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Effect of Hot Corrosion on the Creep Properties of
Types 321 and 347 Stainless Steels
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Problems caused by hot corrosion and creep damage on superheater and reheater tubes of power plants
using heavy oil as fuel inhibit the continuous service of the boilers and shorten their design lives. The ac-
celeration of hot corrosion attack of boilers is caused by the presence of fuel ash deposits containing V, Na,
and S, in the form of NSO, and V,0s, which form low melting point phases. In addition to this, the tubes
are exposed to the action of both high stresses and high temperatures, producing a continuous plastic de-
formation of the tube walls called creep damage. Creep rupture tests were carried out in the temperature
range 620 to 670 °C in static air in the presence of corrosive environments using 321H and 347H type
stainless steels used in superheater and reheater tubes under hot corrosion and creep environments. The
corrosive environment includes synthetic NgSO,, V,05, and the mixture 80%V,05-20%Na,S0O,. Also,

the role of the different elements present in the environments on corrosion was investigated using elec-
tronic microscopy and x-ray diffraction techniques.

Keywords creep, hot corrosion, stainless steel type 321H, tion. ThOUgh the tube materials of boiler SH and RH are de-
stainless steel type 347H signed for sufficient life against creep damage, the original de-

sign life cannot be achieved. These problems are caused by

1. Introduction creep damage and tube wall thinning due to hot corrosion (Ref

1). On the other hand, the heavy oil used as boiler fuel contains
Components used in boiler heat exchangers, especially inimpurities such as vanadium, silicon, and sodium, which form

superheaters (SH) and reheaters (RH) are subjected to chem|9W melting point pha_ses pro_motlng _hOt corrosion _react|ons,
cally aggressive environments at elevated temperatures in aOIgonsequently shortening the life of boiler tube materials. Even-

dition to the mechanical stresses that they bear in servicelU@lly: phenomenological aspects of these problems at the tube

conditions. The mechanical stresses give rise to creep deformagurface of boﬂers_(at the fireside) can be classified as wall thinning
due to hot corrosion by flue ash attack and the creep damage.
J.G. Gonzalez-Rodriguez,Facultad de Ciencias Quimicas e In- Some important ways in which hot corrosion lowers the me-
genieria, Universidad Auténoma del Estado de Morelos, Av. Universi- chanical properties are by reduction of the load-bearing cross-
dad 1001, Cuernavaca, Mor., Méxi#a;Luna-Ramirez, Instituto de sectional area (Ref 2), production of voids at the grain
Investigaciones Eléctricas, Departamento de Equipos Mecanicos Royy g ndaries by outward diffusion of metal ions (Ref 3), and for-

tatorios, Av. Reforma 113, 62490-Temixco, Mor., México; @nd mation of low-melting eutectics at the surface, which exposes
Martinez-Villafafie, Centro de Investigaciones en Materiales Avan- g ' P

zados, Leon Tolstoi 166, Complejo Industrial Chihuahua, 31109-Chi- the metal directly to aggressive environments. Therefore, hot
huahua, Chih., México. corrosion is an important practical phenomenon not only in
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Fig. 1 Variation of rupture time with temperature for 321H and 347H steels in different environments at a stress value of44 kg/mm
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boilers but also in various elevated temperature applicationsseparately as independent research fields, and the performance
such as jet, gas turbine, and diesel engines. Until now, the hoof high temperature materials in service is usually decided on
corrosion and elevated temperature strength have been treatetthe basis of either hot corrosion resistance or mechanical prop-
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Fig. 2 Variation of percentage reduction in area (% RA) with temperature for 321H and 347H steels in different environmengs at a stre
value of 14 kg/mrf
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Fig. 3 Micrographs showing cracks on the surface of 321 type stainless steel creep tested in (a) air, (bp$@YdY400% \LOs, and
(d) 80% \b05 + 20% NaSOy
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erties. However, in actual service conditions, the material will reduced cross section were machined from unused tubes. Prior
experience both hot corrosion and creep simultaneously. Thusto testing, the specimens were abraded along their axes with
this article reports a study of the prediction of the creep life of 120 emery paper, degreased with acetone and coated uniformly
type 321H and 347H stainless steels, commonly used as tubevith 5 kg/n? of either NagSOy, V,0s, or the mixture 80% YOg
materials of boiler superheaters and reheaters in hot corrosionr 20% NgSO,. The creep experiments were carried out over a
environments. range temperature of 620 to 670 °C stainless steel using a con-
stant stress of 14 kg/nfin an 8:1 lever type creep testing ma-
. chine. The temperature of the specimen surface along its axis
2. Experimental was kept withint2 °C, and the temperature fluctuation during
the test was within abouf2 °C. After failure, the specimens
The chemical composition of the materials used in this work were mounted in bakelite and observed in a scanning electronic
are given in Table 1, which are under specification. Flat creepmicroscope, and the scales of the fractured specimens were
specimens with a 30.0 mm gage length and 2.0 by 3.2 mm in thedentified by x-ray diffraction.

Table 1 Chemical composition of 321H and 347H stainless steels

Chemical composition, wt%

Steel Cr Ni Mn C Si Ti Nb Fe
321H 18.5 13.6 1.8 0.09 0.7 0.36 bal
ASTMA213-75 17t0 19 9to 12 2.0 0.08 1.0 0.40 bal
347H 18.1 11.3 1.9 0.08 0.66 0.85 bal
ASTMA213-75 17t0 19 9to 13 2.0 0.08 1.0 0.80 bal

(b)

(©) (d)

Fig. 4 Micrographs showing cracks on the surface of 347 type stainless steel creep tested in (a) air, (bp$@REANA00% V05, and
(d) 80% \b05 + 20% NaSOy
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Fig. 5 EDX spectra done inside a crack of 321H steel fractured
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in (2) NgS0Oy, (b) V205, and (c) 80% YOs5 + 20% NaSOy
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Fig. 6 EDX spectra done inside a crack of 347H steel fractured
in (a) N@S0y, (b) V205, and (c) 80% YOs5 + 20% NaSOy
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Fig. 7 Elemental mapping of V, Fe, and Ni in 321 steel creep tested in §@%N20% NaSOy

Table 2 Corrosion products found in the creep tested Table 3 Corrosion products found in the creep tested 347H
321H steel steel
Temper- Corrosion products Corrosion products Temper- Corrosion products Corrosion products
ature, found in specimen found in specimen tested ature, found in specimen found in specimen tested
°C tested in \LbOg in 80%V 5,05 + 20% N&SO, °C tested in V,O5 in 80%V ,05 + 20% N&,SO,
640 FeCrO,, NigS,, NiS, FeS, 620 FeV,0,, FeVQ, Cr,05, V,05, NiO, Fe\,0,
NiO, Fe\,0,, Fe,04 640 FgO;,, FeCr0,, V,05 Fe,05, NigV,0g, C15S,
660 V,0s, Fe,0,, FeO, FeCrO,, NizS,, FeS, 660 V,0g, F&,05, FeV,0,, FeCrO,, NizS,, NiO, Fg0s,
Ni3V,0g, Ni2V,0, NiO, Fe,05, NizV,04 FeVvO,, FeCyO, NigV,0g, FeV,0,, V,0q
670 V,05, F&,0,, FeO, FeV,0,, Ni;S,, FeVQ,, 670 V,05, F&,0,, NiO, FeV,0,, FeCrO,, FeV,0,,
Ni3V,0g, Ni2V,0, Fe,05, NigV,0g, CrS, FeV,0,, FeCrO, NisV,0g, CrS,, NigS,, V,05
3. Results very great, but the 100%,®5 and the mixture attack more
quickly, resulting in severe tube life reduction. In all cases it
Figure 1 shows the relationship between rupture tisend can be seen that the 347H type stainless steel performs better,
temperatureT, on a semi-log scale for both steels in air, 100% perhaps because the stabilizing element is higher for this steel
Na,SO,, 100% W05, and the 80% YOg + 20% NgSO, mix- (0.85% Nb) than for the 321H steel (0.36% Ti).

ture at 14 kg/mrh The rupture times in the mixture are the Figure 2 shows the relation between the percentage reduc-
shortest ones. The rupture times in 100%3\@, (Wt%) are the tion in area (%RA) with temperature for both steels. It can be
lowest ones for the three corrosive environments. In this rangeseen that in both cases the largest reductions in cross sectional
of temperature, the severity of the 100%,81@, attack is not area were obtained in the 80%Q% + 20% N3SO, mixture
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Fig. 8 Elemental mapping of V, Fe, and Ni in 347 steel creep tested in 8@%W20% NaSOy

and the smallest values were obtained in 100%5Ra The the material. In fact, the times to rupture in air of the two steels
specimens always showed intergranular fractures (Fig. 3, 4).used in this work were not as different in this environment as
For the steels fractured in 100%J$&),, oxides were foundin-  those obtained in air. The EDX analysis did not reveal the pres-
side the cracks rather than deposits, unlike the specimens fracence of sulfur in the steel, indicating that the corrosive environ-
tured in 100% YOs or the 80% VO5 + 20% NgSO, mixture, ment did not penetrate into the materials.
where V-containing deposits were found inside the cracks (as On the other hand, the,®@5; melting point is 665 °C, and
shown in the electron dispersive analysis by x-ray [EDX] spec- the mixture 80% YOs + 20% NSO, melts at 615 °C, indi-
tra, Fig. 5 and 6). The EDX spectra indicate that the depositscating that this material was liquid at the test temperature (620
penetrated the steel, and this was confirmed by elemental mapto 670 °C), dissolves the oxide, and possibly penetrates the
ping of V, Fe, and Ni (Fig. 7 and 8). The compounds identified steel. The EDX results of the specimens tested in these two en-
from the x-ray analysis of corrosion products in the two steels vironments showed the presence of vanadium along the grain
are shown in Tables 2 and 3. boundaries, inducing shorter creep rupture times than those in
air for both steels. Ahila (Ref 4) showed that ternary systems
. i such as YO5-NiO-Cr,0O5 and FgO4-V,05-Cr,O5 can be in a
4. Discussion liquid state at temperatures as low as 550 and 480 °C. In the
present work, compounds such as NiQ,dzrFe,05 FeVQ,,

The fracture of materials under creep conditions is due to theand FgO, were detected in the scales of the fractured speci-
nucleation and growth of grain boundary cavities. The pres- mens (Tables 2 and 3). Under some circumstances, dissolution
ence of a corrosive environment such as 100%45Rginside of protector oxides can take place due to the formation of eutec-
the grain boundaries will increase the damage. However, fortics as in the case of the®s. When NgSO, is added to the va-
the corrosive environment to diffuse into the material, it must nadium pentoxide, vanadium reacts with iron to form
be in aliquid form. The NSO, melting pointis around 850 °C,  vanadates such as Fey@nd FeVO,, whereas sulfur reacts
so at the temperatures used in this work, this compound is in avith iron and nickel to form sulfides such as F@8d NiS,
solid form. Therefore it should not affect the creep properties of with low melting points (lower than 635 °C). Degradation of
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the salt-coated samples is attributed to the fluxing of the protec-e
tive oxide scale by the salt deposits which are liquid at the test
temperatures and to easier crack nucleation in the presence of a
liquid deposit at the grain boundaries. Penetration of the liquid
phase at the grain boundaries and cavity formation due to creep
enhanced crack propagation, which are aided by the presence
of an applied stress and by surface crack propagation, become
easier in the presence of liquid deposits. The liquid deposits
further enhance the diffusion of corrosive species. Thus, the
observed degradation of creep-rupture properties can be ex-
plained as a result of a synergistic action of corrosion and me-
chanical stress. In the presence of stress, the mobility of the
corrosive species may be enhanced, although it is not needed.

V05 had an appreciable effect on the creep properties of
both 321H and 347H type stainless steels. It did penetrate
the steels grain boundaries due to its low melting point and
the formation of eutectics like )D5-NiO-Cr,0; and
Fe,05-V,05-Cry,04, which melt at 550 and 480 °C.

The addition of sodium sulfate to the vanadium pentox-
ide increased the aggressive nature of the deposits due to
the formation of compounds such as Fey®eV,0,,

FeS, and NiS,, which penetrate into the steel faster in
the presence of mechanical stresses and corrode the
grain boundaries.

Anincrease in temperature increased the degree of degradatioReferences

due to increase in fluidity of the corrosive melt and the in- 1
creased diffusion rate at the highest temperatures.

2.
5. Conclusions

*  Na,SO, did not have a significant effect on the creep prop-
erties of either 321H or 347H type stainless steels in the 4.
temperature range 620 to 670 °C.
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