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ABSTRACT

The constant extension rate (CER) technique was applied in experiments done in a sulfidizing gas in
the temperature range of 573-873 K. This test method was developed to study material problems in
coal gasification and fluidized bed plants. Most of the experiments were performed on AlISI 304
stainless steel. Some exploratory experiments were performed on the high alloy steels AISI 310,
X2CrNiM020.18.6, X2CrNiMoN22.6.5, X2CrNiM020.8.2 and X2NiCr30.20.

Surface cracks that developed during the CER test are favoured spots for sulfidation and
oxidation. Blunting of crack tips occurs at higher temperatures and low extension rates. CER
experiments seem to be a promising technique to select materials for coal-gasification plants in the
future.

INTRODUCTION

Sulfidation is a real problem in coal-gasification plants, fluidized-bed boilers and gas turbines (Bakker
et al., 1985). Though much research has been done on sulfidation, little is known of the effects of a
low extension rate (Gr nling et al., 1978; Ugiansky & Johnson, 1979). Low deformation rates occurring
under cyclic operating conditions or during shut-downs, could become critical in combination with
sulfidation and corrosion processes.

The technique of constant extension rate (CER) has been applied extensively in experiments
studying stress corrosion cracking in aqueous environments. Investigating high-temperature
sulfidation is a new application for this technique.

EXPERIMENTAL SET-UP

A four-component gas mixture was chosen for the sulfidation environment: CO(0.61), CO,(0.30),
H»(0.07) and H,S(0.02). The O, and S, partial pressures of this mixture agree fairly well with those
in coal-gasification environments (Perkins et al., 1982). The equilibrium composition of the test
gas used (Table 1) was calculated by Kemeny (Bresseleers et al., 1978).
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Table 1. Test gas compositions (in fraction by volume). The compositions at 723 and 873 K
were calculated from thermodynamic data.

298 K 723 K 873 K
H, 0.07 2.3.10°° 4.4.102
H,S 0.02 1.4.10°3 1.2.10°
H,O 2.0.10" 8.6.107
CH, 4.7.1072 1.4.107
co 0.61 0.55 0.60
CcO, 0.30 0.37 0.31
CS, 9.0.10° 2.3.10°
cos 2.0.10% 8.4.10°°
0, 7.8.10%®  5.0.10%°
S, 4.9.107° 1.6.107
ac 1420 14

Fig. 1. CER machine for experiments in sulfidizing gas at temperatures up to 973 K.
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Figure 1 shows the CER equipment. The CER tests were performed in N, and Ar gas so as
to obtain reference measurements. During these experiments the inert gas purged slowly
through the test chamber. The gas was kept stationary in the sulfidizing tests with an
overpressure of 500 Pa. Oxygen was removed before each run by scavenging the system three
times and purging it with the sulfidizing gas. After fracture of the sample, the test gas was
expelled with N, and the furnace was switched off automatically, thus keeping the sulfidation of
the fracture surface as low as possible.

Extension rates were applied in the range of 9.10° to 66.10° mm.s™*. Many tests were run
on AISI 304 at various temperatures and extension rates in both sulfidizing and inert gases.
The samples of AISI 304, 15Mo03, IOCrM0910, X2CrNiMoN22.6.5 and AISI 310 were in the form
of bars and thick-walled tubes. The samples had a length of 30 mm and diameter of 2.5 mm.
The X2CrNiMo 20.18.6, X2CrNiMoN 20.8.2 and X2NiCr 30.20 specimens were machinded as
strips from plate material. Table 2 shows the chemical compositions.

Table 2. Chemical composition of steel types applied during the experiments (weight per cent).

steel Cr Ni Mo Cu Al Mn C Si P S others
15Mo3 0.05 0.32 0.12 0.70 0.14 0.24 0.014 0.021
IOCrMo10 2.36 0.09 0.85 0.012 0.02 0.67 0.17 0.64 0.008 0.014

AlISI 304 no. 1 184 9.2 0.25 0.31 1.81 0.056 0.46 0.033 0.013

AlISI 304 no. 2 18.3 9.0 0.24 0.16 1.70 0.064 0.44 0.029 0.017
X2CrNiM020.18.6 19.5 17.5 6.3 0.85 0.03 0.54 0.02 0.44 0.021 0.015
X2NiCr3020 20.05 30.7 0.24 0.38 0.71 0.055 0.38 0.004 0.50 Ti
X2CrNiMo020.8.2 21.6 6.5 2.62 1.56 1.42 0.025 0.56 0.026 0.008 0.003 N
X2CrNiMoN22.6.5 21.79 5.63 2.93 1.59 0.017 0.31 0.023 0.003 0.14 N
AlISI 310 24.8 20.3 0.05 0.03 1.83 0.13 0.62 0.009 0.004
RESULTS

Since the CER experiments were performed in both corrosive and inert gases (N, and Ar),
comparisons can be made as to tensile stress, strain and area reduetion for conditions with
corrosive and with inert gases. The relative values for tensile stress, strain and area reduction
were calculated for each experiment (Fig. 2 and Table 3).
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Fig 2 Results of CER experiments on AlSI 304, showing the influence of temperature and
extension rate.

AlIS1304, inert gas

Stereomicroscopy (magnification 8x) revealed microcracks on the sample surfaces. It appeared
from examination of the longitudinal sections of the samples that these cracks are intergranular
at high temperatures (773-873 K) but transgranular at lower temperatures (723 K) (Fig. 3). No
cracks were found on visual stereomicroscopic inspection in the specimens treated at lower
temperatures (473-573 K). Light microscopy, however, revealed small notches in the me-
tallographic longitudinal sections of these samples. Notching instead of cracking was found at
higher extension rates. Figure 4 shows the areas where surface cracks and notches
originated in the experiments with inert gas.
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Fig. 3. AISI 304 tested in inert gas. Microcracks are formed at 773 K (A) and 723 K (B); notches
are formed at 623 K (C) and 473 K (D).
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Fig. 4. Areas of notching and microcracking in CER experiments on AISI 304 in nitrogen.

AISI| 304, sulfidizing gas

Some of the AISI 304 specimens were examined for scale composition by means of
scanning electron microscopy and X-ray spectroscopy. No carbon deposition was found on
the samples in spite of the high carbon activity of the sulfidizing gas. The scale shows three
layers (Figure 5):

1. a nickel-enriched zone with some sulfur in it on the steel;

2. alayer containing chromium, oxygen, sulfur and iron;

3. an iron- and sulfur-containing layer on the outside. This layer is very coarsely

crystalline.

Locally nickel and sulfur enrichment was found in the corrosion products in the cracks.

The relative stresses, strains and area reductions for the AISI 304 experiments are
given in Figure 2. One series of experiments was performed at a constant extension rate
(10'4 mm./s) but at various temperatures. A second series was performed at a constant
temperature (873 K) but at various extension rates. The relative strains and area reductions
at the high temperatures were less than 100% so that the sulfidizing gas clearly appears to
have had an effect. The extension rate hardly affected the relative values. It therefore did
not seem necessary to perform experiments at 873 K over a range of extension rates. The
sulfidation and oxidation rates were rather high at this temperature which explains the
negligible influence of the extension rate.
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Fig. 5. Scanning electron microscopic pictures of AISI 304. After fracture the sample was
sulfidized for 8 hours. The EDAX technique indicates the presence of an Ni-S-containing zone
(1), a Cr-O-S zone (2) and an Fe-S zone (3). Picture B shows the Fe-S crystals at the outer
surface.

Figure 6 shows some of the SEM pictures of the samples tested in the inert and sulfidizing
gas at 723 and 873 K. The 723 K samples in sulfidizing gas had a more brittle fracture surface
than those exposed to higher temperatures. Metallographic longitudinal sections showed that
the iron sulfide in the cracks extended further up toward the crack tips and that the oxide was
formed mainly on the sides of the cracks rather than on the tips (Fig. 7). The sulfidation and
oxidation rates will be smaller at lower temperatures, which may be the explanation for the
sharper crack tips at lower test temperatures. The relative area reduction in the 723 K
experiment was only 43%, which is in agreement with the microscopic observations of the
specimen.
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Fig. 6. Some AISI 304 samples after experiments in inert gas (A, C) and sulfidizing gas (B, D).
Extension rate 1.1.10™ mm/s; temperature 723 K (A. B) and 873 K (C. D).
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Fig. 7, Metallographic sections of AISI 304 samples tested at 723 K (A, B) and 823 K (C). The crack
tips are less oxidized at 723 K.

The other steels, sulfidizing gas

The exploratory experiments were performed with a number of different steels. Only two
experiments involved all of the various steel types, one of these experiments being carried out
in sulfidizing gas and one in an atmosphere of inert gas. Nothing can be said about the
reproducibility of the test results obtained but they nevertheless seem worth mentioning. The
relative values for stress, strain and area reduction give an impression of the applicability of
these steels in sulfidizing environments (Table 3).

1. The full ferritic steels were tested at lower temperatures (573-823 K). A brittle fracture
of 10CrMo 910 was noticed only at 723 K. The relative area reduction was rather low
(62%).

2. The duplex steels X2CrNiMoN 22.6.5 and X2CrNiMoN 20.8.2 have the same relative
values as AISI 304. Sulfidation behaviour under CER conditions did not differ very
much.

3. The steel X2CrNiMo 20.18.6 fractured also brittle in the sulfidizing gas but was ductile
in the inert gas. The relative values for stress, strain and area reduction were fairly low
(57, 48 and 12%).

4. Nothing can be said about AISI 310 and X2NiCr 30.20 on the basis of these
experiments. Brittle intergranular fracture was also noticed in inert gas. Therefore the
relative values were approximately 100% .
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10CrMo 9.10 and the high alloy steels were examined by SEM and optical microscopy (Figs. 8
and 9). The adherence of the corrosion products to I0OCrMo 910 was rather small. The outer
sulfide layer on I0OCrMo 910, X2CrNiMoN 22.6.5 and X2CrNiMo 20.8.2 was coarsely crystalline.
On X2CrNiMo 20.18.6, AISI 310 and X2NiCr 30.20 this sulfide layer was porous and more
finely crystalline.

Table 3. Results of CER experiments.

. area reduction relative . .
temp. extension rate relative relative area

material -4 in sulfidizing gas stress*  ew L wx
(K) (10" mm/s) (%) (%) strain reduction
15Mo03 575 11 36 101 95 95
15Mo03 675 11 53 95 100 104
10CrMo0910 725 11 49 100 84 62
10CrMo0910 825 11 84 106 87 97
X2CrNiMoN22.6.5 875 2.4 19 113 69 34
X2CrNiMoN20.8.2 875 2.4 21 77 75 40
AlISI304 875 2.4 15 100 72 37
X2CrNiM020.18.6 875 2.4 5 57 48 12
AlISI1310 875 2.4 5 104 83 100
X2NiCr30.20 875 2.4 5 104 70 100
relative stress: sulf. gas | inert. gas - 100%
relative strain** sulf. gas | inert. gas - 100%

relative area reduction*** (Do - D%t gas )/( Do” - D% inert. gas )- 100%
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Fig. 8. Steel IOCrMo 910, tested in N, (A, C) and in sulfidizing gas (B, D) at 723 K (A, B) and 823 K (C, D).
Only the sample in sulfidizing gas at 723 K shows brittle fracture.

-11 -
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Fig 9. Metallographic sections of the CER specimens: IOCrMo 910 (A), X2CrNiMoN 22.6.5 (B),
X2CrNiMo 20.8.2 (C), X2CrNiMo 20.18.6 (D), AISI 310 (E) and X2NiCr 30.20 (F).

-12 -
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Discussion

Surface cracking and notching occurs in CER experiments. Lower extension rates and higher
temperatures stimulate surface cracking in the inert environment. They also result in more
sulfidation and oxidation in the case of CER experiments carried out in the sulfidizing gas
mixture. The rates of sulfidation and/or oxidation on the crack tip or notch are rapid during the
extension rate experiment.

The corrosion products formed - particularly sulfides - will act as wedges because of a high
Pilling & Bedworth ratio and will thus increase local stress on the crack tip. On the other hand,
the corrosion products in the crack may become more porous and less protective due to tensile
straining of the sample. Thus the interaction among sulfidation, oxidation, extension rate and
temperature is very complex. Sulfidation and oxidation are slight at low temperatures and fast
extension rates. At high temperatures and low extension rates the samples sulfidize and/or oxi-
dize rapidly and the extension rate does not influence corrosion.

Depending on the steel type there will be critical temperature and extension rate ranges within
which the relative values of tensile stress, strain and area reduction will be minimal.

Surface cracking in both the inert and the corrosive gases is caused by severe deformation
during the CER test. Slip and creep will certainly occur at higher temperatures. The creep rate
of e.g. AISI 316 at 873 K is 10°-10" %. s-' at a stress of 300 MN.m® (Bresseleers et al., 1978;
Morris, 1978; Morris & Harries, 1978a,b). Extension rates of 3.10° up to 2.10®° %.s-* were
applied in the CER tests at the same stress level of 300 MN.m. Thus creep must be expected
as an important factor in these sulfidation experiments at 873 K. The intergranular cracking
seen in the inert gas experiments at 873 K also indicates creep.

Figure 10 shows a stability diagram calculated for AISI 304 stainless steel at 873 K
(Bresseleers et al., 1978). Cr,05, NiS, MnS and FeS are the stable corrosion products in the
gas mixture applied at KEMA. It is known that complex Fe-Cr-Ni-S-O phases can be formed
(Jacob et al., 1979). Assuming that only the simple phases are formed, element X-ray mapping
is consistent with the thermodynamic considerations.

The dark zone 2 of Figure 5 is enriched in Cr and O. This phase could be a mixture of FeS
and Cr,0;. The light grey phase in the cracks may well be a mixture of FeS and NiS.

The limited number of experiments does not justify final conclusions as to the behaviour of
the other steels involved. Some remarks can nevertheless be made on the basis of the results
listed in Table 3 and of the microscopic pictures.

1. 10CrMo 910 sulfidizes so fast at 823 K that the microcracks are blunted. Very sharp
cracks are formed at 723 K. Their presence suggests that the cracking will become more
critical at lower temperatures and at other extension rates.

2. The relative area reductions of X2CrNiMoN 22.6.5, X2CrNiMoN 20.8.2 and AISI 304
are in the range of 30-40%, whereas that of X2CrNiMo 20.18.6 is clearly less: 12%.
Figure 10 shows that the surface cracks in X2CrNiMo 20.18.6 are also very sharp.

-13 -
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Fig. 10

Calculated thermodynamic stability diagram for AISI 304 at 873 K:
1 = sulfidizing gas mixture in KEMA experiments. 2 = coal gasification gas (Perkins et al., 1982).

This research was exploratory. It shows, however, that the CER technique is certainly applicable
in sulfidation studies to select materials for coal gasifiers. Further tests will be done at other
temperatures, other extension rates and under low-cycle fatigue conditions. The CER technique
can be used equally well to study the effects of salt deposits of various compositions. The
behaviour of (metallic) coatings under low extension rate conditions will also be an interestng field
of research.

CONCLUSIONS

1. Constant extension rate experiments in inert and corrosive environments will result in
surface cracking or notching of the samples. These microcracks are favoured spots for
sulfidation and/ or oxidation.

2. At high temperatures creep will constitute an important and confusing contribution to the
CER experiments.

3. Certain ranges of temperature and extension rates are critical for sulfidation. Blunting of
crack tips occurs at higher temperatures and low extension rates.
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