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Abstract

The carbon steel formed the thick, somewhat porous, loosely adherent iron oxide scale when oxidized at
500-800oC for 15 h in air. It formed the thicker, more porous, nonadherent scale consisting of FeS plus
iron oxides in Ar/1%SO2-mixed gas. It formed the much thicker, more porous, nonadherent scale consisting
of FeS plus iron oxides in Ar/0.1% H2S-mixed gas. However, the aluminized carbon steel formed the thin,
protective Al2O3 surface scale even in Ar/1%SO2-, and Ar/0.1%H2S-mixed gas. Aluminizing drastically
improved the corrosion resistance in (O, S, H)-containing gas.

Keywords : Carbon steel, Aluminizing, Oxidation, SO2 corrosion, H2S corrosion

1. Introduction

Carbon steels are the most widely used in

automotive, ships, coal gasification units, petrochemical

processing, oil and gas pipelines, and construction

industries [1, 2]. Therefore, their corrosion studies in

diverse environments are of great significance for

practical utilization. During application, they are

frequently exposed to corrosive gases, which came

from atmospheric air, industrial pollution, and

production lines. They oxidize in air, and sulfidize in

S-containing gases such as SO2 and H2S at elevated

temperatures. The combustion of fossil fuels and

waste products as well as coal gasification inevitably

produces SO2 and H2S, which play a vital role in

corrosion. SO2 is also the most common pollutant in

rural or urban atmospheres. If sulfide scales were

formed, carbon steels became seriously attacked,

because most sulfides were fragile, nonadherent, and

grew fast [3-6]. H2S is much more corrosive than

SO2, because of hydrogen that embrittles the metal

and accelerates corrosion rates. Hydrogen transports

as H2(g) through voids, cavities, and cracks in the

scale, and as H atoms by dissolving in the lattice,

affecting point defect concentrations [7, 8]. It

decreases the plasticity of scale and develops voids.

This study aims to understand the high-temperature

corrosion behavior of a carbon steel between 500 and

800
o
C in air, Ar/1%SO2-, and Ar/0.1%H2S-mixed

gas, and examine the effectiveness of the Al coating

in suppressing the corrosion of carbon steel in such

gases. In spite of numerous investigations about

oxidation, the sulfidation and prevention of corrosion

of the carbon steel was not yet adequately studied.

2. Experimental Procedure

A low carbon steel plate with a nominal composition

of Fe-0.04C-0.15Mn-0.02Si-0.012P-0.05Cu in wt.%

was cut to a size of 10×10×3 mm3, ground up to a

1500-grit finish with abrasive papers, ultrasonically

cleaned in acetone, and corroded at 500, 600, 700

and 800oC for 15 h in the hot zone of a tube furnace
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in air, Ar/1%SO2-, and Ar/0.1%H2S-mixed gas. The

purity of Ar, SO2, and H2S gas was 99.9999, 99.95,

and 99.95%, respectively. The Al coating was

prepared by hot-dipping the carbon steel in molten

Al bath at 800oC for 10 min through the Al coating

procedure described elsewhere [9]. The corroded

samples were inspected by a scanning electron

microscope (SEM) equipped with an energy-

dispersive spectrometer (EDS), and an X-ray

diffractometer (XRD). The weight gain of each

sample due to corrosion was measured at room

temperature using a microbalance before and after

corrosion.

3. Results and Discussion

Fig. 1 shows weight gains of the carbon steel after

corrosion in air, Ar/1%SO2-, and Ar/0.1%H2S-mixed

gas, which were measured excluding the spontaneously

spalled scale during corrosion testing and the

subsequent handling stage. Weight gains increased

rapidly with an increase in temperature, and in the

order of air, Ar/1%SO2 and Ar/0.1%H2S gas.

Although the concentration of H2S was 1/10 of that

of SO2, the corrosion in Ar/0.1%H2S gas was faster

than that in Ar/1%SO2 gas. With an increase in

weight gain, the scale that formed on the sample

became more susceptible to spallation. Massive

weight gains measured particularly in Ar/1%SO2 and,

moreover, Ar/0.1%H2S gas, suggesting that the

sample had little corrosion resistance. Sulfide scales

are generally nonadherent because they grow mostly

by the outward cationic diffusion, facilitating the

formation of voids at the scale-metal interface [10].

H2S forms sulfides and liberates hydrogen, which

significantly accelerates corrosion rates. Hydrogen

diffuses interstitially, dissolves in the lattice, and

makes the scale vulnerable to cracking and spallation

[7]. Hence, scales that formed in SO2 or H2S

containing gases were generally thick, had many

flaws, and spalled easily.

Fig. 2 shows SEM/XRD/EDS results of carbon

steel corroded in Ar/0.1%H2S gas. The corrosion

condition was chosen as 600
o
C/15 h, because the

scale became too fragile to handle and spalled off

easily when the carbon steel corroded at a higher

temperature for a longer period. The surface of the

scale was covered with pillar-like scales (Fig. 2(a)).

The surface scale grew into the Ar/0.1%H2S gas

(Fig. 2(b)). The scale consisted of ~ 690 μm-thick,

Fig. 1. Weight gain per unit surface area of the carbon
steel after corrosion at 500-800oC for 15 h in air, Ar/
1%SO2-, and Ar/0.1%H2S-mixed gas.

Fig. 2. Carbon steel after corrosion in Ar/0.1%H2S-
mixed gas at 600oC for 15 h. (a) SEM top view, (b)
cross-sectional SEM image, (c) XRD pattern of the
outer scale, (d) EDS maps of (b), (e) EDS spectra of
the outer and inner scale.
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outer FeS layer (Fig. 2(c)), and ~ 180 μm-thick, inner

mixed scale consisting of iron sulfides and oxides

(Fig. 2(d)). The EDS-analyzed composition of the

outer and inner scale was (2.6O-50.2S-47.2Fe) and

(34.5O-17.5S-48Fe), respectively, in at.% (Fig. 2(e)).

Sulfur in H2S formed FeS in both outer and inner

scale through the reaction, Fe+H2S → FeS+H2.

Oxygen impurity in Ar/0.1%H2S gas formed oxides

mainly in the inner mixed scale. Cracks and some

voids formed in the entire outer scale. Such was

attributed to the fast growth rate of highly

nonstoichiometric Fe1-xS (x=0-0.2). This grew fast by

the outward diffusion of Fe
2+

 ions, leaving Kirkendall

voids behind [3, 7]. Hydrogen also assisted the

cracking and void formation. Cracks provided the

easy diffusion path for sulfur, hydrogen, and oxygen.

Such led to the formation of the (Fe, O, S)-rich inner

scale. The anisotropic volume expansion arisen by

the formation of sulfides and oxides, together with

hydrogen dissolution, facilitated cracking of the inner

scale into several pieces (Fig. 2(b)). Unlike outer,

coarse FeS grains, grains in the inner mixed scale

were fine, and equiaxed owing to the competitive

growth of oxides and sulfides in a limited area (Fig.

2(b)). 

Fig. 3 shows SEM/XRD/EDS results of carbon

steel corroded in Ar/1%SO2 gas under the corrosion

temperature and time condition given in Fig. 2. Since

SO2 gas is less corrosive than H2S gas, the

concentration of SO2 gas was increased to 1% in Fig.

3 to accelerate the corrosion. The outer surface was

covered with loosely adherent, porous scale (Fig.

3(a)). The outer scale consisted of FeS and Fe3O4

(Fig. 3(b)). Its composition was 5.8O-43.6S-50.6Fe

in at.%, according to the EDS analysis (Fig. 3(c)). In

the outer scale, iron oxides formed more and FeS

formed less when compared to the Ar/0.1%H2S gas-

corrosion case, because there were more oxygen and

less sulfur available in Ar/1%SO2 gas. FeS was

apparently responsible for the protrusion of the outer

scale into the gas-side (Fig. 3(d)). In Ar/1%SO2 gas,

the sample corroded by the reaction, Fe+SO2 =

FeS+(iron oxide such as Fe3O4). When compared to

the outer grains shown in Fig. 2(a), the simultaneous

formation of the less amount of sulfides and the

more amount of oxides refined grains in the outer

scale as shown in Fig. 3(a). The composition of the

inner scale was 29.3O-13.8S-56.9Fe in at.% (Fig.

3(c)). More iron oxides and less FeS formed in the

inner scale than the outer scale, because a large

amount of sulfur consumed in the outer scale (Fig.

3(d)). The outer scale was ~ 660 μm-thick, and had

some voids owing to the anisotropic volume

expansion arisen during the formation of sulfides and

oxides, together with the Kirkendall effect occurred

during the formation of Fe1-xS (Fig. 3(e)). The inner

scale was ~ 130 μm-thick, and cracked horizontally

owing to the large stress generated during scaling and

the subsequent cooling stage (Fig. 3(d)). Oxidation

and sulfidation occurred simultaneously during

corrosion (Fig. 3(e)). Figs. 2 and 3 clearly indicated

that sulfur and, furthermore, hydrogen seriously

accelerated the corrosion, being accompanied with

local cracking, partial spallation, and void formation

in the formed scales. 

Fig. 4 shows SEM/XRD/EDS results of the carbon

steel corroded in air. Grains at the scale surface were

finer than those shown in Figs. 2(a) and 3(a),

Fig. 3. Carbon steel after corrosion in Ar/1%SO2-
mixed gas at 600oC for 15 h. (a) SEM top view, (b)
XRD pattern of the outer scale, (c) EDS spectrum of
the outer and inner scale, (d) cross-sectional SEM
image, (e) EDS maps of (d).
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although the temperature increased from 600 to

800oC in Fig. 4. The scale was ~ 240 μm-thick, had

voids, and loosely adherent to the steel due mainly to

the excessive thermal and growth stresses developed

during its thickening (Fig. 4(b)) [11]. The surface

was covered with Fe2O3 (Fig. 4(c)). The EDS-

analysis indicated that the Fe3O4-rich scale formed

underneath the Fe2O3 surface scale (Fig. 4(d)).

Several microscopic voids in the oxide scale resulted

from the Kirkendall effect and anisotropic volume

Fig. 4. Carbon steel after oxidation in air at 800oC for 15 h. (a) SEM top view, (b) cross-sectional SEM image, (c)
XRD pattern of the outer scale, (d) EDS concentration profiles along the spot 1-12 shown in (b).

Fig. 5. Cross-sectional images and EDS line profiles of Al hot-dipped carbon steel. (a) before corrosion, and after
corrosion at 800oC for 15 h in (b) Ar/0.1%H2S gas, and (c) Ar/1%SO2 gas.
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expansion arisen during scaling (Fig. 4(b)). Fig. 4

clearly shows that the carbon steel was nonprotective

even in air-oxidation at high temperatures.

Fig. 5 shows SEM/EDS results of the hot-dip

aluminized carbon steel, which corroded under the

corrosion temperature and time condition given in

Fig. 4. Such a corrosion test was performed in order

to examine the effectiveness of aluminized coating in

providing the resistance against corrosion in air, Ar/

1%SO2-, and Ar/0.1%H2S-mixed gas. Fig. 5(a)

shows ~ 200 µm-thick aluminized coating, which

consisted of the Al-rich topcoat and Al-Fe alloy

layer. The interface between the coating and the

substrate was characterized by the uneven tongue- or

finger-like morphology [9]. The formed scales were

hardly recognizable, despite the corrosion in Ar/

0.1%H2S gas and Ar/1%SO2 gas (Figs. 5(b, c)).

Weight gains measured after corrosion in Ar/0.1%H2S

gas and Ar/1%SO2 gas were 13 and 10 mg/cm
2
,

respectively. Such good corrosion protection was

attributed to the formation of the α-Al2O3 scale on

the surface through the reaction of the Al-rich

topcoat with the oxygen impurity in Ar/0.1%H2S and

Ar/1%SO2 gas. It is noted that Al readily reacts with

oxygen to form the highly stable α-Al2O3 at high

temperatures [12, 13]. In EDS line profiles shown in

Figs. 5(b, c), sulfur was present at the background

noise level, and oxygen was similarly hardly

recognizable in the Al-coated steel substrate. It is

however noted that the formed, protective α-

Al2O3 scale tended to spall due to its mismatch in the

thermal expansion coefficient with the underlying

aluminized coating. Nonetheless, hot-dip aluminizing

provided the necessary corrosion protection until the

exhaustion of Al in the coating.

4. Conclusion

The corrosion rates of the carbon steel rapidly

increased with an increase in temperature, and in the

order of air, Ar/1%SO2 and Ar/0.1%H2S gas. When

corroded in Ar/0.1%H2S gas at 600oC for 15 h, the

scale consisted of ~ 690 μm-thick outer FeS layer,

and ~ 180 μm-thick inner mixed layer consisting of

FeS plus iron oxides. When corroded in Ar/1%SO2

gas at 600oC for 15 h, the scale consisted of ~

660 μm-thick outer layer and ~ 130 μm-thick inner

layer consisting of FeS plus iron oxides. Local

cracking, partial spallation, and void formation in the

formed scales were inevitable during corrosion in Ar/

0.1%H2S and Ar/1%SO2 gas. Although the scale

failure occurred less, the air-oxidation still led to

formation of the thick, loosely adherent, somewhat

porous oxide scale. For example, ~ 240 μm-thick

scale consisting of outer Fe2O3 scale and inner Fe3O4-

rich scale formed on the carbon steel when corroded

in air at 800oC for 15 h. The hot-dip aluminizing

effectively protected the carbon steel by forming the

thin, protective α-Al2O3 surface scale in both Ar/

0.1%H2S gas and Ar/1%SO2 gas.
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