi, ~ 8 μm Semi, ~ 4 μm B/A, ~ 20 μm P, ~ 2 μm
Fe–30Cr P P, ~ 1.5 μm P P, ~ 1 μm P P, ~ 2 μm
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Alloy weight uptakes in Figs. 1 and 2 reveal similar patterns of dependence on 
alloy chromium concentration (NCr), temperature, and p

HCl
 at the two reaction times. 

Closely similar patterns seen for oxide scale thicknesses in Tables 4 and 5 indicate 
that weight uptakes reflect principally external scale growth, weight changes associ-
ated with internal carburisation and oxidation being relatively small.

In general, scaling rates decrease with increased chromium levels. However, the 
effect of temperature on scaling rate is strongly dependent on NCr. For the 15 and 
20 Cr alloys, rates increase with temperature, the effect being somewhat diminished 
when HCl is added to the gas. In the 25 Cr alloy case, the scaling rate increases 
with temperature in HCl free gas, but decreases with T when HCl is present. The 30 
Cr alloy experiences small scaling rate increases with T, the extent of the increase 
being less as HCl levels are increased.

The effects of HCl on scaling vary with both NCr and T. At 650  °C, the rate 
increases for all alloys as HCl is added to the gas. This effect is large for alloys con-
taining 15 – 25 Cr, but relatively small for 30 Cr. In contrast, at 750 °C the scaling 
rate decreases for alloys containing 15–25 Cr as HCl is added to the gas. For the 30 
Cr alloy, rates are low, and small increases accompany HCl additions.

Evidently, there are interactions among temperature, NCr, and p
HCl

 as factors 
affecting oxide scale growth. The discussion commences with a correlation of scale 
morphologies with growth rates. It then goes to an examination of the conditions 
under which a protective Cr-rich oxide scale can form. Finally, the ways in which 
HCl can interact with growth of the different possible oxides are assessed.

Effect of Temperature on Oxidation Behaviour in CO2–H2O Gas

The thick oxide scales grown by many of the Fe–Cr alloys are typical of scales 
grown in CO2-rich gases [11]. The outer iron oxide layers grow by outward diffu-
sion of iron, whereas the porous inner spinel layer grows inward via oxygen trans-
port [12]. Alloy Cr, immobilised as spinel within the inner layer, serves to mark the 
space occupied by the alloy before reaction.

In general, increasing temperature enhances oxidation rates of Fe–Cr alloys in 
CO2-H2O gas, as evidenced by the increased oxide thickness shown in Table 4 (short 
time reaction) and Table 5 (long time reaction). The reported total scale thickness 
includes both outer Fe oxide and inner spinel layers. This accelerating effect reflects 
more rapid diffusion of iron and oxygen, leading to an enhanced outer and inner 
oxide thickening for Fe–15Cr and Fe–20Cr alloys.

Increasing temperature also changes the oxide constitution in the external oxide 
scale. For Fe–15 and 20Cr alloys, at 650ºC, the outermost oxide was Fe2O3 and the 
inner part of the Fe–rich oxide was Fe3O4 [9]. However, at 750 °C, the outermost 
layer became Fe3O4 and the inner part FeO (Figs. 4, 5 and 6). This result confirms 
that increasing temperature significantly accelerates iron cation diffusion in the 
underlaying oxides. Thus, FeO grows more rapidly and the increased supply of iron 
at higher temperatures converts Fe2O3 to Fe3O4. Similar observations of these oxide 
compositional changes with temperature have been reported before [13, 14]
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Alloy Cr concentration affects both the growth rate and composition of the 
oxide scale. Increasing Cr concentration from 15 to 20  wt.% led to a decrease 
in relative amounts of FeO in the outer scale layer at 750 °C (Fig. 5a). Further 
increasing alloy Cr to 25 wt.% led to the formation of Fe2O3 at the scale surface. 
No FeO developed, and Fe3O4 made up the balance of the outer layer (Fig. 5b). 
These effects reflect a slower rate of outward iron diffusion in the scale resulting 
from the higher volume fraction of slow-diffusing spinel in the inner scale layer.

The effects of temperature and alloy Cr content on growth rates of nonpro-
tective (breakaway) scales are clear. Alloys containing sufficient chromium form 
protective chromia scales, which grows at a much slower rate, almost independent 
of the alloy Cr/Fe ratio. This rate is temperature-dependent, but present results 
are insufficient to permit analysis. What the results do show is that the boundary 
between breakaway and protective scaling is temperature-dependent.

Effect of Temperature on Critical Cr Concentration

At 650  °C, an Fe–20Cr alloy is partially protective and Fe–25Cr forms a fully 
protective scale [9] in HCl-free gas. However, a Cr level > 25 wt.% is required for 
protection at 750 °C (Table 5). To understand this difference, the use of Wagner’s 
diffusion analysis is explored.

The critical concentration of Cr, N(1)

Cr
 for converting chromia formation from 

internal to external oxidation can be calculated using Wagner’s equation [15].

where g is a critical volume fraction of oxide precipitate, generally approximated as 
about 0.3 [16], ʋ the stoichiometric coefficient of CrOʋ (1.5), Vm and VCrOʋ are the 
molar volumes of the alloy (7.3 cm3/mol) and oxide (14.6 cm3/mol), respectively, 
DO represents the diffusion coefficient of oxygen in the alloy [17, 18], and D̃Cr is the 
alloy interdiffusion coefficient [19].

The quantity N(S)

O
 is the oxygen solubility (mole fraction) in the alloy in equi-

librium with the oxygen activity at the scale–alloy interface, which is calculated 
from Sievert’s equation:

Here K is the equilibrium constant for the dissolution of oxygen taken from available 
data [20], and pO2 is the partial pressure of oxygen determined by the Fe/FeO equi-
librium at the scale–alloy interface [9].

In addition, the Cr concentration in the alloy must exceed another critical 
value, N(2)

Cr
 required for chromium diffusion to the alloy–scale interface to main-

tain the chromia growth [21]:

(1)N
(1)

Cr
=

(

𝜋g

2v

Vm

VCrOv

N
(S)

O
DO

D̃Cr

)

1

2

(2)N
(S)

O
= K

√

pO2
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Here kp represents the parabolic rate constant for chromia scale thickening.

where X is the chromia layer thickness. At 750 °C, the value of kp = 2.0 × 10−14 cm2/s 
was calculated approximately, using the chromia scale thickness of about 1.5  μm 
formed on Fe–30Cr alloy after 160-h reaction in HCl-free gas (Fig. 6e). Similarly, 
the value of kp = 3.5 × 10−14 cm2/s was estimated from the 2.0 μm thickness of chro-
mia grown in the same reaction time in 0.1% HCl environment (Fig. 17c).

Critical chromium concentrations calculated in this way are shown in Table  6. 
The Cr concentration ( N

Cr
∼0.21) in Fe–20Cr alloy is higher than N(1)

Cr
 and N(2)

Cr
 val-

ues at both oxidation temperatures in the absence of HCl, and the alloy is predicted 
to form and maintain a chromia scale. This is in fact partly correct at 650 °C, as the 
surface is covered by a protective scale interrupted by Fe–rich oxide nodules [9]. At 
750 °C, however, present results clearly show breakaway oxidation (Tables 4 and 5).

All such predictions are to greater or less extent inaccurate because of uncertain-
ties in the data on which they are based. Nonetheless, qualitative effects of tempera-
ture on the competition between chromia passivation and the different breakaway 
processes should be predictable. Passivation is predicted in Table 6 to be achieved at 
lower NCr levels as the temperature is increased, because the temperature sensitivity 
of D̃

Cr
 is so high [18]. However, as seen in Table 5, this prediction also fails. At this 

point, it needs to be recognised that the high chromium alloys used here are subject 
to �-phase formation at the relatively low temperatures employed.

Precipitation of the �-phase is slow and was not metallographically detectable in 
the present case. However, should it have occurred at a submicroscopic level, the 
effect would be to lower the value of NCr in the α-matrix, thus leading to slower 
chromium diffusion to the alloy surface. Increasing T from 650 to 750 °C leads to an 
increase in the solubility of Cr in the α-phase from 17.5 to 25 at. % [22]. Thus, not 
only is D̃Cr increased, but so too is the concentration of mobile chromium, making 
the T-effect on N(1)

Cr
 and N(2)

Cr
 even stronger. A more detailed analysis of the condi-

tions leading to selective oxidation of 2-phase alloys is available [23], but it leads 
to the same conclusion regarding the T-effects. Discussion returns to this point in 
"Carburization" section.

Addition of HCl to the gas is not expected to affect N(1)

Cr
 , dependent as it is only on 

alloy properties. However, HCl does change the predicted values of N(2)

Cr
 by accelerating 

(3)N
(2)

Cr
=

Vm

VCrOv

(

𝜋kp

2D̃Cr

)
1

2

(4)X2 = 2kpt

Table 6   Critical alloy chromium 
concentrations for Cr2O3 scale 
growth in N2-10CO2-10H2O

T (°C) 650° 750 °C

N
(1)

Cr
N

(2)

Cr
N

(1)

Cr
N

(2)

Cr

HCl-free 0.21 0.19 0.07 0.09
0.1%HCl 0.21 0.26 0.07 0.12
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chromia scaling rates. On this basis, it is predicted that higher NCr values are required 
to achieve protection in HCl-bearing gas, a prediction which is borne out at 650 °C 
(Table 5). At 750 °C, however, the prediction fails for the marginal Fe–25Cr alloy. In 
this case, the alloy is semi-protective in the absence of HCl, failing, as predicted, by 
growing external Fe2O3 as well as chromia. Additions of 0.5% HCl show the growth of 
this duplex scale, and 0.1% HCl prevents iron oxide formation entirely. Clearly, other 
factors are in effect.

Effects of HCl

As seen in Figs. 1 and 2, additions of HCl to wet CO2 gas had different effects for dif-
ferent alloys, and those effects changed with temperature. In considering possible inter-
actions between HCl and the oxides, it is useful to distinguish between the different 
scale types: breakaway, semi-breakaway and protective.

Breakaway scales form on Fe–15 Cr in all gases at both temperatures. They consist 
of thick outer layers of iron oxides and inner layers of spinel. The presence of HCl 
accelerated the rate of oxidation of all Fe–Cr alloys at 650 °C, a phenomenon attributed 
to the vaporisation of iron chloride by “active oxidation” [9].

The active oxidation process [7] is one of volatilisation of metal oxides as chlorides, 
for example

The chlorine required for this reaction derives from the reaction

Chlorine has access to the scale surface and, if it can diffuse into the oxide, to the 
scale interior. At the low oxygen potentials prevailing within the scale, reaction (5) is 
favoured, leading to partial loss of oxide and outward gas phase transport of metal chlo-
ride. In the outer parts of the scale, oxygen activities are much higher and the reverse 
of reaction (5) becomes thermodynamically possible, leading to redeposition of oxide.

Breakaway Oxidation

Active oxidation accelerates outward transport of iron within the scale. As this is the 
rate controlling process in breakaway scale growth on Fe–Cr alloys [12], more rapid 
oxidation results (Fig.  2, Table  5) from the presence of HCl. This accounts for the 
behaviour of Fe–15Cr and Fe–20Cr at 650 °C shown in Fig. 2, but not for the opposite 
effect found at 750 °C. In considering this, attention is directed first to the relative vola-
tility of iron and chromium chlorides.

Chromium is present in the inner layer of breakaway scales in the form of spinel, so 
the relevant volatilisation reaction can be written

(5)
FeO(s) + Cl2(g) = FeCl2(g) +

1∕2O2(g) ΔG0
5
= 116, 066.1 − 103.5 T J∕mol

(6)
2HCl(g) + 1∕2O2(g) = Cl2(g) + H2O(g) ΔG0

6
= −58, 941.4 + 68.0 TJ∕mol
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To evaluate pFeCl2 and pCrCl2 , knowledge of both pO2
 and pCl2 is required. Both 

can be calculated for gas phase equilibrium at the scale surface, and are shown in 
Table 1. The oxygen potential at the scale–alloy interface can be calculated from 
the local metal–metal oxide equilibrium. In the case of breakaway scales, this is 
assumed to be

leading to the values for pO2
 shown in Table 7.

The value of pCl2 at the scale–alloy interface is unknown, depending as it does 
on the transport processes within the scale. Its maximum value would be that 
of the gas phase, of order 10–10  atm at both temperatures. However, use of this 
value in the equilibrium expression for reaction (5) leads to estimates of pFeCl2 
> 1 atm. Proceeding instead on the basis that pCl2 cannot be estimated, one can 

(7)
FeCr2O4(s) + 2Cl2(g) = FeO(s) + 2CrCl2(g) + 3∕2O2(g)

ΔG0
7
= 946, 122.4 − 401.9 TJ∕mol

(8)Fe(s) +
1∕2 O2(g) = FeO(s) ΔG0

8
= −262, 647.3 + 62.8 TJ∕mol

Table 7   Volatilisation from breakaway scales in 0.1% HCl gas: pi/atm

Scale, location Reaction Species 650 °C 750 °C

Scale surface Fe3O4(s) + 3Cl2(g) = 3FeCl2(g) + 2O2(g) FeCl2(g) 2.5 × 10−9 6.0 × 10−9

Fe3O4–Fe2O3 interface 2Fe3O4 + ½O2 = 3Fe2O3 O2(g) 4.5 × 10–14 2.4 × 10–11

Fe2O3 + 2Cl2 = 2FeCl2 + 3/2O2 FeCl2(g) 4.2 × 10–6 1.4 × 10–6

Scale–alloy interface Fe3O4(s) + 3Cl2 = 3FeCl2(g) + 2O2 4.2 × 10–6 1.4 × 10–6

Fe(s) + 1/2O2(g) = FeO(s)
FeO(s) + Cl2(g) = FeCl2(g) + 1/2O2(g)

O2(g)
pFeCl2

pCrCl2

1.2 × 10−23

2.4 × 109
9.8 × 10−21

1.4 × 108

Fig. 23   Cross-section of oxide reaction products formed by Fe–15Cr after, a–c 100 h in HCl-free gas [9] 
and d–f 160 h in HCl-bearing gases
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nonetheless calculate the ratio pFeCl2/pCrCl2 by eliminating pCl2 between the equi-
librium expressions for (5) and (7). In this way, it is found that

where Ki is the equilibrium constant for the indicated reaction. Values for this ratio 
are seen in Table 7 to be extremely high at both temperatures. Whilst it is clear that 
iron is much more readily volatilised from the scale than is chromium, the thermo-
dynamic analysis provides no explanation for the slowing in oxidation rate at the 
higher temperature when HCl is present.

The effects of HCl on breakaway oxidation morphologies are illustrated in the 
case of Fe–15Cr in Fig. 23. At 650  °C, the addition of HCl to the gas leads to 
more rapid thickening of both the spinel and Fe–oxide layers, but has little effect 
on the IOZ. At 750 °C, in the presence of HCl, the growth of both scale layers is 
slowed and IOZ formation is suppressed. Significantly, an additional outermost 
layer of bright contrast iron oxide is formed in the presence of HCl at 650 °C, but 
no such oxide is present at 750 °C. Closer examination of this oxide [9] has con-
firmed that it is highly porous Fe2O3.

The formation of porous Fe2O3 at 650 °C results from “active oxidation” [9] 
and reflects an acceleration in scaling rate. The disappearance of Fe2O3 at the 
higher temperature can be understood in terms of the reaction

which can occur at the Fe3O4–Fe2O3 interface. Here, pO2
 is controlled by the local 

equilibrium between the two oxides and its value is shown in Table 7. For the case 
where the Fe2O3 layer is very thin and highly porous, pCl2 is approximated as the gas 
phase value (Table 1), leading to the pFeCl2 values shown in Table 7 for this interface.

As is seen, pFeCl2  is relatively high, and destruction of the thin outermost 
layer of Fe2O3 might be anticipated. The difficulty, however, is that pFeCl2 values 
are very similar at the two temperatures, and no acceleration with temperature in 
the rate of hematite loss can be accounted for in this way.

The net rate of iron oxide layer growth reflects the balance between the rates 
of outward iron diffusion and oxide volatilisation. Comparison of the inner spi-
nel layer grown on Fe–15Cr at 750 °C in the different gases at the two tempera-
tures (Fig. 23) reveals that semi-continuous Cr-rich bands had developed within 
this layer parallel to the alloy surface, during exposure to HCl bearing gas, but 
not in HCl-free gas. Similar bands are seen in Fig. 11 to have formed in the inner 
oxide layer grown on Fe–20Cr under these conditions, but not in the absence of 
HCl (Fig. 6b).

These Cr-rich oxide bands, aligned as they are normal to the diffusion direc-
tion, will slow outward iron diffusion. This in turn accounts for the slower 
growth of the inner layer. In combination with the iron oxide volatilisa-
tion process, it explains why the outer layer thickness is smaller at the higher 

(9)
pFeCl2

pCrCl2

=
K5

K
1∕4

7

p
1∕4

O2

(10)
Fe2O3(s) + 2Cl2(g) = 2FeCl2(g) + 3∕2O2(g) ΔG10

0 = 516, 159.6 − 327.8 TJ∕mol
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temperature, in the presence of HCl. Reasons for the formation of the Cr-rich 
oxide bands are examined below in the discussion of carburisation.

Semi‑protective Oxidation

This regime of behaviour is characterised by formation of a chromia layer which is 
nonetheless penetrated by outwards diffusion of iron. The resulting duplex scales 
consisting of outer Fe2O3 and inner Cr2O3 layers grow on the marginal Fe–25Cr 
alloy at 750 °C in HCl-free gas, and also in 0.05% HCl gas but to a reduced thick-
ness (Table 5). In 0.1% HCl gas; however, no outer Fe2O3 layer is seen and the alloy 
appears to have passivated.

Passivation of this alloy is predicted to occur in HCl-free gas (Table 6), but its 
failure by iron oxide growth in HCl gas is seen in Table 5 to be marginal. Adding 
HCl evidently diminishes the extent of Fe2O3 formation, and at the 0.1% level pre-
vents its growth completely.

The reaction of interest is now (10), and the fate of an Fe2O3 nucleus on the sur-
face of an otherwise protective chromia scale is considered. At the interface between 
the two oxides, local equilibrium between them [24] yields an estimate of pO2

≈ 
10–13 atm at 627 °C. The value of pCl2 at this early stage of nodule nucleation would 
be close to that of the surrounding gas, and the pFeCl2 values in Table 8 are calcu-
lated from (10). The value of pFeCl2  at 750 °C is ~ 40 times that at 650 °C. It is rea-
sonable then to suppose that increasing levels of HCl will lead to the diminution and 
ultimately suppression of Fe2O3 formation at 750 °C, but the effect is unimportant at 
the lower temperature.

Verification of this proposal is desirable. Whilst the mechanism succeeds in 
explaining the observations in Table  6, it implies that the apparent protection 
afforded by the chromia scale in HCl gas is somewhat illusory: iron continues to be 
removed from the alloy as chloride, and loss of component section is predicted to 
result.

Protective Oxidation

Only the Fe–30Cr alloy passivates at both temperatures, regardless of whether or 
not HCl is present. This is a consequence simply of the high NCr level, which is 
sufficient to form and sustain an external chromi scale (Table 6). The questions of 
interest concern the possible effects HCl might have on the stability of the protective 
scale.

Approximating the scale as pure Cr2O3, its interactions with Cl2 can be written as

(11)
Cr2O3(s) + 2Cl2(g) = 2CrCl2(g) + 3∕2O2(g) ΔG0

11
= 874, 728.7 − 385.9 TJ∕mol

(12)
Cr2O3(s) + Cl2(g) + 1∕2O2(g) = 2CrO2Cl2(g) ΔG0

12
= 80, 153.4 − 8.6 TJ∕mol
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At a chromia scale–gas interface, calculation for the equilibrium (12) yields 
pCrO2Cl2

 = 5 × 10–14 and 1 × 10–13  atm at 650 and 750  °C, respectively. At the 
scale–alloy interface, pCl2 is unknown, but has a maximum value equal to that of the 
gas phase. The corresponding maximum values of pCrO2Cl2

 are 10–20 and 10–19 atm at 
650 and 750 °C, respectively. Volatilisation of Cr via reaction (12) is concluded on 
this basis to be unimportant.

Chromium chloride formation at the scale–alloy interface is much more favour-
able. Again taking the maximum value of pCl2 equal to that of the gas phase, the 
maximum values of pCrCl2 shown in Table  8 are calculated. Such high values are 
inconsistent with the observations of apparently adherent, non-porous chromia 
scales, which implies that chromia scales are better barriers to chlorine ingress than 
iron oxides. However, the possibility of some Cr volatilisation by this mechanism 
cannot be fully excluded if defects are present inside the chromia scale.

Carburisation

Alloys forming protective or semi-protective oxide scales suffered very little car-
burisation at either 650 [9] or 750 °C, in any of the gas mixtures. The small amounts 
of intergranular carbide form as a result of carbon penetration through chromia via 
their grain boundaries, as shown by atom probe tomography [25].

A more complex pattern of behaviour was observed for alloys developing breaka-
way oxide scales. Both intragranular and intergranular carbides were observed in 
lower Cr content alloys reacted in HCl-free gas at 650 °C (Fig. 19a, c) and 750 °C 
(Fig. 19b, d), with a greater depth of carbon penetration at 750 °C. The faster car-
burisation kinetics observed at higher temperature in alloys forming breakaway 
oxide scales are consistent with rate control by inward carbon diffusion.

For Fe–15Cr and Fe–20Cr alloys at 650 °C, the addition of HCl to the gas accel-
erated the oxidation, causing the extensive formation of iron-rich, multilayer, porous 
oxide scales plus IOZ (Fig. 21a, c). These scales more readily permit carbon diffu-
sion to the underlying alloy, leading to the formation of more intragranular carbides 
and intergranular carbides than in HCl-free gas [9].

In contrast, at 750  °C, no apparent carbide can be identified even for low Cr 
alloys (Fig. 21b, d) in the presence of HCl. Clearly, carburisation was suppressed at 
the higher temperature in HCl-containing gas, an unexpected outcome.

In the absence of internal carburisation, these alloys are subject to very little 
depletion in Cr because its selective oxidation does not occur. As the rate at which 
the scale–alloy interface advances slows with time, the probability of Cr-rich oxide 
aggregates forming as a result of alloy chromium diffusion at the interface increases. 
The banded microstructure, involving alternate Cr-rich and Cr-lean oxide seen in 
Figs. 10, 11 and 16, is in fact a common observation in marginal alloys [26, 27]. 
On the other hand, when internal carbides precipitate, chromium is removed from 
the alloy matrix, concentrated and immobilised in the Cr-rich precipitates. These 
are subsequently oxidised in  situ to form an IOZ. As reaction proceeds, these are 
incorporated into the advancing spinel layer as dispersed particles, and no banded 
structure can form.



398	 Oxidation of Metals (2022) 97:371–400

1 3

Whether or not a banded structure develops is important, as the semicontinuous 
Cr-rich oxide provides a partial barrier not only to outward iron diffusion, but also to 
inward carbon transfer. Thus once the bands form, they prevent the onset of carburi-
sation and allow growth of additional bands.

The remaining question concerns the mechanism whereby HCl or Cl2 prevents 
the onset of internal carburisation. The answer presumably involves interactions 
between Cl species and both the detailed mechanisms of carbon transport through 
the complex scale, and the oxide–metal interfacial reactions

Present results provide no answers to these questions.

Conclusions

The effect of temperature on the corrosion process is strongly dependent on both 
alloy Cr concentration and gas phase pHCl in the gas. The 15 and 20 Cr alloys under-
went breakaway corrosion, at rates which increased with temperature in all gases.

A 25 Cr alloy was borderline developing either protective chromia scales or semi-
protective chromia plus hematite. The rate increased with temperature in HCl free 
gas, but decreased in HCl-containing gases. The 30 Cr alloy was always protective, 
and its corrosion rate increased slightly with T. The weight uptake kinetics reflect 
principally external oxide growth, but internal oxidation and carburisation were also 
observed in some cases.

Increasing temperature also changes the oxide constitution in the external scale. 
On the Fe–15 and 20Cr alloys breakaway scales consisted of an outer iron oxide 
layer and inner layer containing spinel at both temperatures. At 650 °C, the outer-
most oxide was Fe2O3 and the inner part of the Fe-rich oxide was Fe3O4. However, 
at 750 °C, the outermost layer became Fe3O4 and the inner part FeO. This results 
from accelerated iron cation diffusion in the underlaying oxides, converting Fe2O3 to 
Fe3O4 and Fe3O4 to FeO at higher temperature.

Alloy Cr concentration affects both the growth rate and composition of the oxide 
scale. Increasing Cr concentration from 15 to 20  wt.% led to decreased relative 
amounts of FeO in the outer scale layer at 750 °C. Further increasing alloy Cr to 
25 wt.% led to the formation of Fe2O3 at the scale surface and no FeO developed. 
These effects reflect a slower rate of outward iron diffusion in the scale resulting 
from the higher volume fraction of slow-diffusing spinel in the inner scale layer.

The presence of HCl affects both the morphologies and growth rates of oxides by 
chemical interactions which differ with the types of scale. In the case of breakaway 
oxidation (15Cr and 20Cr alloys), chlorine can penetrate through thick multi-layered 
iron-rich oxide scales which are partly volatilised as iron chloride, which is reoxi-
dised near the scale surface by “active oxidation.” In the situation of semi-protective 
scales (25Cr alloy), chlorine attacks the thin outer layer of Fe2O3 at its interface with 

(13)2CO = O2 + C

(14)CO2 + M = CO + MO
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the inner Cr2O3 layer. In the protective case (30Cr alloy), only Cr2O3 forms, and its 
surface vaporisation was demonstrated to be negligible.

Carburisation was observed for alloys forming non-protective oxide scales. The 
addition of HCl led to increased carburisation of these alloys at 650  °C due to 
enhanced oxide porosity which allowed greater permeability by carbon species. In 
contrast, HCl suppressed carburisation of the breakaway scales at 750  °C, by the 
development of chromia bands within the inner spinel layer.

Almost no carburisation, just sparsely distributed intergranular carbides devel-
oped in alloys forming semi-protective or protective oxide scales. This was the con-
sequence of the superior barrier properties of chromia layers.
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