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A test rig consisting of a quarse tube placed in a horizontal furnace made of five independently regulated heating
zones allowed the evaluation of the metal dusting attack of a FeNiCr alloy. Fifteen samples were exposed in a
temperature gradient from 504° to 704°C, 1.1 bar, to a highly carburizing atmosphere for 1500 h. Below 561 °C
the high density of piw led to uniform corrosion whereas localized pits developed at higher temperatures. In

depth pit growth rate raised to a maximum at 632 °C, then decreased showing that it depends both on tem-
perature and on the carbon activity gradient.

1. Introduction

When exposed in carburizing atmosphere in the intermediate
400-800 °C temperature range, heat resistant alloys may suffer from
severe attack by carbon, like metal dusting. This latter is a prominent
cause of corrosion damage which leads to the local disintegration of the
alloy into a dust of carbides, oxides, metallic particles and graphitic
carbon [1-9]. Because it is characterized by a pit like degradation which
grows with time exposure to the carbon-bearing gas, this catastrophic
wastage is a severe problem because it seriously decreases the lifetime of
the materials [10]. Metal dusting occurs under conditions where carbon
deposition and oxide formation competed. For this reason, aluminum
and/or chromium are generally added either to the alloy composition
[11,12] or as coating [13-15] because they are able to develop protec-
tive alumina or chromia scales under very low oxygen potential, that
have the potential to prevent the alloy from metal dusting.

The metal dusting phenomenon is characterized by an incubation
period which partly depends on the protective nature of the oxide scale.

Metal dusting phenomenon involves supersaturated gas (ac > 1) with
respect to graphite and the presence of e.g. Fe or Ni containing phases,
acting as catalysts. Thanks to their partially filled d-orbital by electrons,
these metallic phases are able to achieve overlap with CO orbitals and
push electron density into the anti-bonding orbital of CO [16,17],
facilitating its dissociation according to the push-pull mechanism of Seip
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et al. [18]. The ability of a metallic phase to catalyze CO dissociation is
therefore function of its d-orbital filling by electrons. Once the oxide
scale fails to protect the alloy, catalysts are in contact with the super-
saturated gas. The carbon released by CO dissociation diffuses within the
alloy up to its saturation and then leads to the formation of carbides,
and/or graphite [8]. This results in the alloy degradation and generally
in the formation of pits at the locations where the oxide scale failed to
protect the alloy. Pits growth rate can be very rapid as recently shown by
Fabaset al. [19] who evaluated on a SO0HT alloy an in depth pit growth
up to 0.1 ym.h ™! at 570 °C and 21 bars in a methane steam reforming
atmosphere.

Multiple mechanisms were proposed to explain the metal dusting
behavior for ferritic and austenitic materials [1-9,20-26]. For iron and
low alloyed Fe-based materials, degradation is based on the formation of
metastable cementite, and its decomposition into graphite and iron at
the graphite/cementite interface [7] or its disintegration due to graphite
nucleation and grow within cementite [3]. Corrosion of nickel and low
alloyed Ni-based materials involves the formation of a carbon super-
saturated matrix (small carbon solubility in the austenitic matrix [11,
20]) before degradation occurs either due to growth inside the alloy of
graphitic sloping planes [4,27] or because of C crystallization within the
Ni-matrix [25]. As for high alloyed Fe- and Ni-based materials, degra-
dation mechanisms similar to those of low alloyed materials were pro-
posed by some authors while others proposed more complex and diverse



Table 1
Nominal composition of CT15C alloy, in wt%.

wt% C Fe Cr Ni Mn Si Mo Nb
CT15C 0.1-0.18 bal. 19-23 30-35 0-1.5 0.5-1.25 0-0.5 0.8-1.2
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Fig. 1. a) Test rig developed for metal dusting characterization operating at
1.1 atm.; b) actual temperature gradient (in °C) along the furnace (made of five
individually regulated zones); c¢) sample holder scheme. In this equipment, the
gas flow (60 NL h 1) enters the furnace from the left in the hottest zones and
exits at the right. Samples were placed on the sample holders situated in the
three inner zones of the furnace (Z2-Z3-Z4).

Table 2
Thermodynamic data employed to calculate a. and the oxygen partial pressure p
(03) according to temperature (Fig. 2).

Reaction AG® A +BT (@ mol Y Ref.
A B

CO+Hy, C+Hy0 (Eq. 1) -134,515 142.37 [49]

2CO CO; +C(Eq.2) -170,700 174.5 [45]

CO +% 0, CO;(Eq. 3) -282,420 86.8 [50]

Hy + % 0, H0 (Eq. 4) -246,440 54.8 [46]

mechanisms [20,24,26].

A multiplicity of parameters, among these the temperature [28-31],
the gas pressure [10,21,31-33], the nature of the atmosphere [31,
34-38], the gas velocity [39,40], the alloy composition [11,27,41-45],
its microstructure [46-48] or still its surface features (cold work or
surface finish [28,43]), are recognized to affect the rate of the degra-
dation by MD [1]. In fact, the multiplicity of factors affecting metal
dusting made hard the comparison of literature results. Still more
complicated is the estimation of the service life of the materials basing
on the available data. These are very specific to a set of conditions and
generally correspond to a definite temperature that authors assumed to
be the more severe for their application. A limited number of studies
reports the metal dusting progression on a wide range of temperature [4,
5,101, although it is fully recognized that metal dusting occurrence
strongly depends on oxide formation. Considering this difficulty and
because of the specificity of the gas atmosphere which has to be tested, a
test rig was specially built for the present study.

The present paper aims to present the test rig that has been devel-
oped with ICAR partners with the overall objective to evaluate the metal
dusting resistance of an austenitic heat resistant alloy (CT15C) devoted
to hydrocarbon processing in a 10%Hs — 17%N2 — 70%CO - 3%CO; (in
vol%) atmosphere. As components in service are rarely employed in
isothermal conditions, the metal dusting behavior is assessed in the
range of temperature 500-700 °C to determine the temperature domain

200 300 400 500 600 700 800 9S00
Temperature (°C)

Fig. 2. Theoretical carbon activity (from Boudouard equilibrium) and oxygen
partial pressure (from CO +1/2 O, = CO. equilibrium) according to the tem-
perature. The investigated range of temperature for the present study is
designated by the grey dotted area. The carbon activity and the oxygen partial
pressure vary from 4x10° up to 18 and from 10 32 up to 10 2* atm
respectively.

for which the corrosion rate is the highest. X-ray tomography is sys-
tematically used to examine the attack morphology and the pit depth
and diameter.

2. Materials and methods

Table 1 shows the nominal composition of the cast CT15C alloy from
which the tested specimens were pulled out. The alloy presented a
coarse austenitic structure with chromium and niobium rich carbides
forming an eutectic network at metal grain boundaries. Grain size was
between 20 and 150 pm.

The test rig consisted of a quartz tube placed in a horizontal furnace
(Fig. la) made of five independently regulated heating zones. The
regulation allowed the control of a reproducible and linear thermal
gradient of approximately 3 °C per cm along the furnace length. This
was checked thanks to the 27 thermocouples introduced in the tube that
allow the precise measurement of the thermal gradient (Fig. 1b). The
working zone was as long as 120 cm and the used temperature range for
the study extended over 504-704 °C. The employed gas contained 10%
Hj - 17%N3 — 70%CO - 3% CO» (in vol%) with a gas flow rate of 60 NL.
h!, a gas velocity of 2.3 mm.s~! and an operating total pressure of 1.1
atm.

The carbon activity (a.) for this carbonaceous atmosphere was
calculated both from CO reduction (Eq.1) and Boudouard (Eq.2) re-
actions, Table 2. The employed thermodynamic data are reported in
Table 2. Because they are reputed to be sluggish [7], reactions involving
CH4 were not taken in account in this estimation.

In the present work, the oxygen partial pressure p(O3) was supposed
to be set by the CO/CO, equilibrium (Eq.3). It evolves from 10732 to
10~2* atm between 500 °C and 700 °C. The partial pressure of water was
thus deduced from the dissociation equilibrium of water (Eq.4). By the
way, the carbon activity a. can be deduced both from Eq.1 or Eq.2. The
calculation showed that the carbon activity values were similar using
Eq.1 or Eq.2 for this gas mixture all over the temperature range, i.e. from



b)

Fig. 3. Specimens observation at the 500 h intermediate stop: a) still on the sample holder (before handling) and b) both sides of the corresponding sample after

cleaning (sample dimension 10 x 20 x 2 mm).

500° to 700°C.

The calculated values of a. and p(O3) are reported in Fig. 2 for the
investigated range of temperature. The carbon activity decreased with
increasing temperature from 4500 to 18. These carbon activity values,
greater than 1, are only possible because the carburizing atmosphere is
supersaturated, i.e. not in equilibrium [8]. A mass spectrometer analyser
was placed at the furnace outlet to confirm that the composition of the
supersaturated gas did not change during its flow.

This out of equilibrium situation constitutes the driving force to
deposit carbon. Carbon activity reaches the value of 1 at 860 °C.
Therefore, at temperature higher than 860 °C, carburization could still
occurs but metal dusting is not expected with the present gas mixture as
the formation of graphite is not favored anymore.

In this equipment the gas enters the furnace from the left in the
hottest zone and exits at the right (Fig. 1a). Samples were placed on the
alumina made holders (Fig. 1¢) and introduced in the inner zones of the
furnace (in Z2-Z3-Z4) for experiments. Fifteen parallelepiped specimens
(20 x10 x 2 mm, i.e. a surface area of 5.2 cm?) were introduced along
the thermal gradient. Sample surface was prior ground using P800 SiC
grit paper. Stops were completed at: 250 h; 500 h; 1000 h; 1250 h;
1500 h (end of run). At each stop, the furnace was cooled down at
3 °C min~!. Once at room temperature, the CO containing atmosphere
was replaced by argon gas. Sample holders were then removed from the
furnace to characterize the specimens. The mass spectrometer analyser
was used to check that the CO was fully evacuated before opening the
furnace.

At in-between and final stops the samples were weighed with their
adherent carbon when present at the surface. However the mass change
measurement is inaccurate because of substantial carbon loss due to the
specimens handling. Thus, the samples were slightly brushed to remove
carbon deposit and weighed again with an accuracy of 1 mg. Only the
mass variation of brushed specimens are considered in the following.
Fig. 3 gives a view of the general aspect after 500 h of exposure of the
samples a) still on the sample holder and b) after carbon removing.
Photographs of both sides of each sample were taken at every with-
drawal to follow the evolution of the corrosion damage; e.g. as shown in
Fig. 3b.

As the overall mass change measurement of samples is not adapted to

determine corrosion advancement for metal dusting corrosion, as it will
be demonstrated hereafter, the morphology of the attack was investi-
gated using X-ray tomography. Indeed, alloys suffering from metal
dusting were degraded locally via a pitting-type mechanism. X-ray to-
mography allowed the full characterization of pit dimensions (diameter
and depth) which were highly relevant data to determine the resistance
of a given alloy to the metal dusting attack. This technique is appropriate
to determine the morphology of the volume affected by corrosion
because of different X-ray absorption coefficients between the alloy and
the carbon rich corrosion products. Nanotom Phoenix X-ray tomograph
(GE) at a spatial resolution of 11 um/vx (vx voxel) was used to
examine the samples after the final removing and cleaning (after 1500 h
exposure). Samples were illuminated with a tungsten X-ray beam which
allowed, using a X-photon detector, to record the beam that had passed
through the sample. Image acquisition was repeated at different rotation
angles and the different sections were then reconstructed using algo-
rithms to form the three-dimensional image of the sample. Once
reconstructed the evaluation of alloy wastage morphology and wastage
rate were deduced from the dimensional investigation of these 3D nu-
merical samples. It should be noticed that because of the spatial reso-
lution of 11 um, no attempt was performed to estimate mass variation
from the X-ray tomography results.

3. Results
3.1. Mass change measurements

Fig. 4 reports the mass change measurements vs time and tempera-
ture of cleaned samples. It is chosen here to report the mass loss at each
stop rather than the mass loss evolution vs time of each sample for a
better emphasis of the temperature effect. Moreover, the plot of mass
loss of samples is preferred to the one of mass gain because samples
exhibit mass gains only for the first runs (250 h and 500 h). The mass
gain testifies for CT15C oxidation during the first period. It is supposed
that after sample cleaning the mass associated to residual carbon deposit
is negligible. No degradation of the sample surfaces was detected after
250 h of exposure after careful observation of the samples using an
optical microscope.
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Fig. 4. Mass loss versus temperature according to the exposure time. The
negative reported values have to be considered as mass gains: such situation
happens when mass gain due to oxidation of alloys is larger than the metal loss
due to metal dusting. Accuracy on mass change measurement was of + 1 mg.
Mass losses at 689 and 704 °C at 1250 h and 1500 h were lower than
3mg.cm 2

After 500 h of exposure, the samples exposed to temperatures lower
than 561 °C presented mass gains due to carbon deposit (not shown
here) but mass loss after cleaning. Some carbon remained stuck to the
surface of these samples after cleaning. At the opposite, at higher tem-
peratures samples still presented mass gains showing that the oxidation
of the alloy pursued.

After 1000 h of exposure, all samples placed in the ranges
518-575 °C and 632-674 °C were losing mass. At intermediate tem-
perature and at the highest temperatures of 689 °C and 703 °C the mass
gain still predominated.

Finally, at longer exposure time (1250 and 1500 h) mass loss was
recorded for all samples but the mass losses at 504 °C, 689 °C and 704 °C
were lower than 3 mg.cm™2.

These observations demonstrate that the range of temperature where
the metal dusting phenomenon occurs for this alloy spread over
518-674 °C. In this range, the evolution of mass loss with temperature
evidences two critical temperature domains where the degradation
occurred faster (around 560 °C and 630 °C) and a domain in between
where the degradation appears rather low (from 575 up to 618 °C).

3.2. Post exposure characterizations

Fig. 5 shows the photographs of the cleaned surface (only one side is
presented here) for all samples after the final removal - 1500 h - and the
corresponding sample side reconstructed from X-ray tomography mea-
surements according to the exposure temperature.

The surface area blackened by residual carbon increases from 504° to

689°C

Temperature (°C)

674°C

660°C

646°C

-

632°C

618°C

-

603°C

589°C

575°C

561°C

546°C

¢ 0 - -

532°C

518°C

504°C

Fig. 5. a) Overall photographs of sample surface after 1500 h of exposure and
b) the corresponding X-ray tomography measurements in function of the tem-
perature. Pits lines when observed on samples have to be attributed to the
neighborhood of the sample holder. (Sample dimension 10 x 20 x 2 mm).
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Fig. 6. Measurement procedure of pit dimensions (diameter and depth). This work was systematically done on individual pits at distance of sample edges and

borders. An example of this work is reported in Appendix A and B.

561°C while the one that conserves a brightly metallic aspect decreases.
Indeed, the surface of samples exposed from 504° to 532°C evidences
residual bright areas while the samples at 546 and 561 °C are somewhat
entirely blackened. The attack preferentially developed at edges for
samples exposed at 504 and 518 °C. These observations, added to those
reported in Fig. 3 for 500 h of exposure where carbon filaments devel-
oped perpendicularly to the sample surface, show that the attack
occurred first at definite locations before the number of pits increased
such that the attack looks generalized at the entire sample surface from
532° to 561°C. The 3D reconstructions show the surface roughness
drastically increases from 504° to 561°C demonstrating that a pitting
mechanism occurred for CT15C alloy in this range of temperature.

The attack morphology readily changes beyond 561 °C. The number
of pits drastically decreases. The edges and the surface area that were in
contact with the alumina holder are especially attacked but isolated pits
are also evidenced. The latter will be very useful, particularly to deter-
mine pit growth rate as developed in Section 3.3. The location in contact
with the sample holder leads to the formation of pit lines due to pit
coalescence [9]. It can be noticed that this line width increases from
589 °C up to 632 °C then decreases. It is the same for the circular iso-
lated pits for which the surface diameter follows the same trend. Pit
amount and morphology can be observed using the reconstructed 3D
surfaces. The number of pits per surface area has not been evaluated
here because i) the number of samples is too low to have a representative

statistic, ii) there is an effect of sample geometry as well as of the sample
holder and iii) because this criteria does not appears as the most critical
to estimate the material lifetime, as will be presented hereafter. The
observation suggests their amount increases with the temperature on the
range 575-689 °C but this tendency has to be taken with caution. Sup-
plementary characterizations, of the oxide scale notably, would be
necessary to definitively conclude on this trend.

Finally, if one pays attention to the diameter of the pits on the surface
of a sample, the most obvious is for the sample exposed to 632 °C, it is
clear that the values of the diameter of the pits do not take randomized
values. Pits sizes can be classified in batches according to their diameter
(Appendices A and B). A given lot corresponds to a defined nucleation
date; most likely at the time of an intermediate stop.

3.3. Exploitation of X-ray tomography results

Fig. 6 shows the information that can be obtained from X-ray to-
mography reconstruction. Using these results, pit surface diameter and
depth were determined measuring isolated pits at each temperature.
This work was systematically done on individual pit, i.e. pit without any
coalescence with surrounding pits. Moreover the individual pits were
selected far from the sample edges and also far from the areas where the
sample was in contact with the sample holder (e.g. pits line in Fig. 5).
Pits are then classified by batches according to their dimensions as
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diameter ratio of the pits identified on each sample vs the exposure temperature
(with vertical bar corresponding to standard deviation).

explained above (an example of this work is reported in Appendix A).
The employed tomography setup gives spatial resolution of 11 um/vx so
that the smaller the size of pits, the higher is the possible error. Conse-
quently, the measurement error below 561 °C can be high. However
from 575 °C and beyond the pit growth rates are high and the error due
to measurement falls down.

Results are compiled in Fig. 7, where the diameter and the depth of
the largest pit identified on each sample after 1500 h of exposure vs the
exposure temperature are reported. The mean depth/diameter ratio of
the pits identified on each sample vs the exposure temperature (Fig. 7c)
is also calculated as previously done by Natesan [20] and Fabas [19].
The number of pits that were analyzed strongly depends for each sam-
ple. It was hard to define isolated pits below 561 °C. Beneath this tem-
perature, the measurement scattering was high, as illustrated in Fig. 7¢
by the standard deviation. For samples exposed between 603 and
689 °C, it was possible to estimate the dimension of more than 15 iso-
lated pits by sample.

This treatment evidenced that the maximum pit diameter and depth
increase with temperature up to 632 °C and then decrease. This trend is
different of the mass measurements evolution (Fig. 4) that indicates two
critical temperature ranges at which the degradation occurred faster.
Using these data, it can be concluded that the critical temperature range
is around 630-660 °C.

Moreover, these two parameters (pit diameter and depth) are fully
correlated as demonstrated by the depth/diameter ratio evolution. For
temperatures lower than 561 °C, this ratio is not really indicative
because of the error made on the measurements However, from 575 °C
this ratio takes a constant value of 0.35.

As indicated in Section 3.2, measurements were done on all isolated
pits on both surfaces (Appendix A) and then sorted according to their
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Fig. 8. a) Mean pit diameter vs pit growth time; b) lateral pit growth rate
determined using the mean pit diameter vs temperature (um.h 1).

size parameters (Appendix B). Putting the pictures taken at different
exposure times and the pit measurements together, it is possible to es-
timate an initiation period for each batch of pits. According to the re-
sults, it can be deduced that pits initiate at the intermediate stops. This
supposes that defects were introduced in the oxide scale during thermal
cycling or sample handling. This observation is fully in agreement with
the fact that the first pits were observed at the 500 h removal: i.e. pits
initiated at 250 h and grew during 250 h. In Fig. 8a are reported the
mean pit diameter vs the estimated growth time from crosschecking
information. The results show that pit diameters evolved linearly with
time for all temperatures once pits are initiated. From the latter it is
extracted an estimation of the lateral pits growth rate (Fig. 8b). In
agreement with mass loss (Fig. 4) and dimensional measurements
(Fig. 7), the higher lateral growth rate (2.4 um/h) was determined for
the sample exposed at 632 °C.

4. Discussion

The mechanisms of metal dusting and the effect of testing conditions
have been extensively studied and conversed by the past [1-5,7,8,10,12,
19,22-26,41]. Some of them are still debatable and it is not the purpose
of the present paper to discuss these now well-established mechanisms.
The overall behavior of the austenitic CT15C alloy which contains
19-23% Cr is in fact not really different than those previously reported
for NiFeCr alloys on this range of temperature. The obtained data mainly
confirmed the competition that exists between the formation of a pro-
tective oxide scale and the attack by carbon as reported by Schneider
et al. [4] for the Ni-15Cr alloy.

It should be first recalled that the driving force for metal dusting, i.e.
the chemical potential gradient between gas and alloy, decreases as a
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Fig. Al. a) Photographs of the sample exposed at 632 °C; b) 3D reconstructed sample after 1500 h of exposure at 632 °C. The arrows indicate the isolated pits taken

in account in the data analysis.

pitmumber) TR T ation |+ vt |
13 2405 747 500 h 0.31
4 2262 750 0.33
8 1117 301 0.27
6 1005 291 0.29
3 964 314 1000 h 0.33
1 937 262 0.28
7 905 257 0.28
9 870 316 0.36
14 528 180 0.34
2 527 172 0.33
11 523 159 1250 h 0.30
10 496 167 0.34
5 489 156 0.32
12 477 126 0.26

Fig. B1. Example of pit sampling made on the sample exposed at 632 °C
for 1500 h.

function of temperature, as displayed by the variation of the carbon
activity with temperature in Fig. 2. In opposite, the oxide growth rate as
well as the kinetic of the carburization reactions, both governed by solid
state diffusion, increases with temperature. As oxides scales provide

diffusion barriers against carbon ingress due to their low solubility for
carbon [8], a severe competition is expected on the temperature range
on which protective oxide scale slowly develops and metal dusting oc-
curs; in our case below the temperature of 860 °C for the used
atmosphere.

The results evidenced the partial pressure of oxygen at equilibrium
within the used carbonaceous gas was high enough to develop oxide
scale at all temperatures. Indeed all specimens have gained mass - have
oxidized - after the first period (250 h of exposure), Fig. 4, and all have
kept at least a few areas of their surface with bright colored shades
characteristic of very thin oxide scales (Figs. 3 and 5) after 1500 h of
exposure, revealing these area are covered by a thin and protective oxide
scale. Mass gains in relation with specimen oxidation increased with
temperature, confirming the oxidation reaction is a thermally activated
process.

Under the very high carbon activity range (4500 < a. < 18) used for
this test, all samples suffer from metal dusting on the range 504-704 °C.
Nevertheless two domains can be distinguished from Fig. 5 showing the
evolution of the attack vs temperature: below 561 °C and from 575 °C to
689 °C.

4.1. Metal dusting attack on the temperature range [504-561 °C]

Specimens look more or less uniformly corroded below 561 °C
because of the very high number of local attack. It was more difficult to
precisely determine pit parameters because of pits overlapping and
because maximum pit depth didn’t exceed 250 um. This led to large
discrepancy of the depth/diameter ratio over this temperature range.
The pit nucleation density at low temperatures should thus be very high
in comparison to higher temperatures. This finding should be in relation
first with the high driving force for carbon ingress existing at low tem-
perature, increasing nucleation sites like for precipitation reactions, and
second with the oxide scale thickness and its eventual defects. In the low



temperature range, where the oxide scale is very thin (a thickness of
60-80 nm was measured on thin lamella prepared by focused ion beam
on the sample exposed at 504 °C after 1500 h), it might be suggested
that the diffusion length of carbon through the chromia oxide scale grain
boundaries [51] can be larger than the oxide scale thickness. The
handling of samples (cleaning, hand weighing, positioning on sample
holder) also might in itself damage the oxide scale. Carbon ingress can,
thus, occur at physical defects in the scale [8]. As a consequence the
mass loss (Fig. 4) first concerns the entire surface of the sample on this
temperature range and second, increases with temperature because of
the increase of the diffusion rate of carbon in the alloy substrate. This
constitutes the first mass loss peak of the two reported on Fig. 4.

Regardless of the metal dusting initiation mode, the results mainly
showed the weakness of the oxide scale to protect the alloy from the
corrosion by carbon in this low temperature range from 504° to 561°C.
Further characterization of the oxide scales nature and composition
would be necessary for discussing the initiation mechanism, but this
does not fall in the scope of the present paper.

4.2. Metal dusting attack on the temperature range [575-689 °C]

At temperatures higher than 561 °C, the oxide layer looks to be a
more efficient diffusion barrier to carbon and the attack becomeslimited
to local areas. The attack is no more generalized to the entire surface and
as a consequence the mass loss sharply decreases.

However, one of the conclusions of the present study is also to reveal
that the use of mass loss to quantify the attack by metal dusting can lead
to erroneous results. Indeed if the mass gain evolution is considered
only, Fig. 4, two temperature ranges where the attack is severe are ob-
tained and in between a temperature range where the attack is very low.
One could conclude that the degradation rate in the temperature range
532 -561 °Cis more or less the same as the one at 646-660 °C while the
attack is rather negligible on the range 575 — 618 °C. These conclusions
fall down when comparing the mass loss results to the pit depth evolu-
tion vs temperature (Fig. 7b). This latter figure shows that the pit depth
continuously increases from 504° to 632°C, then decreases. This ten-
dency is in agreement with diffusion mechanisms being activated by
temperature (carbon ingress), and carbon activity evolution, the driving
force for metal dusting, that decreases when temperature increases ac-
cording to the CO reduction and the Boudouard reactions (Eq. 1 and 2,
Table 2, Fig. 2). To the author knowledge, this is the first time it is
evidenced that the in depth pit growth rate is a function of both tem-
perature and carbon activity.

The results also evidence that on this range of temperature pit
initiation has occurred, most probably during one of the intermediate
stops required for weighing the samples, as observed at atmospheric
pressure by Fabas et al. [20]. Cooling produces stresses in the oxide scale
which can create defects such as cracks where metal dusting degradation
initiates. This suggestion is sustained by two facts:

- the pit depth evolution vs exposure time follows linear kinetics
(Fig. 8a). The linear regression that is obtained passes close to zero
(Fig. 8a).

no pits were observed on the samples at the 250 h intermediate stop.
The first pits were observed at the 500 h intermediate stop. As the
treatment of data has evidenced that the lateral pit growth rate was
as high as 2.4 pm/h, no pits nucleated before the first stop. Thus it is
concluded that all pits of a same batch have nucleated simulta-
neously, at a stop.

Therefore several authors [8,46,47,52] have previously used thermal
cycling to make the metal dusting test more severe and to reduce the
incubation time.

4.3. Mass change or pit density measurements vs dimensional analysis

By the past, most of the authors have quantitatively characterized
metal dusting either looking at the number of pits per surface area (pit
density) at a given time [10] or measuring the mass change vs time at a
given temperature [1,10,12]. Nishiyama et al. [10] used a thermal
gradient experiment (454-777 °C) to evaluate the corrosion by metal
dusting in 24%C0-47%H2-6%C02-23%H0 for the 800 H alloy (hav-
ing a composition close to the one of the CT15C alloy). They determined
the number of pits per surface area to define the critical temperature
range for this alloy and found 650-660 °C at Py 40 bars and
610-620 °C at Py 25 bars. These values are not so far from the critical
temperature range observed in the present study at 1.1 bar
(630-660 °C), Fig. 7b. However the authors didn’t characterize the pits
dimension vs temperature such that the temperature range at which the
pit growth was really the fastest and the pit growth rate itself were not
determined.

The present study also evidenced that the metal wastage rates in mg/
cm?/h or mm/year are valid for general attack of the entire surface; i.e.
in the case of uniform degradation as previously proposed by Grabke
[7]. Thus, in the present study only the corrosion rate below 561 °C,
where a rather uniform degradation occurred, can be approached using
mass loss. However this situation is not the most problematic for the
alloy as evidenced in Fig. 7b that shows that the in depth pit growth can
be very high. In fact, none of these methods, the numeration of pits per
surface area (pit density) and mass loss measurements, can be used to
extrapolate the in depth pit growth rate which appears to be to the
present authors’ point of view the most critical data to extrapolate ser-
vice lifetime of materials.

4.4. In depth pit growth rate

Because the experimental determination of the pit growth rate re-
quires many materials, precise and time consuming operations, the
literature about pit growth rate is poor and the work of Fabas et al. [19]
has, from this point of view, to be emphasized. Indeed these authors
have proposed a modelling of the kinetics of pitting corrosion by metal
dusting for the 800HT alloy at 570 °C and 21 bars. Based on the lateral
pit growth rate and the observed pit depth/diameter ratio of one fifth,
authors determined indirectly the pit growth rate in depth.

The highest pit growth rate in depth in their case (800HT, 570 °C, 21
bars) was around 0.09 um.h ! [19]. Although this rate is already high
for the structural materials of a methane reformer plant, it could be
significantly larger if 570 °C, the temperature used in [19] to evaluate
metal dusting resistance, is not the most critical temperature for S00HT
alloy exposed to metal dusting under 21 bars. In fact, this temperature is
low regarding the temperature at which operate parts of methane
reforming equipment. It corresponds to a temperature of the equipment
during the gas cooling stage. Performing exposures in a thermal gradient
allows the identification of this critical temperatures range. In the pre-
sent study, the highest pit growth rate in depth is obtained at the tem-
perature of 632 °C and is equal to 0.84 pm.h%; i.e. nine to tenfold the
one obtained at 570 °C, 21 bars by Fabas et al. for 800HT, an alloy with a
composition not so far from the one of the present study. Of course the
direct comparison between Fabas’ results and the ones obtained in the
present study should be done with more care as is done here because the
gas pressure, the carbonaceous atmosphere and the used test rig are
different. Nevertheless the comparison gives an idea of what can be
missed and what can be deduced from the thermal gradient test.

4.5. Contribution of X-ray tomography to metal dusting attack
measurements

The 3D X-ray tomography characterization technique used in the
present study allows the evaluation of the morphology of the metal
dusting attack with a reasonable accuracy. Although the resolution of



such a technique is not very high in the used conditions (11 pm/vx), it is
sufficient to obtain quantitative data about pit development and metal
dusting wastage. In all cases, this accuracy is lower than the errors that
could be made by metallography. The 3D pit characterization evidences
that pits have a spherical cap shape with a constant pit diameter/pit
depth ratio at temperatures higher than 575 °C. For temperatures lower
than 561 °C, this ratio is not indicative because of the error made on the
measurements and also because of the number of pits; but from 575 °C
the ratio takes a constant value of 0.35. This trend was also observed by
[20] and [21]. The former determined a constant ratio of about 0.2 for
800HT, 601, 602CA, 617, 45TM alloys. 800HT is a Fe-based alloy and
the latters are Ni-based alloys. It can be suggested that the pit
morphology (pit diameter/pit depth) depends on the alloy composition
and microstructure, and/or of the gas pressure. However, further ex-
periments would be necessary to evaluate the influence of these factors
on this pit depth/diameter ratio. The importance of this ratio is obvious
for engineering and maintenance teams since it permits the monitoring
of the internal attack of industrial tubes. Indeed if tubes surface in-
spection can be completed in the critical temperature range after carbon
removing, using optic fiber for example, the diameter of the larger in-
dividual pits can be used to evaluate pit depth and so the residual tubes
thickness.

5. Conclusions

Fifteen samples of the Ni-Fe-Cr CT15C alloy have been exposed in a
temperature gradient from 500° to 700°C in a highly carburizing at-
mosphere. The main conclusions of this experimental work are as follow:

- All specimens suffer from metal dusting attack by pitting.

- At temperatures lower than 561 °C, the corrosion is rather uniform.
This result comes from the development of a high number of pits
(high pit density) causing an extensive overlapping of the pits.
Nevertheless the attack is characterized by a “low” alloy recession
rate. In such a case of metal dusting, mass loss measurement can be
relevant to quantify the degradation.

- At higher temperatures (> 561 °C) the density of the pits is reduced

and single pits develop with a regular spherical cap shape. In this

case, mass loss is not relevant anymore to monitor corrosion by metal
dusting and X-ray tomography succeeds in providing quantitative
and practical data.

Pits are first observed at the second stop of 500 h showing pit initi-

ation is due to defects introduced during thermal cycling or sample

handling.

Pit growth rates are peculiarly high on the 589-689 °C range with a

maximum at 632 °C for the alloy CT15C in the present condition. The

attack increased up to this maximum, and decreased above, because
of the opposite evolution of carbon activity and diffusion /reaction
kinetics.

The in depth pit growth rate has been shown to be a non-monotonous

function of temperature, with a maximum at intermediate temper-

ature. The in depth pit growth rate is thus considered to be both a

function of the temperature and of the carbon activity.

The pit diameter/pit depth ratio is 0.35 for this alloy in this tem-

perature and carbon activity range. Further investigations are

required to evaluate the effect of the alloy microstructure.

The metal dusting experiments carried out with a large thermal
gradient, as was done in the present study, are relevant for the deter-
mination of all the morphologies of carbon attacks. They make it
possible to identify the most critical cases and conditions for a given
alloy in a given atmosphere. When the spatial resolution of the X-ray
tomography is compatible with the size of the degradation, this tech-
nique is relevant. It makes it possible to characterize the damage in 3D at
each stop. Conventional metallographic techniques do not allow this
non-destructive analysis.
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