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High-Temperature Corrosion Observed in Austenitic Coils
and Tubes in a Direct Reduction Process
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The subject of this study is related to the performance of austenitic steel coils and tubes, in a range of
temperatures between 425 and 87 for the transport of reducing gas, in an installation involving the direct
reduction of iron-ore by reforming natural gas. Evidence is presented that metal dusting is not the only
unique high-temperature corrosion mechanism that caused catastrophic failures of austenitic 304 (UNS
S304 00) coils and HK-40 (UNS J94204) tubes. Sensitization as well as stress corrosion cracking occurred in
304 stainless steel coils and metal dusting took place in HK-40 tubes, a high resistance alloy. The role of
continuous injection of H,;S into the process is suggested to avoid the high resistance metal dusting corrosion
mechanism found in this kind of installation.

Keywords austenitic steel, coils, corrosion, direct reduction, high The carburized layer at the surface subsequently develops
temperature into typical metal dusting debris. It has been pointed! diat
in a direct reduction plant, the reduction gas is supplied from re-
formers to the reactor and must be heated to a reaction tempera-
1. Introduction ture of about 980C.
Protection against metal dusting (for any kind of Fe-base

The direct reduction process involves the continuous reduction@!loys) is possible in two ways: (1) formation of a protective
of high-grade iron ore by a modified natural gas called “reform- chromium oxide layer, but only on high alloy steels; and (2) the
ing gas.” The initial natural gas, mostly methane,,GiFst flows presence of k& in the atmosphere, which leads to coverage of
through desulfurizing drums and then through preheater coilsthe metal surface with adsorbegd ffom the equilibrium of
called “reformer stacks.” Steam is then mixed with the preheated
natural gas, and the mixture passes through hot, catalyst-filledH2S - Hz + Sy (Eq 1)
tubes within reformer furnaces, taking place at about°876! o . ]
The mixture of gases that emerges is called “reformed gas” with ~ The former expression is séitl to be the most effective
a composition averaging about (in vol.%) 60.08 12.42 CGQ, since sulfur adsorption immediattely coverts any free metal sur-
20.97 CO, 5.30 unconverted methane, 1.1%Nd 0.04 KD. face and blocks the steps that are necessary for the start of metal

It has been pointed ddithat when iron-, nickel-, and cobalt- dusting. Thus, the presence of a sufficient concentratiop®f H
base alloys are in contact with reducing and carbon-containingin thg atmosphere can provide a reliable protection against metal
atmospheres, such as those mentioned above, they can suffer sigusting, but the & must always be present.
nificant attack by carburizing components of the environments, ~ The purposes of this paper are as follows: (a) to present the re-
|eading to Catastrophic carburization such as metal dusting’ eSSU|tS of CataStl’OphIC failures that occurred in austenitic 304 (UNS
pecially in atmospheres of high carbon activities and at interme-S30400) and HK-40 (UNS J94204) coils, transporting reducing
diate temperatures between 450 and 8DOThe result is the ~ gases in the direct reduction process at the Ispat plant in Mexico,
disintegration of the alloy into a dust, consisting of particles of in the range of temperatures between 425 to°85@&nd (b) to
carbon, carbides, metal, and oxitfesyhich are blown off in ~ Present evidence that a continuous injection ¢ liito the
erosive gas streams leaving behind pits or general abrasionProcess in notthe full solution to the problem of high-temperature
Metal dusting has been simulated for low and high alloy &#8els ~ corrosion mechanisms.
for carbon activitieg. = 1 in flowing CO-H-H,0, and its pro-
posed mechanishil relates the decomposition of cementite for
alloy steels. However, Grabke ef%l found no MC formation
in highly alloyed austenitic steels and have proposed a mecha-
nism for high alloy steels that involves supersaturation with car-
bon followed by graphitization and mechanical breakdown of
the resulting products.

3. Experimental Procedure

Coils of specimens of 304 stainless steel (UNS S30400) and
tubes of HK-40 (UNS J94204) heat-resistant alloy were cut
transverse to the origin of failure to observe details of their mi-
crostructure. The specimens were mechanically polished and
etched with FeGl+ ethanol to reveal their micostructure. The
regions of characteristic morphology were observed under an
optical microscope Philips PMG3 (Philips Electronic Instru-
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croanalysis of areas of interest were performed by an electrorserved in the upper part of the coil after the catastrophic failure

microscope using a spot size of 64 nm in a Jeol 6400 (Japaroccurred). It is important to mention that holes with diameters

Electron Optics Ltd., Tokyo) scanning electron microscope smaller than 5 cm were also observed along the total length of the

(SEM) operated at 20 kV with references of pure elements ascoil, and the holes were always positioned on the top part of the

standards. coil. Figure 2(a) shows a transverse section of the coil. On the bot-
tom of the coil, it was observed that its wall thickness was bigger
(1 cm) than that of the original centrifugally cast tube (0.5 cm). It

4. Results and Discussion can be observed from the bottom to the top of the coil that the wall
thickness decreased until failure occured.

A shematic diagram of heater 3 in the direct reduction process ~ Figure 3 shows a transverse optical photomicrograph of the
at Ispat is shown in Fig. 1, where 304 stainless steel (UNSeXploded coil of Fig. 2. The region mark&dorresponds to the
$30400) coils were removed after a catastrophic failure occurredmicrostructure observed in areas close to the outer diameter of
in two different locations: (1) in the second stage of the preheat-the coil, which basically shows a microstructure of austenitic
ing zone of the reduction gases (CC-104); and (2) in the recol-grains and no sign of any kind of high-temperature corrosion.
lection zone of exhaust gases (CC-105). The same diagram alsdhe region marke& shows the microstructure in areas close
shows the region (marked with a square in Fig. 1), in which ato the inner diameter of the coil. It can be observed how the

section of a tube of a heat-resistant alloy of the HK40 type washigh-temperature corrosion phenomenon, known as sensitiza-
removed after catastrophic failure. tion, is present; in this phenomenon, the grain boundaries rich

in chromiuim precipitates formed a continuous layer. Figure 4
4.1 Sensitization of 304 SS s_hows thg microstructure c_)bserved in th(_a thickest ;ection of_the
' pipe of Fig. 2, which consisted of deposited material from dis-
Figure 2(a) shows a section of a 304 stainless steel coil, whichsolution of the sensitized grains at the top of the coil. The white
was located in the middle of the coil (section CC-104 of Fig. 1, areas are rich in Fe and Cr and the black areas are rich in Fe and
T=650°C), where a hole bigger than 10 cm in diameter was ob- Ni, as detected by SEM microanalysis. By optical observation,
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Fig. 1 A section of a diagram of heater 3 of the direct reduction process from which coils (section £a@rtdgdC-108B) and tubes were removed
after catastrophic failures occurred
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2b Fig. 4 Microstructure observed in the thickest section of the coil,
where material was deposited from the upper part of the coil. The de-

Fig. 2 (a)Transverse section of a 304 SS coil located in section CC- posit region is denoted Fe-Ni and Fe-Cr. 50X

104 A, removed after a catasthrophic failurie) Longitudinal section
of a 304 SS caoil located in section CC-1®84removed after a cata-
strophic failure. The length of the ruler is 30 cm.

e

&
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Fig. 5 Microstructure of a 304 SS coil, where depletion of chromium
was detected at the grain boundaries. In pidBwt% Cr was detected,
Fig. 3 Optical micrograph of the exploded coil of Fig. 2. The section and in point, 15wt% Cr was found.

markedA corresponds to areas that do not show evidence of sensitiza- . . .
tion (close to the outer diameter). The section malBksitbws evidence on the bottom) results in a thick section at the lowest part of the

of sensitization (close to the inner diameter of the coil). 1000X coil, as the dissolved grains are deposited (by gravity) to the bot-
tom of the coil.

it can be stated that this morphology was due to the slow disso- Microanalysis of the sensitized austenitic grains shows a de-
lution of grains located in the upper section of the coil. This dis- pletion of chromium. For instance, at poitof Fig. 5, the
solution of the sensitized grains (which explains the observationamount of Cr decreased from 18 to about 15 wt.% close to the
of a very thin wall on the top of the coil and a very thick section grain boundary (poinB). Figures 6(a) and (b) show the map-
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ping and line scans of elements, respectively. It can be observetheing present in the reducing gases, which suggests that the
that Cr is concentrated at grain boundaries and in regions whereorrosion process of stress corrosion cracking is accelerated by
slip bands are present. Experimental evidence of this phenomthe presence of this element.

enon is shown in Fig. 6(c), where it can be observed that in  With respect to the process of sulfur stress corrosion crack-
intergranular spacing, there is a detachment of particles in whiching, it has been reportétf that sulfur can transport across con-
avoid of about 10 to 2m is present, causing the intergranu-

lar corrosion of stainless steels as a result of the precipitation of
carbides of the type &€s (as identified by mapping and line
scans) in the intergranular region and a corresponding depletion
in the chromiuim content.

As these precipitates form, local depletion of both Cr and C
occurs in the parts of the grain close to the boundary, as shown
in Fig. 5. In this specific case, the sensitized process occurs
when the 304 stainless steel coils are heated to a temperature
close to 650C, the operating temperature of the second stage
of the preheating zone of reduction gases in heater 3. When the
heater is occasionally shut down for maintenance, the 304 stain-
less steel coils are cooled slowly over a period of 48 h from
650°C to room temperature. It is important to mention that this
sensitization phenomenon has only been observed in coils lo-
cated in the second stage of the preheating zone (CC-104) at a
temperature close to 683C. However, despite the presence of
traces of sulfur, no other kind of corrosion mechanism was
detected.

4.2 Sulfur Stress Corrosion Cracking

Figure 7(a) shows a series of elongated rhombohedral
cracks located on the inside wall of the coil of section CC-
105A. Figure 7(b) shows a transverse section of the cracks,
which are stress corrosion cracks that run along the grain
boundaries. Figure 7(c) shows another area of the grains af-
fected by stress corrosion cracking. Figure 8 shows an x-ray
diffraction pattern of the corrosion products removed from the
inside wall of the corroded coil. The identified species were
Fe;0, and FeS, as a corrosion product is due to some sulfur

40 Distance: 12.073um

@

Fig. 6 (a) SEM mapping of chromium in a 304 SS cdill $EM line scan analysis of Cr, Fe, and N).Nlicrostructure of a 304 SS coil, where there
is detachment of particles in which voids are present (arrow shows the position were particles were detached leaving voids).
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4.3 Metal Dusting of HK-40

Finally, a tube was located in the region of high temperature
marked by a square in Fig. 1, which showed a composition
of 1.35-0.42%C, 1.45-1.55%Mn, 1.42-1.53%Si, 24-27%Cr,
33-36%Ni, Fe balance. Alloys of this composition are fully
austenitic and exhibit high strength at elevated temperatures.
They can withstand considerable temperature cycling and severe
thermal gradients and are well suited for many reducing, as well
as oxidizing, enviroments. These heat-resistant steel castings are
extensively used for applications involving service temperatures
in excess of 650C. Strength at these elevated temperatures is
only one criteria by which these materials are selected, because
the applications also involve aggresive enviroments to which the
steel must be resistant. The atmospheres most commonly en-
countered are air and flue gases; such atmospheres may be either
oxidizing or reducing and may be sulfidizing or carburizing if
sulfur or carbon is present. As shown in Fig. 9, the phenomenon
of metal dusting occurred in this alloy.

According to Grabké! the presence of an adequate concen-
tration of HS in the reducing atmosphere can be a reliable method
to protect against metal dusting for any kind of Fe-base alloys.

For the radiation zone (region mark@dn Fig. 2), steels of
higher alloy content are used, which can form a protective layer
of chromium oxidej.e., steels with 25%Cr-20%Ni or 25%Ctr-
35%Ni. However, when }3$ is not present, such steels are sus-
ceptible to metal dusting, depending on the alloy composition.
The metal dusting phenomenon is initiated as a defect caused by
creep, fatigue, erosiontc.,giving place to pitting or the forma-
tion of holes. The combined action of a protective layer of oxide
and sulfur provides reliable protection to the material in the ra-
diation zone. As was mention8tthe resulting atmosphere from
the reduction gas is highly reducing. The activity of carbon can
be calculated from it, because at relatively low temperatures
(<900°C) and at high flows of ga® & 4 kg cnm?), the forma-
tion and reaction of C{and CH are negligible. Therefore, the
carbon activity can be calculated according to

a. = pCO [pH, [K/pH,0 (Eq 2)
where
logK =7,100/ T + 7.49 (T in K) (Eqg 3)

Table 1 shows the carbon activity calculated from Egs. 2 and
3, according to the value of the reducing atmosphere used in the
Fig. 7 (a) Elongated rhombohedral cracks are observed in the inside direct reduction process and for a temperature range between

wall of the coil located in section CC-105 (seci®ifig. 1). ) and €) 500 and 1100C. As can be observed from the table, at all
The microstructure observed in transverse sections of the rhombohedrajlemperatures, carbon activity is always >1. As the temperature
cracks. Both at 500X increases, carbon activity increases, as expected.

Therefore, it can be assumed that at higher temperatures, there

is greater susceptibility to metal dusting. However, this phenom-
tinuous protective scales of chromium sesquioxide under certainenon was observed in tubes exposed from 900 to°T180d was
conditions, resulting in a discrete presence of sulfide precipitatesnot observed in failed coils at lower activities, where the only
immediately beneath the protective oxide scales. In our caseprocess observed was sensitization. This may be due to the pres-
FeS can be detected by x-ray diffraction, which allows the pres-ence of sulfur, as it has been pointed®tiat the presence of
ence of the assumption that this sulfide is the product of an acsulfur in a reducing atmosphere can be useful for protection
celerated attack caused by a rich amount of sulfur present in th@gainst metal dusting for any kind of Fe-base alloys, if the opti-
gas (about 4 to 7 ppm of S). mum content of sulfur is not exceeded.
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Fig. 8 X-ray diffraction pattern (counts per second; ep¥KeV) of corrosion products removed from the inside wall of a 304 SS coil section

CC-105 (sectio, Fig. 1). Peak notations are 1 = FeS; others ay®,Fe

Fig. 9 Metal dusting observed in the inside wall of HK-40 heat-resistant
alloy tube. The distance scale is in centimeter units of length.

In the same referenéthis optimum amount of sulfur is ex-
pressed in terms of the ratig®iH, (for carbon activity = 1). For

Table 1 Data on carbon activity in the temperature range
between 773 and 1373 K, for reducing atmospheres consisting
of 60.08%H,, 12.42%CO, 20.97%CQ, 5.3%CH,, 1.19%N,,
and 0.04%H,0

a K(@) T(K)
3.7309 0.0200 773
4.30367 02307 873

29.49516 1.5811 973
141.19662 7.5689 1073
517.530033 27.7424 1173

1546.73248 82.9132 1273
3941.208047 211.2700 1373

(a)K is the equilibrium constant from Eq. 3.

values, for each temperature with a fixed value of carbon activ-
ity, an optimum value of the ratio,&/H, is required to ensure
that the metal dusting will not occur.

This implies that the use of a continuous injection 8 Hto
the reducing atmosphere in the direct reduction process will
probably solve the problem of metal dusting in the temperature
range between 900 and 100D (.e.,H,S/H, = 104, a. = 1). It
will not solve the problem at lower temperatures, because car-
bon activities will be higher and different values of the ratio
H,S/H, will be needed. It will also not solve the problem of
stress corrosion cracking and the sensitization observed in the
range of temperatures between 200 to 850

5. Conclusions

instance, in order to retard the occurrence of metal dusting at

temperatures between 850, 900, 1000, and 1T0A is neces-
sary to keep the ratio,B/H, equal to 1x 107, 4 x 105, 1.38x
104, and 2x 104, respectively. As can be observed from these
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* In accordance with observations on specimens that failed
catastrophically, at least three high-temperature phenomena
were detected. They are sensitization of 304 af658ul-
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