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Abstract

Corrosion by metal dusting causes problems in various industries that process
carbonaceous gases. Recently, the chromium- and aluminum-rich Ni-based
Alloy 699 XA was introduced as a material with high resistance against metal
dusting attacks. In this study, the metal dusting degradation of Alloy 699 XA
and model alloys was investigated. In the model alloys, the aluminum,
chromium, and iron contents were varied to analyze the role of each element
systematically. Alloy 602 CA was included as a reference material. It was
found that the alloys with the highest chromium and aluminum contents (30
and 2-3wt%, respectively) showed the highest resistance against metal
dusting. Also, the limited addition of iron enhanced the aluminum activity
and thereby promoted the formation and maintenance of an aluminum-rich
oxide scale. This effect at low iron levels is contrary to the negative impact of
iron at higher levels, which typically leads to an increased metal dusting
susceptibility. Exposure tests were performed with two gas mixtures having
similar compositions, but different carbon activities. It was found that both

gases had a similar aggressiveness regarding metal dusting attacks.
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crystallizes at the surface and grain boundaries of the
alloy. The formation of graphite disintegrates the metal

Metal dusting is a high-temperature corrosion process
observed in carbonaceous atmospheres at temperatures
between 400°C and 800°C. These conditions are inevita-
ble in some processes such as synthesis gas production,
iron ore reduction, and methanol plants.[l’j‘] During the
metal dusting of Ni-based alloys, carbon diffuses into
the metal surface causing the sub-surface zone to
become supersaturated with carbon. Then, the graphite

and vast amounts of coke with carbide, oxide, and metal
particles form.[* !

Inhibition of metal dusting can be obtained by
choosing a resistant alloy or applying a protective
coating.”’g] Unfortunately, both iron and nickel, base
elements for most high-temperature alloys, catalyze the
decomposition of carbon monoxide, thereby promoting
the inward diffusion of carbon."*! Two alloying or

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2022 The Authors. Materials and Corrosion published by Wiley-VCH GmbH.

Mater Corros. 2022;1-13.

www.matcorr.com 1


https://orcid.org/0000-0002-5770-782X
https://orcid.org/0000-0001-7504-0160
https://orcid.org/0000-0002-8609-0910
http://orcid.org/0000-0001-6847-2053
mailto:clara.schlereth@dechema.de
https://www.matcorr.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmaco.202112935&domain=pdf&date_stamp=2022-03-23

2—I—Materials and Corrosion

SCHLERETH ET AL.

coating approaches are currently pursued to inhibit
metal dusting: (1) addition of elements inhibiting the
catalytic activity of iron and nickel, such as tin or
copper.*1°1 (2) high amounts of chromium, aluminum,
and silicon are used to establish a protective oxide
scale.[”!1 717

Metal dusting resistant alloys usually contain
15-35wt% chromium and up to 5wt% aluminum.
Chromia and alumina scales have a very low carbon
solubility and act as a diffusion barrier."*! Aluminum
additions improve the protection by forming an alumina
scale below the chromia scale.!"”! Oxide scales formed to
prevent metal dusting need to be dense, continuous, and
with a low density of defects. Small physical defects such
as microcracks and pores in the scale can allow the
process gas access to the base metal. If the chromium and
aluminum contents of the alloy are high enough, the
scale can be rehealed in the case of crack formation or
spallation. However, if chromium and aluminum become
depleted underneath the oxide scale, rehealing becomes
impossible.l'”! Instead, the remaining chromium, along
with iron, titanium, and niobium, can react with the gas
and form carbides. Subsequently, the subsurface zone
supersaturates with carbon and the metal dusting process
proceeds as described above. Characteristic pits form
during this type of attack on oxide-forming alloys and
grow rapidly.”'”) The pit initiation time depends on both
material properties and process parameters and is
difficult to estimate. Metal dusting is a catastrophic
corrosion process due to this uncertainty and rapid pit
growth.

Although both Fe- and Ni-based alloys with Cr and
Al additions are used in metal dusting conditions,
Ni-based alloys often perform better in atmospheres with
low water vapor contents..'*! Among the Ni-based alloys,
Alloy 693 with 29 wt% Cr and 3 wt% Al was observed to
be a very resistant alloy."'>'**"! Recently, Alloy 699 XA
has been introduced as a novel alloy suitable for metal
dusting environments.!”"*”! This Ni-based alloy contains
about 30 wt% chromium and 2wt% aluminum which
leads to a significant improvement in workability and
weldability compared to Alloy 693. Like in many other
Ni-based alloys, the Al additions promote the formation
of y’-phase precipitates in the alloy. In previous studies,
the metal dusting behavior of Alloy 699 XA was shown to
be superior to Alloy 602 CA and Alloy 690.°'! A recent
study!””! on a 699 XA weld joint at 620°C showed that a
protective alumina scale was obtained in fine-grained
regions. On coarse-grained areas of the weld joint, a
thicker chromia layer with more flaws was reported.

In the current study, the metal dusting behavior of
model alloys based on the composition of 699 XA with
varying chromium, aluminum, and iron contents was

investigated to evaluate the optimum content of each
element towards protective behavior. Additionally, the
performance of the commercial Alloy 602 CA was
compared to the model alloys.

Besides the oxide scale formation behavior of the
alloy at very low oxygen partial pressures, the aggressive-
ness of the metal dusting attack is affected by the process
parameters. In this study, highly aggressive conditions
(compared to most industrial processes) were chosen
intentionally to evaluate the alloy performance in a
reasonably short timeframe. Metal dusting attack is
found to be the most aggressive at temperatures between
500°C and 700°C.*! Gases in which metal dusting occurs
typically contain CO, CO,, H,, H;O, and C,H, species.
The main reactions of CO decomposition are the
synthesis gas reaction (Equation 1) and the Boudouard

reaction (Equation 2).1**!
CO(g) + Ha(g) « C(s) + H,0(g), 1)
2CO(g) « C(s) + CO,(g). (2)

A CO/H, ratio around one and a gas with a high
carbon activity are suitable parameters for aggressive
testing conditions.”*****! Additionally, it was shown that
increasing pressure reduces pit initiation time.”””*°! The
second objective of this study was to compare the
aggressiveness of two gases with similar compositions
but different carbon activities—the carbon activity of Gas
1 was double that of Gas 2.

2 | EXPERIMENTAL PROCEDURE

21 | Alloys

The chemical compositions of the investigated alloys are
shown in Table 1. An overview of the relationship
between the alloy compositions is given in Figure 1. Both
commercial and laboratory-produced samples of Alloy
699 XA (named Alloy 699 XA and NiCr30AI2Fe0.5 in the
following, respectively) were included. Two experiments
were performed with variations in the gases. The samples
of commercial Alloy 699 XA were taken from different
heats: “699 XA heat A” was exposed in Gas 1, and “699
XA heat B” in Gas 2. As a reference, commercially
produced Alloy 602 CA was included in both
experiments.

The model alloy NiCr25Al12Fe0.5 was designed with
less chromium compared to Alloy 699 XA to characterize
the role of the chromium content on the metal dusting
resistance. The model alloy NiCr30Fel with only 0.2 wt%
aluminum was included to compare its metal dusting
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Al Other <0.3 Cr+ Al Cr+3Al+3Si Mean grain size/pm

TABLE 1 Composition of the tested material in weight percent (wt%)
Alloy (heat) (¢} Cr Ni Mn Si Ti Nb Fe
602 CA* 0.17 257 620 01 005 01 0.01 94
NiCr25AI2Fe0.5 0.02 250 71.8 0.04 0.04 0.01 0.2 0.6
NiCr30Fel 0.03 29.7 68.8 0.03 0.05 <0.01 0.01 1.0
699 XA" heat A 0.02 289 682 0.01 0.05 0.02 01 0.5
699 XA" heat B 0.02 29.5 68.0 <0.01 0.1 0.01 01 0.1
NiCr30AI2Fe0.5 0.02 29.6 67.4 0.04 0.05 <0.01 0.2 04
NiCr30Al2Fe2 0,02 28,9 66,7 0,04 005 0,01 016 2,0
NiCr30AlI2Fe4 0.02 29.5 639 0.04 0.04 0.01 0.15 4.2
NiCr30Al3Fe2.5 0.02 29.5 634 0.04 0.04 04 06 2.7

22 7Zr, Y 27.9 32.5 76
2.1 27.1 314 218
0.2 29.9 30.5 92
20 Zr 30.9 35.1 170
21 Zr 31.6 36.0 83
2 31.8 36.4 161
2,1 31,0 354 229
2.1 Zr 31.6 35.9 124
32 Zr 32.7 39.2 198

#Commercial molten, otherwise laboratory melts, S < 0.005, N < 0.03, p < 0.01, B <0.005, V <0.03, Cu <£0.01, Co < 0.05, Mo < 0.05, W < 0.02; chromium
equivalents and mean grain sizes before exposure; measurement uncertainty of 0.2 wt%.

NiCr25A12Fe9

602 CA (commercial) TTTTmemeeeeeel o83Fe

+5Cr
- 8.5Fe

NiCr30AI2Fe0.5

]

699 XA (commercial) )

NiCr30A12Fe0.5
\ 699 X4 (laboratory)

FIGURE 1
For detailed compositions see Table 1

resistance with alloys with more aluminum and analyze
the influence of aluminum on the scaling behavior. To
investigate the influence of iron additions, the model
alloys  NiCr30AI2Fe2, NiCr30Al2Fe4 and  Ni-
Cr30Al3Fe2.5 were included. NiCr30Al2Fe2 and Ni-
Cr30Al2Fe4 have a higher iron content than Alloy 699
XA, but the same aluminum and chromium content.
NiCr30Al3Fe2.5 additionally has a slightly higher alumi-
num level to investigate the combined effect of the two
elements.

In several studies on the alloying contents for metal
dusting resistant materials, a chromium equivalent (27"
was postulated as a practical parameter to indicate the metal
dusting resistance of the alloy with various threshold values
described by different authors. A summary of chromium
equivalents is given in Table 2. In Table 1, in addition to the
composition, the combined chromium plus aluminum
content!” and the Schillmoller chromium equivalent!'"! are
given for each alloy.

All alloys were produced by VDM Metals GmbH. The
commercial alloys were hot-formed to final thickness,
solution annealed, and mill ground. The laboratory alloys

— NiCr30A10Fel

+1.5Fe
T NiCr30AIRFe2 —F2F¢ | NiCr30A12Fe4

+1AI\+04Ti
+0.5 Fe\+ 0.6 Nb

NiCr30AI13Fe2.5

Overview of the relationship between the tested commercial and model alloys. The terms used in the article are underlined.

of about 10kg were hot-formed to final thickness and
solution annealed. The blanks for the test coupons were
sawed and milled down to around 5mm to obtain
homogeneous bulk material. All samples were then
machined with wire-cutting and the surfaces were
ground down to P500 grit (all main, side, and
edge surfaces). The final dimensions of the samples were
precisely determined using an electronic caliper and
were around 15mm X 10 mm. Mean grain sizes were
measured by the linear intercept method (see Table 1).

TABLE 2 Chromium equivalents necessary for metal dusting
resistant alloys according to various studies

Postulated condition, contents in wt% Reference

Crequiv =Cr+2xSi>24 [27]

High Crequiv With Crequiv = Cr + 3 X (Si + Al) L

[28]

Cr > 28 in Ni-based alloys

Cr+Al> 33 [9.29]

low Fe content [39.40]
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2.2 | Metal dusting exposure and
analytical characterization

Exposure tests were conducted in a test rig equipped for
high-pressure tests. One sample of each alloy was placed
in separate alumina crucibles in a horizontal tube
furnace (tube material: Centralloy® ET 45 Micro). A
detailed description of the testing equipment was given
previously.l” To reduce the oxygen content in the
furnace before exposure, it was flushed with argon (with
max. 2 ppm oxygen) overnight before the exposure. Then,
the furnace was heated to 620°C under sustained Ar flow
with a volumetric rate of 3.6L/h. Once 620°C was
achieved, the test gas was released into the furnace and
the pressure was increased up to 19 bar. The gas flow was
set to a linear rate of 0.96 cm/min at the samples. Table 3
shows the compositions of the two test gases. The table
also provides the carbon activity of the unreacted gas
mixtures according to the synthesis gas or Boudouard
reaction and the estimated oxygen partial pressure in
thermodynamic equilibrium, calculated with the Soft-
ware FactSage 6.1.°") At these oxygen partial pressures,
the formation of alumina and chromia is expected, while
Fe- and Ni-oxides are unstable. Discontinuous isothermal
tests were conducted for intervals of 125 or 250 h, adding
up to a total exposure time of 750 h in Gas 1 and 1000 h
in Gas 2. Exposure tests were ended by first decreasing
the pressure, flushing with argon, and then cooling down
the furnace. Samples were cleaned in an ultrasonic bath
with water and ethanol after each exposure. The net
specific mass change was determined using a precision
(0.01 mg) weighing balance (Mettler-Toledo). For the
samples exposed in Gas 2, Raman spectroscopy (Re-
nishaw inVia Raman Microscope) was conducted at laser
wavelengths of 532 and 633 nm to characterize the oxide
scales of the samples. Cross-sections of these samples
were prepared using conventional metallographic meth-
ods including galvanic Ni-plating, grinding up to P1200
grit SiC paper, and polishing down to 1um using
diamond suspensions. Some of the cross-sections were
etched using V2A etchant at 50°C to observe the alloy
microstructure underneath the oxide scales. Electron
probe microanalysis (EPMA) was used to generate high
resolution backscattered electron images and elemental
distribution maps with a spatial resolution of
about 0.5 um.

Composition (vol%) Carbon activity a.

3 | RESULTS

The specific net mass change kinetics of the cleaned
samples are shown in Figure 2. High mass losses were
found for alloys 602 CA, NiCr25A12Fe0.5 and NiCr30Fel
during exposure to both gases. For better comparison,
mass losses after 750h are shown in Figure 3. Corre-
spondingly, these same alloys also showed the most
intense pitting attack, as shown in the macroimages in
Figures 4 and 5. Pit initiation started during the first
500h for all samples. On the more resistant samples,
fewer pits formed. Pit diameter growth rates were
determined for each sample by measuring the diameters
of up to five pits per sample. The average growth rates,
projected to mm per year, are shown in Figure 6.
However, on some samples, mass loss is caused by the
growth of a few pits, others showed new pit formation
during the entire exposure. This formation of new pits,
for example, on Alloy 602 CA, NiCr25AI2Fe0.5, or
NiCr30Fel, is reflected in the mismatch of the mass loss
and the measured growth rates of individual pits. Most
samples showed slightly faster pit growth rates in Gas 1.
A particularly higher mass loss in Gas 1 compared to Gas
2 was observed for Alloy 602 CA and NiCr25AI2Fe0.5. In
Gas 1 most alloys had fewer, but larger, pits than in Gas 2
(see Figures 4 and 5).

Comparison of Alloy 699 XA and its laboratory alloy
NiCr30AI2Fe0.5 with the model alloy NiCr25Al2Fe0.5
shows that the lower chromium content led to a dramatic
increase in mass loss and the number of pits in Gases 1
and 2. Reduction of the aluminum content from 2.1 wt%
in 699 XA to 0.2wt% in NiCr30Fel also resulted in an
increase in mass loss and the number of pits (only tested
in Gas 2, see Figures 3 and 5). The comparison of the
three NiCr30AlI2Fe alloys with different iron contents
was done very carefully, because of the above-mentioned
marked influence of the chromium content. This is about
0.6% lower in NiCr30AlI2Fe2 than in NiCr30Al2Fe0.5 and
NiCr30AlI2Fe4. NiCr30Al2Fe2 shows a higher mass loss
and more pits in Gas 1 than NiCr30AI2Fe0.5 and
NiCr30AI2Fe4. Mass loss and pit formation of Ni-
Cr30Al2Fe4 is lower than of NiCr30AI2Fe0.5 (see
Figure 3).

For the laboratory alloys, the pit density was higher
on the sides than on the main surfaces (see Figures 4
and 5). This may be due to different levels of impurities

TABLE 3 Composition and carbon

activity of the initial gases and oxygen

Cco H,O0 CO, H, CO reduction Boudouard pO, (bar) partial pressure at thermodynamic
Gas1l 49 1 2 48 1351 1442 3.4x107% equilibrium (calculated with FactSage
Gas 2 47 2 4 47 634 663 3.5% 10~ 6.1) at 620°C and 19 bar pressure
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FIGURE 2 Specific net mass change kinetics of the samples during exposure tests in both gas mixtures (please refer to Table 3 for the
gas compositions). Please note that the right diagram is an enlarged Y-axis view of the left diagram
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FIGURE 3 Specific net mass losses of the samples after
exposure for 750 h. NiCr30Fel was only exposed in Gas 2 and
NiCr30Al2Fe2 was only exposed in Gas 1

from the melting and casting of the low volume
laboratory melts. Hence, upon comparing the metal
dusting resistance of the laboratory alloys to commercial
alloys, solely considering the mass loss can be mislead-
ing. The mass loss kinetics should be considered together
with the metallographic and analytical characterization
to evaluate the overall metal dusting resistance of the
laboratory alloys.

Typical metal dusting pits are composed of coke, a
carbon enriched zone, and a carburized zone. In a
previous study on Alloy 699 XA, it was shown that
the carbon-enriched zone contains lamellar Cr;C,
precipitates in a chromium-depleted austenite
matrix.””) In the carburized zone, carbon is dissolved
in the matrix. Figure 7a shows a cross-sectional view
of a pit formed within Alloy 602 CA. Alloy 602 CA

contains chromium-rich carbide precipitates, which
are introduced into the material to improve its creep
strength.”'! Figure 7b shows a pit formed in Alloy
699 XA heat B. Underneath the pit surface, a carburized
zone and a carbon-enriched zone can be distinguished.
The rapid pit growth in Alloy 602 CA (Figure 6) and
lack of a carbon-enriched zone (Figure 7a) indicate that
its carburized zone is transformed into coke directly.

The carbon ingress in the pits of model alloys is
shown for NiCr30Fel and NiCr30Al2Fe4 in Figure 8.
Based on those images the C-enriched zone is markedly
thicker than the carburized zone in the pit of NiCr30Fel
compared to NiCr30Al2Fe4. From the cross-sections of
the samples exposed in Gas 2, it was observed that
NiCr30Fel and NiCr30Al2Fe4, as well as Alloy 699 XA
heat B, show similar structures of the C-enriched and
carburized zones in the pit. However, the C-enriched
zone is thinner for NiCr30Al2Fe4 compared to the other
alloys.

The element distributions of the pit and nonattacked
surface, exemplified for Alloy 699 XA heat B, are shown
in Figures 9 and 10. The carburized zone has a thickness
of 11+6um for Alloy 699 XA heat B. Below the
carburized zone, chromium carbides formed along
the grain boundaries. In all cross-sections, no carbon is
detected underneath the nonattacked oxide scale. The
chemical composition of the thin oxide scales could not
be determined with EPMA due to spatial resolution
limitations.

Raman spectroscopy was used to determine the oxide
phases at the surfaces. Exemplified Raman spectra are
given in Figure 11 and assigned phases of the samples are
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602 CA

5 mm

NiCr25A12Fe0.5

5mm

NiCr30Fel

Not exposed in gas 1

699 XA heat A

5mm

NiCr30AI12Fe0.5

4

5 mm

NiCr30Al2Fe2

NiCr30Al12Fe4

5mm

5 mm

NiCr30AlI3Fe2.5

5 mm

FIGURE 4 Macroimages of samples after 750 h exposure in Gas 1 [Color figure can be viewed at wileyonlinelibrary.com]

5mm

Wi |

N ] .
5mm

NiCr30Fel

['699 XA heat B

5mm

NiCr3 0AI2Fe0.5

5 mm

NiCr30Al2Fe2

Not exposed in gas 2

NiCr30Al12Fe4

NiCr30AlI3Fe2.5

5mm

FIGURE 5 Macroimages of samples after 750 h exposure in Gas 2 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Pit diameter growth rate of all alloys during
exposure

listed in Table 4. The scales were found to consist mainly
of chromial®! and to a lower extent o-alumina,!”!
depending on the alloy composition. Glassy carbon!
was detected on all samples as well. On NiCr25AI12Fe0.5,
NiCr30AI2Fe0.5, and NiCr30Al2Fe4, more than 100
measurements with 633nm laser wavelength were
performed, all of them showed the strong presence of
a-alumina. Although transformation from y- to -
alumina during oxidation in gases with high oxygen
contents is expected at temperatures around 900°C,=>*!
formation of a-alumina at 620°C is unusual, but has been
reported in other metal dusting literature.*’**! Only the
samples of 602 CA, NiCr30Al3Fe2.5, and NiCr30Fel
show additional weak peaks around Raman shifts of
690-720 cm ™. These are characteristic for various spinel
phases, for example, Ni(Fe, Cr),0,.1*”!

34)

4 | DISCUSSION

Commercial and laboratory Ni-based alloys with compo-
sitions derived from Alloy 699 XA were exposed to harsh
environments causing metal dusting attacks on all

samples. Possible factors affecting the aggressivity of
attack are the Cr, Al, and Fe content as well as the grain
size and gas composition.

4.1 | Influence of chromium and
aluminum content

Comparing the tested alloys regarding the sum of
chromium and aluminum content (chromium equiva-
lent proposed by Hermse et al.),[>*°! the value varied
between 27.1 and 32.7wt%. In general, the samples
with fewer pits had a higher chromium equivalent
(calculated according to Hermse et al.l’l or Parks
et al.l'"l) than the other alloys (see Figures 4 and 5).
Hermse et al.l”] postulated that the sum should be
larger than 33 wt% to give a metal dusting resistant
alloy, this condition is not fulfilled for any of the
investigated alloys (see Tables 1 and 3). The
Schillmoller chromium equivalent of all investigated
alloys was larger than the critical value of 24 wt%
according to Schillmoller.”””! The mass change kinet-
ics (see Figure 2) and the macroimages (see Figures 4
and 5) show that this value is not sufficient to provide
a high resistance against metal dusting for the test
conditions used in this study. Another rule on the
minimum element content was postulated by Rohnert
et al.,l”®! claiming chromium contents above 28 wt%
in Ni-based alloys are necessary to protect the alloy.
This is in line with the observed metal dusting attack
for the samples of 602 CA and NiCr25A12Fe0.5, both
with only 25 wt% chromium. However, the intense pit
formation on NiCr30Fel compared to other samples
with 30 wt% chromium is unpredicted by Réhnert's
28 wt% thresholds. NiCr30Fel has a reduced alumi-
num content of only 0.2wt%, supporting the theory
that aluminum is necessary to inhibit carbon ingress
and has a much stronger impact than chromium, as

FIGURE 7 Optical microscope images of etched cross-sections after 1000 h exposure in Gas 2, the dotted line represents the metal/coke
interface in the pit, (a) alloy 602 CA, (b) Alloy 699 XA heat B [Color figure can be viewed at wileyonlinelibrary.com]
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(a) NiCr30Fel_

o,

a

-enri

3 ® .
\ ]

. Carburized zone

. 4 20pum

ei{éd zone

FIGURE 8 Optical microscope images of etched cross-sections after 1000 h exposure in Gas 2, (a) NiCr30Fel, (b) NiCr30Al2Fe4

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Element distribution maps (EPMA) in a pit within Alloy 699 XA heat B after 1000 h in Gas 2. EPMA, electron probe

microanalysis

long as it can form a continuous and dense scale.!'”]
Chen et al.l'”! studied the metal dusting behavior of
699 XA (acquired from the same batch as the 699 XA
heat B sample exposed to Gas 1 in this study) under
the same conditions denoted as Gas 2 in this study.
They showed that a continuous alumina scale formed
below the external chromia scale. In general, higher
amounts of chromium and aluminum are expected to
improve the metal dusting resistance through the
formation of a protective oxide scale with the
capability to reheal defects.

4.2 | Considerations of minor
differences in chromium content and
grain size

The model alloys with varied iron content (NiCr30Al2Fe)
had a slightly higher mass loss in Gas 2, while the Alloy
699 XA heat A sample showed a higher mass loss in
Gas 1. This may be due to the lower chromium content of
28.9 wt% in Alloy 699 XA heat A compared to 29.5 wt% in
Alloy 699 XA heat B. The Alloy 699 XA heat A also had a
larger grain size of 170 um compared to 83 um for Alloy
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FIGURE 10
microanalysis

chromia spinel
H R glassy:

: 3 glassy
carbon! 1 carbon
1 1
! 4 633 nm
| i

532 nm

intensity a.u.

250 500 750 1000 1250 1500 1750 2000
Raman shift [1/cm]

FIGURE 11 Exemplified Raman spectra of samples containing
alumina and glassy carbon, obtained with a laser wavelength of
633 nm, or chromia, spinel, and glassy carbon, obtained with a laser
wavelength of 532 nm

TABLE 4 Signal intensity of oxide phases detected with
Raman spectroscopy on samples after 1000 h exposure in Gas 2

Alloy Chromia Spinel Alumina
602 CA Strong Weak, at 701 cm™" Weak
NiCr25A12Fe0.5 Strong None Strong
NiCr30Fel Strong Weak, at 690 cm™" None

699 XA heat B Strong None Weak
NiCr30AI2Fe0.5 Strong None Strong
NiCr30Al2Fe4 Strong None Strong
NiCr30Al3Fe2.5 Strong Weak, at 718 and Weak

726cm™!

Element distribution (EPMA) next to a pit within Alloy 699 XA heat B after 1000 h in Gas 2. EPMA, electron probe

699 XA heat B. Larger grains correlate with fewer grain
boundaries and thus slower chromium diffusion for the
formation and rehealing of the oxide scale. The outward
diffusion of chromium and thus the rehealing properties
of the chromia scale is determined both by the
actual chromium content and the grain size. However,
the chromium reservoir in the grains is high and
the chromium depletion below the oxide scale is
negligible (as determined with EPMA, not shown). A
study of Hattendorf et al.l*! showed that on Alloy 601
(22.8 wt% chromium), the metal dusting attack did not
differ between samples with smaller (13 um) and larger
(267 um) grains after 1955 h exposure at 600°C and 20 bar
in a 37% CO, 7% CO,, 46% H,, 9% H,O atmosphere.
Therefore, the grain boundary area is not decisive for
the resistance of high-Cr alloys. Instead, the impact of
surface deformation by grinding was found to be more
decisive for the outward diffusion of chromium in this
temperature range.[m In the case of industrial applica-
tions, where mechanical loads are superimposed with a
chemical attack, the grain size is expected to play a bigger
role in the interaction between mechanical and chemical
damage mechanisms.

Among the NiCr30Al2Fe model alloys, NiCr30Al12Fe2
has a lower chromium content of 28.9 wt% and showed a
higher mass loss and more pits when compared to
NiCr30AI2Fe0.5 and NiCr30Al2Fe4 with 29.6 or 29.5 wt%
Cr, respectively (see Figures 3 and 4) in Gas 1. In the
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FIGURE 12 Activities of aluminum, chromium, nickel, and
iron in the alloys were calculated with JMatPro (MatPlus GmbH).
Please note the break in the y-axis. Displayed aluminum activities
are in the range of 1.4 x 1075-3.2 x 107%, the aluminum activity of
NiCr30Fel is 2.2 x 107°. Iron, nickel, and chromium activities are
higher than 8 x 107*

tested aggressive conditions, it is assumed that the
threshold for chromium supply was not reached with
the NiCr30Al2Fe2 sample in Gas 1. Due to the minor
difference in chromium content with a seemingly strong
impact, the NiCr30Al2Fe2 sample was not included in
the analysis of the influence of the iron content. The
similar chromium contents of NiCr30Al2Fe0.5, Ni-
Cr30AlI2Fe4, and NiCr30Al3Fe2.5 allowed first consider-
ations on the effect of iron additions.

4.3 | Influence of the iron content

As a catalyst for CO decomposition, reduction of the
iron content can reduce the susceptibility to metal
dusting.!'>'***%° Surprisingly, the addition of 4.2 wt%

TABLE 5 Calculated aluminum content in the y- and y’-phase
in wt% at equilibrium

Al in wt% In the alloy y-Phase v’-Phase
602 CA 2.20 1.67 8.09
NiCr25AI12Fe0.5 2.10 1.23 7.74
699 XA heat A 2.00 1.23 7.66
699 XA heat B 2.10 1.21 7.60
NiCr30AI2Fe0.5 2.20 1.21 7.65
NiCr30Al2Fe2 2.10 1.30 7.77
NiCr30Al2Fe4 2.10 1.41 7.90
NiCr30Al3Fe2.5 3.20 1.25 7.86

phases / at.%

FIGURE 13 Phase distribution at thermodynamic equilibrium
at 620°C as calculated with JMatPro

iron slightly increased the metal dusting resistance when
comparing alloys NiCr30Al2Fe0.5 and NiCr30Al2Fe4.
This is likely associated with variations in aluminum
activities. The activities of nickel, iron, chromium, and
aluminum in the alloys were calculated with the software
JMatPro (MatPlus GmbH) and are given in Figure 12.
Note that the aluminum activities are all in the range of
10~® while the chromium, nickel, and iron activities are
in the range of 107*-1. Despite the similar aluminum
contents, for example, in NiCr30Al2Fe0.5, Ni-
Cr30AlI2Fe2, and NiCr30AI2Fe4, the alloys have different
aluminum activities. According to equilibrium calcula-
tions with JMatPro, 82-86 at% of the aluminum content
is present in the y’-phase in all alloys, except for
NiCr30Fel, which does not exhibit the y’-phase. Between
1 and 2 wt% Al remains in the y-phase, see Table 5. The
distribution of the phases in thermodynamic equili-
brium, calculated with JMatPro, is given in Figure 13.
NiCr30Al3Fe2.5 contains the highest amount with 33 at%
of y'-phase. Here, the formation of y’-phase is enhanced
additionally by the titanium and niobium additions. In
the other alloys, the y’-phase varies between 10 and
18 at%. However, no y’ precipitates are visible in the
EPMA images. In a transmission electron microscopy
study, an alloy with similar composition had y’ precipi-
tates in the nm range after 100 h exposure at 800°C.*”!
Precipitates formed after 1000 h at 620°C are expected to
be in the same size range and cannot be resolved with
EPMA due to the spatial resolution limit of 1 um. The
composition of the y’-phase in at% is given in Table 6. In
alloys with iron additions, the amount of iron in the
y'-phase is also increased. According to Albers et al.l*’!
and Elano et al.,'**! substituting Fe for Ni in the y’-phase
can result in an increased Al activity. Up to a certain iron
content, the negative influence of iron as the catalyst for
the CO decomposition can be probably outweighed by its
positive effect on the aluminum activity and therefore
the formation of a dense alumina subscale. In our study,
the increased aluminum activity led to higher resistance
against metal dusting attacks for the NiCr30Al3Fe2.5 and
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TABLE 6 Composition of the
Y'-phase calculated by JMatPro

In at%

602 CA
NiCr25AI12Fe0.5
699 XA heat A
699 XA heat B
NiCr30AI2Fe0.5
NiCr30Al2Fe2
NiCr30Al2Fe4
NiCr30AlI3Fe2.5

the NiCr30Al2Fe4 samples. Raman spectroscopy showed
the presence of alumina scales on all samples except
NiCr30Fel. Further investigation is necessary to charac-
terize the alumina scales in detail.

44 | Pit growth

Apart from the mass loss, the pit growth rates gave
valuable information towards estimating the time to
failure of the alloys. Analysis of the pit diameter growth
(Figure 6) gave different rates depending on the alloy
composition. This implies that not only the time to pit
initiation but also the pit growth rate, depends on the
alloy composition.

4.5 | Role of the gas composition

Samples were exposed to two gas mixtures with different
carbon activities and slightly varied compositions. A
higher mass loss in the gas with the higher carbon
activity was found for Alloy 602 CA. This effect was even
more pronounced for NiCr25AI2Fe0.5, the two alloys
with the most intense pitting (see Figure 3). For the other
alloys tested in both gases, mass losses do not differ
significantly between the gases. For the alloys in Gas 1
fewer, but larger pits developed in comparison to Gas 2,
and a higher pit growth rate in Gas 1 is detected for all
alloys (see Figure 3). This may relate to the higher carbon
activity of Gas 1, but more tests are necessary to
determine the detailed correlation between the pit
characteristics and the gas composition. The more
pronounced growth of single pits would be detrimental
for applications. In general, the difference in metal
dusting attack in the gases is not as large as the carbon
activities might suggest and a detailed look at the gas
compositions and carbon activities gives an explanation.
The carbon activities were calculated individually for
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Ni Al Cr Fe Mn Nb Si Ti

71.85 15.89 8.42 2.32 0.07 0.05 0.11 1.02
72.91 15.31 10.74 0.14 0.02 0.75 0.06 0.08
72.84 15.14 11.06 0.11 0.00 0.54 0.08 0.15
72.77 15.01 11.45 0.03 0.00 0.47 0.14 0.07
72.81 15.12 11.13 0.10 0.02 0.62 0.16 0.03
72.67 15.35 10.62 0.50 0.025 0.60 0.082 0.07
72.47 15.61 9.82 1.09 0.03 0.62 0.07 0.08
73.37 15.58 7.63 0.71 0.03 1.05 0.08 1.37

synthesis gas (Equation 3) or Boudouard reactions
(Equation 4):

Pco Py

ace = Kay : 3)
H,0
Dco?

ac) = K 4)
CO,

where K(;y and Ky are the equilibrium constants for the
synthesis gas and Boudouard reaction, respectively. A
higher carbon activity was achieved in this study by
reducing the amount of CO, and H,0. However, the
amounts of CO and H, of both gases are only slightly
changed. The thermodynamic equilibria of the gases at
the exposure conditions were calculated with FactSage
6.1.1°°) The gas compositions at thermodynamic equili-
brium are similar. As the gas flows through the furnace,
it will not only contact the samples, but also the furnace
tube and the alumina crucibles containing the samples.
Reactions of the gases at these surfaces can change their
compositions towards thermodynamic equilibrium. It
can be postulated that the dwell time in the furnace is
long enough to allow slight compositional changes of the
gases resulting in converging carbon activities. Hence,
the behavior of the samples in both gases does not differ
significantly, even though the carbon activities of the
initial gases might suggest the opposite.

5 | CONCLUSION
This study investigated the metal dusting behavior of
model alloys based on the composition of Alloy 699 XA at
620°C and 19bar. The findings of the study can be
summarized as follows:

Larger mass losses and higher pit growth rates were
found for alloys with 25wt% instead of 30wt% of
chromium (Alloy 602 CA and NiCr25AI2Fe0.5) as well
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as 0.2 wt% instead of 2 wt% aluminum (NiCr30Fel). Low
differences in the chromium content between 28.9 and
29.5wt% could play a decisive role in the resistance
against aggressive atmospheres, highlighting the impor-
tant role of the Cr level.

Samples with around 29.5wt% Cr, more than 2 wt%
Al and additions of low amounts of iron (2.7 wt% or
4.2wt%) had slightly increased resistance against metal
dusting. This may be explained by the change in
aluminum activity. Substitution of Ni with Fe in the y’-
phase increases the aluminum activity and may thus
promote the formation of an even more protective oxide
scale. This may compensate for the increased metal
dusting susceptibility through the increasing Fe content
up to a certain level of iron. Although the limited
samples here suggest this mechanism, an alloy series
designed for this specific question needs to be investi-
gated to test the hypothesis.

Exposure tests were performed with two gas mixtures.
Despite the large difference in carbon activity of the initial
gases, the specific net mass losses of the samples were
unexpectedly similar. The gases had similar compositions at
equilibrium and it is theorized they react in the furnace
towards thermodynamic equilibrium in the hot zone,
resulting in converging carbon activities.
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