N

N

Fluid dynamic simulation of CrO2(OH)2 volatilization
and gas phase evolution during the oxidation of a
chromia forming alloy
Loic Oger, Hugues Vergnes, Brigitte Caussat, Daniel Monceau, Aurélie Vande
Put

» To cite this version:

Loic Oger, Hugues Vergnes, Brigitte Caussat, Daniel Monceau, Aurélie Vande Put. Fluid dynamic
simulation of CrO2(OH)2 volatilization and gas phase evolution during the oxidation of a chromia
forming alloy. Corrosion Science, 2022, 203, pp.110306. 10.1016/j.corsci.2022.110306 . hal-03656351

HAL Id: hal-03656351
https://hal.science/hal-03656351
Submitted on 30 May 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03656351
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0010938X22002244
Manuscript_59d366f48e¢361a78bba71b76c¢31336ac

Fluid Dynamic Simulation of CrO,(OH); volatilization and gas phase

evolution during the oxidation of a chromia forming alloy

L. Oger!”, H. Vergnes?, B. Caussat?, D. Monceau' and A. Vande Put!

I CIRIMAT, Université de Toulouse, CNRS, INP-ENSIACET, 4 Allée Emile Monso,
BP 44362, 31030 Toulouse Cedex 4, France
2LGC, Université de Toulouse, CNRS, INP-ENSIACET, 4 Allée Emile Monso, CS
84234, 31030 Toulouse Cedex 4, France

“ Corresponding author. Tel.: +33 (0)5 34 3234 16
E-mail address: loic.oger @toulouse-inp.fr ; 1.loic.oger @ gmail.com
Abstract: The influence of the chromia volatilization on the oxidation kinetics of Inconel 625
was investigated at 900 °C under flowing wet air (74%N»-18.5%0,-7.5%H>0) through an
interdisciplinary approach, coupling experiments and gas phase simulation. Oxidation tests
showed a strong decrease in the volatilization rate of lined-up samples from the inlet to the
outlet of a horizontal tubular furnace. Gas phase simulation allowed to relate it to an increase in
the CrO2(OH): partial pressure along the tube. Considering gas composition changes appears as
essential to provide correct interpretation of oxidation test results in humid and oxidizing

environments.
Keywords: Nickel (A), Superalloys (A), Weight loss (B), Modeling studies (B), Oxidation (C).
1. Introduction

Chromia forming alloys, especially iron-base and nickel-base alloys, are in widespread
use for applications at high temperature [1-5]. Their resistance against oxidation at high
temperature depends on their ability to form a protective Cr.O; scale. However, in many
industrial applications, among which turbine blades [1,6], jet engines [7,8] or solid oxide fuel

cells (SOFC) [1,9], the presence of water vapor in the oxidizing environment strongly
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influences the oxide scale stability and kinetics of growth. Several studies attributed this
phenomenon to the transformation of solid Cr2Os into various volatile species identified as CrO;
[10-14], CrO»(OH) [13] and CrO»(OH) [15] depending on the experimental conditions. More
specifically, Opila et al. [16] showed by experimental and theoretical approaches that
CrO>(OH). was the major species formed between 600 and 900 °C when Cr0O3 was exposed to
water vapor and oxygen, according to Reaction I. This was confirmed by other authors
[2,7,17,18].

1

> Cr,05(s) + 202 (g) + H,0(g) = Cr0,(0H),(g9) (Reaction 1)

The main detrimental effect of Cr-volatilization reported in the literature is a breakaway
on Fe-Cr alloys [3,19-23]. Asteman et al. [21,23] observed this phenomenon on a 304L alloy
exposed to O»+40vol%H,0 between 500 and 800 °C. They observed an enhanced Cr-depletion
at the alloy/oxide interface leading to a decrease in the activity of Cr. As a consequence, the
formation of a fast-growing non-protective Fe-oxide was then favoured, leading to a decrease in
the oxidation resistance of the alloy. Concerning the Ni-base alloys containing low Fe-amounts,
especially like the Inconel 625 (~1 at%), the formation of Fe-oxide scales is no expected [24]
but several authors observed microstructural changes of the protective scale in humid air (up to
19 vol% H,0) between 600 and 900 °C [17,18,25,26]. Indeed, the chromia scale was shown to
be partially replaced by NiO or NiCr2O4 which are less protective and thus detrimental for the
corrosion behavior of the alloys [25]. In experimental conditions close to industrial applications
(flowing Air+6 vol% H»O with a gas velocity of 6 m/s at 900 °C), Huczkowski et al. [25]
observed the formation of a mixed oxide CrNbOy after 1000 h of oxidation. This was attributed
to a decrease in the Cr concentration at the oxide/alloy interface beneath a critical level. This
was also observed by Romedenne ef al. [17] who studied the lifetime of a 625 alloy exposed in
flowing air + 10% H>O at 800°C: after 8000 h, the Cr,O3 layer was shown to be locally replaced

by the rapid growth of less protective spinel oxide nodules.



Understanding the influence of water vapor on oxidation kinetics therefore appears to be
an increasingly studied issue [27-31]. Most of the literature focuses on the changes in the
oxidation kinetics and the oxide scale microstructure and morphology due to the presence of
water in the oxidant environment, but few of the authors consider the evolution of the gas phase
composition during the oxidation tests. Young and Pint [32] and Holcomb et al. [1] first
evocated a possible change of the gaseous environment while the volatilization process occurs.
Indeed, the volatile species partial pressure would increase just over the oxide scale, which
would lead to a decrease in the volatilization kinetics as the reaction progresses. In particular, in
their study, Holcomb et al. [1] calculated the Cr,Os volatilization rate in a superheater
considering that the water vapor-rich environment could be enriched in volatile species. This
was considered in their calculation thanks to a methodology based on empirical correlations
using dimensionless numbers. The saturation of the gaseous environment in CrO>(OH), was
shown to lead to a decrease of 80% of the volatilization rate. In their recent work, Jacobson et
al. [14] combined Computational Fluid Dynamics (CFD) simulations with experiments to
describe the volatilization occurring at the surface of one single SiO; coupon exposed at 1650
°C. They demonstrated that in a gas mixture flowing through a tubular furnace, volatilized
species were released at the coupon surface before being swept down through the furnace by the
incoming flow. Considering one only coupon, the consequences are limited: the flow allows a
continuous renewal of the environment around the sample and thus the volatilization kinetics is
not modified. However, considering several lined-up samples as this is in usual cases, what
would be the consequences of gas phase changes? It is reasonable to expect that the
volatilization occurring at the first sample surface would modify the gas composition underwent
by the following samples and thus would influence their oxidation behavior. The same
phenomenon could be observed in industrial metallic pipes crossed by wet hot oxidant gases
where heterogeneous behaviors could be observed along the pipes. However, this phenomenon
which could lead to misinterpret the results is usually not taken into account in the majority of

experimental studies.



In this framework, the present study investigates the influence of the chromia scale
volatilization on the oxidation kinetics of a Ni-base alloy regarding the evolution of the gas
phase composition. The specificity of this study lies in the coupling of experimental and CFD
approaches to describe the evolution of the gaseous environment composition. As demonstrated
on SiO; by Jacobson et al. [14], this interdisciplinary approach allows to deepen the
understanding of the volatilization mechanism by simulating the surface volatilization reactions
and the resulting evolution of the gas phase composition.

This paper reports high temperature oxidation tests which were carried out at 900 °C under a
flowing wet air (74%N>-18.5%0,-7.5%H,0) and quasi-static laboratory air. Inconel 625 was
chosen for its ability to form, in the chosen experimental conditions, a dense CrO3 scale
without spinel (e.g. MnCr,O4) that could decrease Cr activity at the outer surface of the oxide
scale and thus reduce the volatilization rate [7,25,33]. This specific case was considered to
allow a first analysis of the gas phase composition during the volatilization. This article focuses
on the initial stages of oxidation and chromium loss due to volatilization, in other words, it is
not concerned with the very long times that lead to a breakaway oxidation when the Cr content
below the oxide layer becomes insufficient to ensure the formation of chromia. Three coupons
were lined up in the horizontal furnace in order to analyze the influence of the gaseous
composition on the oxidation kinetics at the surface of each of them. In this respect, flow rates
of 200 sccm and 500 sccm were chosen (i.e. gas velocities of 6 mm.s' and 1.4 cm.s™
respectively at 900 °C in the empty surface area of the furnace). These gas velocities are low as
compared to main in-service conditions (velocities of 3 m.s™ and close to 7 m.s! are generally
reached by gas turbine exhaust steam [34] and SOFC gas channels [35] respectively), but they
are typical of what is used in many laboratory studies. They were chosen to exacerbate the
phenomenon of gas phase enrichment by the volatile species and its influence on the oxidation
behavior of each sample. Higher velocities could have hidden this phenomenon. In addition, for
the configuration using flowing wet air, the local gas velocity and temperature, the surface

volatilization reaction on each coupon and the gas mixture evolution were studied by CFD



simulations in order to better understand the experimental results. The aim was to develop a
model which did not require empirical relations to determine mass transfer coefficients and that
could be a starting point for correlation of more complex phenomena, more representative of in-

service conditions.

2. Materials and Methods

a. Experimental process

Rods from the same batch of 625 Ni-base superalloy were used for all the experiments
carried out in this study. Their composition is given in Table 1. It can be noticed that the alloy
contains low amounts of Mn in order to limit the formation of Mn-rich spinel on top of the
oxide scale which could influence the volatilization phenomenon [1]. The samples consisted of
disc-shaped coupons of 12 mm in diameter and 1.5 mm in thickness. Considering that the
surface of the coupons directly influences the volatilization rate and thus the volatile species
content of the gas mixture, a deviation of a maximum 5 % of the dimensions was allowed
between samples. A hole of 2.5 mm was drilled at the very center of each specimen in order to
allow the insertion of alumina rods necessary for sample positioning. Before oxidation tests, the
samples were ground with SiC paper to a P600 grit surface finish and cleaned in ultrasonic bath

with ethanol.

Table 1 Chemical composition of the Inconel 625 Ni-base superalloy investigated in at%. The analyses were made

by EDS.

Element Ni Cr Fe Mo Nb Al Si Ti Mn

at% 60.7 26.5 4.5 53 1.8 0.6 0.3 0.2 <0.1

All experiments consisted in isothermal oxidations carried out at 900 °C and under
atmospheric pressure. A first test was conducted for approximately 500 hours in a furnace under
quasi-static laboratory air and will be considered as the reference for the present study. All other

oxidations were performed in a specific horizontal furnace allowing the control of the water



vapor content of the flowing gas mixture, as illustrated in Fig. /. The volumetric inlet flows of
O and N, were independently managed thanks to gas flow controllers. The furnace consisted in
an alumina tube with an inner diameter of 55 mm and a length of 1200 mm, heated by a three
zones furnace. The wall’s temperature profile was precisely measured every centimeter along
the tube under a N, gas flow of 200 sccm (standard cm?/min), using a K-type thermocouple with
an accuracy of + 2 °C. The settings applied allowed an isothermal zone 20 cm long with a
temperature of 900 £ 5 °C between 49 and 69 cm from the inlet.

The atmosphere for wet oxidation tests consisted in a 74%N>-18.5%0--7.5%H>0
(vol%) gas mixture (called wet flowing air thereafter). The wet gas was generated by passing a
mixture of nitrogen and oxygen through a thermostated water saturator. The temperature of the
distilled water in contact with the gas mixture was set at about 10 °C higher than that required to
produce the nominal py,o. The excess water vapor was subsequently condensed by cooling the
wet gas in a distillation column. The temperature of the column was set so that the excess water
vapor was entirely condensed in the distillation column, ensuring a water vapor content of 7.5
vol%. All pipes from the humidifier up to the furnace inlet were heated thanks to heating cords
at 70 °C in order to avoid water condensation. A condenser placed at the outlet of the furnace
allowed to check that the required water amount was maintained during the tests. According to
preliminary CFD calculations carried out on FLUENT Ansys®, an inlet flow of 200 sccm was
chosen to ensure a homogeneous flow around each sample. Tests with a flow rate of 500 sccm
were also carried out to confirm the relevance of the approach.

Three samples spaced as described in Fig./ were placed in an alumina sample holder in
the isothermal zone of the furnace for oxidation durations of 500 h. In the following, the
specimens will be designated as Upstream, Central and Downstream, according to their position
in the furnace. Complementary temperature measurements were made using K-thermocouples
welded on three similar samples under a 200 sccm N> flow in order to check that all samples

reached 900 °C.



For all oxidation experiments, the samples were regularly removed from the furnace and
cooled to room temperature before being weighted on a microbalance with an accuracy of 20
pg. A maximum of 1 h was taken to make these measurements after what the samples were

directly reinserted in the hot zone.

Upstream  Central Downstream
(-8cm) (0cm) (+10 cm)

Alumina tube

55 mm Thermo
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Condenser

Heating cords
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Water collector Valve
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Gas flow
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Condenser

Humidifier
Water tank
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Figure 1 Schematic representation of the setups used for oxidation tests in flowing 74%N2-18.5%02-7.5%H:0.

The oxide scale phases were analyzed thanks to X-ray diffraction (XRD) using a Bruker
D8 Discover diffractometer equipped with a copper source. The measurements were performed
at room temperature with a -8 mounting, from 20° to 120° (in 20, with a step of 0.05° for an
acquisition of 8 s per step).

The surface and cross section of the oxidized samples were observed by scanning
electron microscopy (SEM) with a FEI Quanta 450 microscope using secondary electron (SE)
and backscattered electron (BSE) modes.

The thickness of the oxide scales formed was measured using ImageJ on at least 6 SEM
images with a systematic method. A threshold was applied to isolate the Cr,O; scale which
appeared in dark grey in BSE mode. Its surface area was then measured. It was thus possible to

estimate its average thickness by dividing the area by the length. The measurement errors



related to the irregularity of the oxide morphology were then considered to be similar on all
samples, making them comparable.
A Bruker Quantax EDS detector was used to determine the composition of the oxide

scale and to measure Cr depletion from the alloy/oxide interface to the core of the samples.

b. Process simulation

i. Model description

A CFD model was developed to simulate the transport phenomena existing in the gas phase
and the formation of CrO»(OH); according to Reaction 1. The numerical simulations were run
using the computer design software, mesh generator and CFD code FLUENT ANSYS® 18.2.
This code is a pressure-based, implicit Reynolds Averaged Navier Stokes solver that employs a
cell-centered finite volume scheme having second-order spatial accuracy. It discretizes any
computational domain into elemental control volumes, and permits the use of quadrilateral or
hexahedral, triangular or tetrahedral and hybrid meshes. The local gas flow and temperature
profiles were calculated by solving the mass and momentum conservation and thermal energy
balance equations in each elementary discretized volume. The local distribution of species mass
fractions and local vaporization reaction rates were calculated by solving the species
conservation equations and the procedure detailed below.

Several assumptions were made to simplify the calculations:

* Steady-state conditions;

* Laminar gas flow, consistent with Reynolds number < 1000;

e Ideal gas;

* Incompressible gas flow due to the low Mach number < 0.04 in the furnace.

The physical properties of Oz, N> and H>O were calculated from the FLUENT database
using the kinetic theory of gases. For CrO,(OH),, data to calculate the Lennard-Jones

parameters were not available and thus, mean values close to that used by Young et al. [32]



were considered (collision diameter o (equal to 4.5 A) and characteristic energy of interaction &

(with e/k equal to 340, k being the Boltzmann’s constant).

The reactive area, the inlet pipe and the section reductions of the outlet, as they can

presumably influence the gas flow, were represented by a three-dimensional (3D) geometrical

domain of 2,213,966 hexahedral and tetrahedral cells. A refinement of the mesh was made

around the samples and the substrate holder with a cell size of 300 pm. Taking advantage of the

symmetry along the vertical symmetry plane (YZ plane on Fig.1), only half of the furnace was

simulated.

The following boundary conditions were considered:

A mass flow of 200 sccm was fixed at the gas inlet, corresponding to the
experimental value. The gas temperature at the inlet and the wall temperature in the
inlet pipe were respectively set equal to 70 and 96 °C, corresponding to
experimental measurements. All species inlet mass fractions were fixed to the
experimental values.

A classical no-slip condition was applied for the gas velocity on the solid surfaces:
walls, substrate surfaces, sample holder and alumina rods. A User Defined Function
(UDF) was used to impose the temperature profile experimentally measured on all
the walls, except on the samples on which the temperature was set at 900 °C as
experimentally measured.

The mass flow density of each species (except N») on the sample surface was
calculated from the volatilization rate detailed below and the stoichiometric
coefficients of Reaction 1. On all other surfaces, which are in inert alumina, these
mass flows were considered as zero.

At the exit, a pressure outlet boundary condition was applied. The total pressure
was fixed at the operating pressure, equal to atmospheric pressure (101 325 Pa). A

zero-diffusion flow was applied to all other gas phase variables at the exit.



The volatilization reaction was implemented into FLUENT as a surface reaction. It was
quantified thanks to a second UDF. Only the phenomena represented by Reaction 1 were
considered, assuming that the surface of the samples was rapidly fully covered by Cr,O; and
thus that the chromia scale formation was not rate-limiting. Indeed, experimental tests and
calculations were carried out in the regime of chromia scale growth before reaching significant
Cr-depletion in the metallic alloy. Several authors showed that for high enough amounts of Mn
and Ti, spinel and Ti-rich oxide could form on top of the oxide scale of chromia-forming alloys.
This is known to shield the volatilization of Cr,O3 considered in the CFD model. However, in
the present study, microstructural observations and oxide scales characterization by XRD and
EDS allowed to consider these oxide formation as negligeable in a first approximation (as
detailed in section 3.b.ii below). The diffusive transport of the volatile species from the surface
was supposed to be the rate-limiting step. So, the rate of the volatilization reaction was assumed
to be equal to the diffusive flux leaving the sample surface. The diffusion of CrO(OH), in the
flowing gas mixture was quantified by the Fick’s law (Equation 1). The aim was to take into
account the reduced driving force for the volatilization due to the enrichment of the atmosphere
with CrO»(OH), (Reaction 1), as discussed by Holcomb et al. [1] and done by Jacobson et al.

[14]:

_ Dcro,omy,

Jero,omy, = T dRT (P groz(OH)z - Pg;Oz(OH)z) (Equation 1)

Where Jcro,omy,is the flux density of CrO»(OH). (in mol.m2.s), Dcro,(omy,is the
diffusion coefficient of CrO,(OH); in the gas mixture (in m2.s™), d is the characteristic length
used by Fluent to calculate diffusive fluxes (in m) and PgrOZ(OH)Z and Pgoz(omz stand for the

partial pressures of CrO»(OH), respectively close to the surface and in the free gas (in Pa). The

partial pressure of CrO(OH): close to the substrate surface was assumed to be equal to its

equilibrium pressure (Pcsroz(o my,) calculated by Equation 2.
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S 1, 3/, AG° ‘
Pero,omy, (atm) = aCrZO3P Hy0F 0, €XP| — RT (Equation 2)

In this expression, d¢y,o,stands for the activity of Cr,Os (set equal to 1, considering that
no other oxide compete with Cr203), Py,o and Py, are the partial pressures of HO and O

respectively (in Pa), AGis the standard Gibbs energy of Reaction (R1) (in J.mol!), R the gas
constant (in J.mol".K™") and T the temperature (in K). The standard Gibbs energy was estimated
using the thermodynamic calculations of the reaction enthalpy and entropy of Opila et al. [16]

with T in K (Equation 3):

AG° = 53500 + 45.5T (J/mol) (Equation 3)
So, in Equation 1, the flux density and the CrO,(OH); partial pressure in the free gas are
unknown. The implementation of the UDF avoids any fitting of the kinetics because the flux
density is calculated in a first step thanks to the UDF, then FLUENT can estimate partial
pressures. As for all unknown parameters, FLUENT used an iterative procedure to adjust their

values up to convergence.

ii. Methodology of comparison between experimental and simulation results

Using the simulation results, the CrO2(OH). fluxes released from the coupon surfaces
were calculated, allowing to obtain CFD volatilization constants (k,”) values. It is worth noting
that as Equation 1 is based on several questionable assumptions previously described, one of its
parameters was adjusted to better represent the experimental volatilization constants. Indeed, in
this equation, the Cr,Os activity and the Gibbs energy values are not well established.
Concerning the first parameter, the oxide scale formed was mainly Cr.Os. Reducing the activity
of the oxide would therefore not have been consistent. Holcomb er al. [6] reminded in their
study, this parameter was not well established for CrO>(OH); justifying an adjustment. Initially,
AG° was set to 107 kJ.mol"! according to Opila et al. [16] study. By comparing the values

obtained by CFD and from experiments, we found that a better fit was reached for 100 kJ.mol™'.
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For comparison with the simulation results, experimental data extracted from the mass
variation curves of the oxidized 625 alloy were used to determine the parabolic oxidation
constant kj, and the volatilization constant k; on different samples. This was done using
Equation 4 that describes the global mass variation kinetics and considering no variation of the
samples surface along the oxidation tests. In this expression, m is the mass of the sample per
unit area (in mg.cm?), mo is the oxygen mass gain per unit area due to Cr,O; formation (in
mg.cm?), ¢ is the time (in s). Despite years of studies [3,7-9,14,16,32], no mathematical
solution was found to Equation 4 making it difficult to directly determine a value of
volatilization constant k;, from the experimental data. Thus, a numerical fit of the mass
variations was proposed to approximate the experimental volatilization rate.

d k;
an_ " _ k!, (Equation 4)
dt Zmo

3. Results and discussion

a. Preliminary tests — volatilization highlighting

Preliminary tests were carried out in the tubular horizontal furnace at 900 °C with a
flowing wet air of 200 sccm. Fig. 2a shows the mass variations of the three samples as a
function of their position in the furnace after 72 h of exposure. Also, the mass variations
obtained after 72 h in quasi-static laboratory air is given as a reference.

Two striking points were highlighted by this test. The first one is the low mass
variations of the samples oxidized in the presence of water vapor compared to the reference
(whose mass gain was equal to 0.42 mg.cm™ after 72 hours of exposure). The second, is the
significant increase in the mass gain from the Upstream to the Downstream sample. Considering
that all three samples were taken from the same batch, underwent the same surface preparation
and were located in the isothermal zone of the furnace, this result was not expected in a first

approach.

12



A complementary test was carried out in order to ensure that the mass variation

differences were not related to the samples themselves. The same three oxidized samples were

exposed again for an additional 72 hours duration to similar oxidizing conditions. However, the

Upstream sample was placed Downstream and conversely. Only the Central specimen was

placed at the same position than in the first 72 hours. The mass variations measured after the

second run of 72 h are reported in Fig. 2b. It can be noticed a decrease in the mass change of the

Upstream sample which showed the highest mass gain after the first 72 hours of exposure at the

Downstream position. On the contrary, the Downstream sample which showed the lowest mass

gain after the first run of 72 hours (at the Upstream position) showed a strong increase in its

mass during the second run.

0.2

0.16

0.14

0.12

0.1

0.08

0.06

Mass variations (mg/cm?)

0.04

0.02

[l Mass variations after 72 hours

a)

Ref: 72 h in quasi-static laboratory air:

0.42 + 0.02 mg/cm?

Upstream

Central

Downstream

Mass variations (mg/cm?)

0.14

0.12

0.1

D Mass variations after the first run

[l Mass variation after the second run (+72 hours)

b) Ref: 144 h in quasi-static laboratory air:
0.51 = 0.07 mg/cm?

Upstream Central Downstream

Figure 2 Influence of the sample position on the mass variation of the 625 alloy exposed at 900 °C and Pam in

74%N2-18.5%02-7.5%H:20 flowing at 200 sccm: a) after the first run of 72 hours and b) after the second run of 72

hours following the switch of the Upstream and Downstream samples. The mass variation references measured after

72 hours (a) and 144 hours (b) of oxidation in quasi-static laboratory air are given as reference.

This couple of experiments was the starting point of the present study. Firstly, the lower

mass gains of the samples exposed to flowing 74%N>-18.5%0,-7.5%H,0O compared to the

reference in quasi-static laboratory air highlighted the important volatilization of the chromia

scale, as observed in several works [5,32,36,37] and as expected considering Equation 4.
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Secondly, the heterogeneity of the mass variations for the first 72 h of exposure suggested an
eventual influence of the sample position on the oxidation behavior, and more specifically on
the volatilization rate. The important mass changes measured on the Upstream and Downstream
specimens after their position change for the second 72 h test confirmed the influence of the
sample position on the volatilization kinetics.

All parameters being similar for the three samples, the main hypothesis proposed to
explain these differences was a change in the gas mixture composition, more specifically an
enrichment of the gas flow in CrO>(OH); volatile species. As described by Equation 1, the
CrO,(OH), flow leaving the oxide scale surface should be reduced by an increase in the
CrO»(OH) partial pressure of the environment. Therefore, a gas mixture enriched in volatile
species arriving at the surface coupon would slow down the volatilization rate. This
phenomenon was evocated by Holcomb et al. [1] as one possible way to mitigate the
volatilization of the chromia scale.

The main consequence of this slowing down of the volatilization from the Upstream to
the Downstream could lead to large oxidation kinetics differences along pipes crossed by
oxidizing and water vapor-rich gases, with a higher degradation in the Upstream areas. From an
experimental point of view, this means that the three aligned samples along the flow direction
should not be considered as if they underwent similar environments. Their oxidation kinetics
cannot be used together to determine a mean value as if they were the repeatability samples of
one unique test. In an industrial point of view, this suggests that a pipe crossed by a flowing
oxidizing hot gas enriched in water vapor could show heterogeneous oxidation behaviors from
entry to exit. In order to correctly interpret the results of oxidation in the presence of water
vapor, the influence of the CrO,(OH), enrichment of the environment will be deeply

investigated further down in the article.

b. Effects of water vapor

i. Mass variations

14



To complete the previous results, similar oxidation tests were carried out for longer
durations. Fig. 3 offers a comparison of the oxidation behavior of the 625-alloy exposed to

quasi-static laboratory air and to flowing wet air for 500 h.

1.0
-< - Quasi-static laboratory air
0.9 1 |—e—Upstream
—B— Central P < | Quasi-static
0.8 +| -4 Downstream -7 .0 laboratory air
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é 0.3 ’0/
= 03 +
I ¢ A
» 02 +
a A
S 0.1
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74%N,-18.5%0,-7.5%H,0
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Figure 3 Mass variations versus time for 625 specimens oxidized for approximately 500 h at 900 °C in dry air in

quasi-static laboratory air and in flowing 74%N2-18.5%02-7.5%H20 (Upstream, Central and Downstream samples).

Under quasi-static laboratory air, the mass variations follows a parabolic oxidation law
(Equation 5) with a parabolic oxidation constant k, equal to (5.1% 1.1) x 10" mg2.cm™.s”!. The
gap noticed between the two curves shows the results dispersion. As a comparison, Buscail et al.
[7,9] found a value of 3.2 x 107 mg2cm*.s! for the 625 alloy oxidized at 900 °C in air
containing 0.3 vol% H»O for 48 h of exposure which is consistent with our results, especially

considering that the laboratory air cannot be considered as dry.

Am .
~ = ’kp X t (Equation 5)

For the three samples exposed to flowing wet air, the mass variation curves (Fig. 3)
show a mass increase up to a maximum depending on their relative position in the furnace,

before decreasing according to a linear law until the end of the test.
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This specific mass variation-curve shape is characteristic of an oxide scale growth
controlled by diffusion trough the oxide scale combined to an oxide volatilization at a constant
rate. The global lower mass variations compared to those measured in laboratory air were
consistent with a competitive chromia-loss due to volatilization and the oxygen gain to form the
chromia scale, following a law represented by Equation 4. After the transient stage, the chromia
scale thickening slows down, in agreement with an oxidation kinetics controlled by diffusion

across the oxide scale but also because of its volatilization, as described by Equation 6.

de_kp

=2y (Equation 6)
dt 2e °

Where e is the thickness of the oxide scale, ¢ the time, k, the parabolic oxidation constant in

cm2.s™!

, proportional to the diffusion coefficient in the oxide scale, and k, the linear
volatilization rate of the oxide scale in cm.s™.

Equation 6 shows that the growth rate of the scale is decreasing with the increase in the
scale thickness to eventually reach a steady state when the thickness approaches a limit value,

e1, as described by Equation 7.

de

k
=0=> ¢ =+
dt

=3 P (Equation 7)

The mass gain thus slows down and decreases as the oxide scale grows until e is
reached. When the steady state is reached, the oxide scale thickness is constant but the sample is
losing a mass corresponding to the Cr lost by volatilization.

Fig.4 also confirms the results of the preliminary tests, namely, the influence of the
relative position of the samples on their oxidation behavior. The Upstream coupon showed a
maximum weight gain (0.14 mg.cm™) after only 72 hours and then reached a linear steady-state.
This sample underwent negative mass variations after 200 h of exposure. As a comparison, the

Central and Downstream coupons reached a higher maximum weight gain (0.245 mg.cm™) after

96 h and their kinetics of mass loss during the steady state was slower. Only slight differences
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were noticed between the Central and the Downstream samples, which behaviors can be
considered as very similar knowing the measurement dispersion.

Since no analytical solution of Equation 4 exists, it was solved numerically with an
incremental calculation. This numerical solution of the net mass change as a function of time
was fitted to the experimental data. In the proposed approach, k;, and k,, were modulated to fit a
mass variation curve based on Equation 4 with the experimental data obtained for each sample.
It was thus possible to approximate the values of both constants. When doing these fits, it was
found that the curve fitting for the first 20 h was not perfect. This was attributed to an initial
oxidation regime with faster oxidation kinetics, as often encountered with Ni-base superalloys.
As shown by Equation 4, the initial mass gain (when m, is small) is mostly due to diffusion
(kp). The variations during the transient regime affected the fitted value of kj which in turn
affected the fitted value of the volatilization parameter k;,. Therefore, it was decided to fit the
mass change curves between 20 and 500h and with a unique common value of k,, for all three
coupons. This value of k;, corresponds to the growth of the oxide scale when there is no oxide
volatilization. Moreover, it can be experienced that if the values of k; and k;, are modified by
10% for the Upstream sample and 3% for the Central and Downstream ones, the quality of fits
is severely degraded. This allows to define the precision of the obtained values (one example is
given in Fig. 10b).

The determined values summarized in Table 2 show a decrease in the k;, values from
the Upstream sample to the Downstream one. This is consistent with the preliminary
experiments and confirms the hypothesis of a larger volatilization rate occurring at the
Upstream coupon surface compared to the next coupons. It can be argued that when the flowing
gas met the Central and then the Downstream samples, the environment was not only 74%N,-
18.5%0,-7.5%H-0. It also contained CrO,(OH), due to its formation at the Upstream coupon
surface. This CrO2(OH), enrichment of the gas phase would then lead to a decrease in the Cr-

volatilization and thus in the lower mass loss of the Central and Downstream samples,
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according to Equation 1. Finally, the fact that no significant difference was noticed between the
last two samples suggests that the volatilization reaction at the Upstream sample surface
sufficiently increased the CrO.(OH), amount to considerably decrease the volatilization rate on
the following samples and that, in comparison, the contribution of the Central sample to the
volatile species enrichment of the gas flow was negligeable. This phenomenon will be more

deeply investigated below in the article.

Table 2 Values of k;, and k;, estimated by numerical fit based on the experimental data. The standard deviation of the

k;, values were determined by modulating k,, values to make the numerical fit surround the experimental mass

variation curves.

Position k;, (mg2.cm™.s™) k, (mg.cm?s1)
Upstream 2.83x 107 (4.5+0.5)x 107
Central 2.83 x 107 (2.85+£0.1) x 107
Downstream 2.83 x 107 (26+0.1)x 107

ii. Scale morphology and composition

Fig. 4 shows SEM micrographs of alloy 625 coupon surfaces exposed to quasi-static
laboratory air and to flowing wet air. A dense Cr,O3 scale was observed on all samples and only
slight differences were highlighted. The chromia scale grown in quasi-static laboratory air (Fig.
4a) appeared to be a bit denser than in the presence of water vapor where a more granular
structure with more pronounced Cr,O3 grain boundaries was observed (Fig. 4b, 4d, 4e).

Fig. 4c shows a magnification of the Upstream coupon surface after 500 h of oxidation
under the flowing wet gas. Whiskers were observed all over the surface and their density
decreased from the center of the disc-shaped sample to the external edges. This specific blade-
shaped growth of Cr,0; is frequently reported when water vapor is present among the oxidant
gases [38—41]. In their review, Saunders et al. [3] explained that the mechanism for whiskers
formation, at first discussed by Raynaud er al. [42], was related to the presence of dislocations

in the oxide independently of the volatilization. Nguyen et al. [39] recently confirmed this
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hypothesis by TEM observations of blade-shaped whiskers on a Fe-base alloy oxidized at 818
°C in an Ar-20%C0:-20%H>0O mixture. They showed that the blade nucleation frequency
increased with the surface roughness of the scale thickness, associated with a growth of the
stresses in the oxide. Concerning the specific influence of the water vapor, they suggested that
the formation of the whiskers was related to a faster dissociation of water molecules at the tip of
the blades, favoring their growth [42].

In the current study, the presence of blades on the Upstream sample only would thus
suggest that this latter underwent a stronger influence of the water vapor. This would be
consistent with the mass variation curves which showed that the Upstream sample was more
susceptible to volatilization. The condenser placed at the exit of the furnace allowed to measure
the water volume after the reaction with the samples. No significant water loss was measured in
the gas mixture after crossing through the furnace. This confirms that only a negligible amount
of water vapor was consumed by the Upstream sample. Moreover, considering Equation 2, a
maximum oxyhydroxide partial pressure of 3.64x107 atm should be formed at the coupon
surface, which should lead to only small changes in the water vapor partial pressure. As a
consequence, the water vapor reaction with the Upstream sample cannot explain why whiskers
were not observed on the oxide of the Central and Downstream samples. It is possible that the
surface morphology of Cr,Os at the surface samples could be impacted by the volatilization
phenomenon and not only by the presence of water vapor in the gas phase. Indeed, the presence
of CrO2(OH). in the gas phase flowing over the Central and Downstream samples could
influence and potentially limit the water vapor adsorption at their surface and thus the formation
of whiskers. The presence of these whiskers could influence the volatilization rate on the
Upstream sample surface by significantly increasing the reactive surface as compared to the

Central and Downstream samples.
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Figure 4 SEM images of alloy 625 surface after 500 hours of oxidation at 900 °C in quasi-static laboratory air (a) and

under flowing 74%N>-18.502-7.5%H20: b) and c¢) Upstream, d) Central and e) Downstream.

The XRD spectra in Fig. 5 confirm that the oxide scale formed on the sample surface
was mainly composed of Cr,03, independently of the environment considered. This was also
true on the Upstream sample, confirming that the whiskers had a composition similar to the
oxide scale. Moreover, the Cr,O3 peaks showed similar intensities without and with water vapor
suggesting that the presence of water vapor did not modify the crystallographic texture of the
oxide.

These analyses also highlighted the presence of the 3-NisNb phase as classically
observed during the oxidation of the 625 alloy. Chyrkin et al. [33] explained this phenomenon
by an uphill diffusion of Nb due to a decrease in the Nb activity in the Cr-depleted zone below
the oxide scale. As a consequence, a thin layer of NizNb formed directly beneath the Cr,Os
scale, as confirmed by SEM and EDS analyses and shown for the Upstream sample in Fig. 6.
The latter details only the results concerning the Upstream sample. Indeed, all other samples,

whatever the environment and position, show a very similar microstructure. These observations
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confirmed XRD results and allowed to implement the discussion about the oxide scale. Indeed,
in Fig.6, local Ti-enrichments were highlighted in the oxide scale, with a mean amount of 0.8
at% (based on 8 measurements) and a maximum of 1.2 at% measured by EDS with quantitative
method. Although it was not directly observed or detected by XRD, this suggests that Ti-rich
oxide may have formed at the scale surface in very small amounts or might form for longer
exposure durations. Titanium nitrides were also observed in the matrix in Fig.6 as expected
according to the literature review [43—45]. Concerning the Mn amounts, it is known that
chromia forming alloys containing more than 0.3 wt% of Mn may form spinel rich in Mn and
Cr (e.g. MnCr,04) [46]. The spinel forms at the gas/oxide interface which is explained by the
fast outward diffusion in Mn through Cr;03 at 900 °C compared to Ni or Cr as shown by Lobnig
et al. [47] who measured the diffusion coefficients of various elements including Mn in pure
chromia. The low amounts of Mn measured in the 625-alloy used in this study can explain why
no spinel was observed. In very similar experimental conditions, several authors draw the same
conclusions on 625 alloys [7,17]. Quantitative EDS analyzes were carried out to measure the
Mn amount in the oxide scale and showed a mean value of 0.4 at% (based on 8 measurements)
and a maximum value of 0.5 at%. However, these results must be considered carefully. Indeed,
the EDS analyses accuracy is of 0.5 at% for Mn and the Ka of Mn (5.900 keV) intersect the K
of Cr (5.947 keV). A last observation with SEM-EDS was the precipitation of aluminum oxide
along the grain boundaries below the oxide/alloy interface, as frequently observed in 625 alloy

[48].
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Figure 5 XRD measurements after 500 h oxidation of the 625 alloy at 900 °C in quasi-static laboratory air

(Reference) and under wet flowing air (Upstream, Central, Downstream). (®: Cr203 / A: NizNb / o: Ni)

Figure 6 Cross section of alloy 625 (at the Upstream position) after 500 h of oxidation at 900 °C in 74%N2-18.5%0O:-

7.5%H20 observed by SEM in BSE mode and analyzed by EDS.
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Based on SEM observations, the thickness of the Cr,Os scale after 500 h of oxidation in
quasi-static laboratory air and in flowing wet air was measured and values are summarized in
Table 3. For the reference sample exposed in laboratory air, the measured oxide thickness
corresponds to the continuous growth of Cr,Os which is not the case for the three samples
oxidized in the water vapor enriched gas flow. Indeed, for these lasts, as previously explained,
at this stage, the steady-state was reached. Thus, the thickness of the oxide scales which was
measured corresponded to e (Equation 7). Table 3 shows that the presence of water vapor led
to a decrease in the oxide thickness compared to the sample tested in laboratory air. This is
consistent with a slowdown of the oxide growth kinetics due to the volatilization, according to
Equation 6. Moreover, e, was shown to be smaller at the Upstream coupon surface than for the
Central and the Downstream samples. This was also expected, considering Equation 7, which
defines e, as only dependent on k, and k,, and the fact that k;, was higher on the Upstream
sample than on the other ones (Tables 2 and 3). Such evolution of the oxide scale thickness in
the presence of water vapor was also noticed on Ni-25Cr alloys exposed at 1000 °C in
air+80%H,0 [37] and in air with 180 mbars H,O [49]. In both cases, the presence of water
vapor during high temperature oxidation was shown to enhance chromia volatilization. The
evolution of the oxide scale thickness between the three samples tends to confirm that the

Upstream coupon underwent an environment favoring more volatilization than the two others.
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Table 3 Comparison of the Cr203 scale thickness on the reference 625 alloy oxidized 500 h in quasi-static laboratory
air at 900 °C and the 625 Upstream, Central and Downstream samples oxidized 500 h in flowing 74%N2-18.5%02-

7.5%H20. The measurements were carried out using the ImageJ software.

Samples Experimental Cr,0;3 er, (um) calculated from
thickness (um) Equation 7
Reference 6.5+£0.9 -
Upstream 43+0.3 4.1
Central 52+02 6.5
Downstream 50+04 7.2

iti. Chromium depletion

The last studied parameter was the influence of the volatilization during oxidation on
the Cr depletion under the oxidized surfaces. Fig. 7 shows EDS profiles of Cr atomic
composition of samples exposed in quasi-static laboratory air and in flowing wet air. The
profiles were obtained from the bulk oxide scale to the core of the specimen. The Cr-depletion
was shown to decrease from the Upstream to the Downstream sample, this latter having a Cr-
profile close to the sample exposed in laboratory air. This result is consistent with previous
observations: the faster volatilization rate on the Upstream sample implies a larger Cr-depletion
to maintain the Cr.Os scale. The increased Cr-depletion was observed before by Young and Pint
[32] on thin foils of alloy 709 exposed 5000 h in air + 10%H>O at 800 °C. In their study, they
performed complementary calculations which allowed a comparison between the Cr mass loss

and the Cr mass used for the Cr,O3 growth and the CrO,(OH), volatilization.
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Figure 7 Variations of the Cr atomic percent from few um of the alloy/oxide interface to the bulk alloy measured by
EDS in coupons oxidized 500 h at 900 °C in quasi-static laboratory air and in flowing 74%N2-18.5%02-7.5%H20

mixture
c. CFD calculations

The aim of the CFD simulations using FLUENT Ansys® is to analyze the consistence
of the hypotheses previously drawn on the volatilization process and the influence of the gas
phase composition changes on the sample oxidation behavior.

All the simulation results are plotted along the vertical symmetry plane of the furnace.
Fig. 8a shows the gas velocity profile in the whole furnace. The highest velocities (max. 1.1
m.s!) were logically observed in the inlet and outlet tubes, corresponding to zones of reduced
section area for the gas flow. In Fig. 8a the maximal value of the scale was set to 1.8 x 10" m.s™!
in order to better display velocity variations around the samples. Recirculation loops are visible

in the 20 first cm near the inlet, due to the offset position of the inlet tube. They do not influence
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the gas flow behavior in the isothermal area where the oxidation / volatilization reactions occur.
Indeed, a parabolic profile is observed in the furnace before and after the sample’s region,
corresponding to a classical laminar flow behavior. The average velocity on a furnace section
area logically increases with the gas temperature, due to the increase in the gas volume. Fig. 8b
focuses on the gas velocity vectors evolution in the isothermal zone. The velocity profile
appears to be very similar around the three samples independently of their position in the
furnace, another time of parabolic shape. At 100 um from the sample surfaces, the local gas
velocity is close to 1.8.107 m.s™.

The temperature profile of the gas mixture in the whole furnace is provided in Fig. Sc. It
follows the profile imposed on the furnace walls by the UDF thanks to high conductive and
convective thermal transfer rates. The gas reaches the nominal temperature of 900 +/ -5 °C 5 cm
before the samples zone, which appears to be isothermal at 900 + 5 °C till 5 cm after the last

sample. This explains why the gas velocity profile is similar around the three samples.
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Figure 8 a) Gas velocity profile along the vertical symmetry plane of the furnace, b) Gas velocity vectors drawn in

the isothermal zone around the three samples and c¢) Temperature profile along the vertical symmetry plane of the

furnace. The gas flows from the left to the right.

Fig. 9 shows the evolution of the species molar fractions in the isothermal zone. For
oxygen (Fig. 9a) and water vapor (Fig. 9b), a very slight decrease in their molar fraction is
calculated along the furnace length in the samples zone, explaining the pixelated shape of the
profiles. This decrease is due to the formation of CrO»(OH), in the gas phase and to the increase
in its molar fraction while the reaction occurs on the sample surfaces (Fig. 9c). A maximum
CrO>(OH), partial pressure of 3.6x107 atm was calculated at the sample surfaces, very close to
the CrO»(OH), partial pressure at equilibrium expected from Equation 2. These low quantities
of volatile species released from the samples surface explain why only slight changes were
noticed for the molar fractions of O, and H>O which are in excess (a difference of 5 orders of

magnitude compared to CrO»(OH),). These small changes are consistent with the fact that no
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water consumption was measured in the water collector placed at the furnace outlet, as
previously discussed. It can also be noticed that the molar fraction changes (approximately 10
*%) in O, and H,O occur 15 cm before the first sample, due to CrO,(OH). diffusion in the
flowing gas.

More specifically, the CFD calculations show that even if the molar fraction of volatile
species released is low, this is enough to modify the local gaseous environment around the
samples with a flow rate of 200 sccm, which could explain the previous experimental
observations. To better analyze this aspect, the CrO2(OH). molar fraction evolution along a line
in the furnace axial direction is plotted at 100 um from the coupons surface in Fig. 9d. A large
increase in the CrO2(OH)> mole fraction appears near the Upstream sample position which leads
to a modification of the gas phase composition. The subsequent increases calculated near the
Central and Downstream samples are much lower. This is consistent with a decrease in the
driving force for the volatilization reaction for these two samples: according to Equation I, the
difference between the CrO,(OH), molar fractions at the samples surface and in the gas phase is

reduced.

This influence of the gas enrichment occurring at the Upstream sample surface is thus
significant on the behavior of the following samples. However, although this is true for low gas
velocity, this behavior is expected to change for higher gas velocities more representative to in-
service conditions as the volatilization rate is expected to be directly dependent to the flow rate.
Indeed, Sand et al. [18] suggested that for low flow rates (considered as an equilibrium regime),
the volatilization is proportional to the flow rate whereas for higher flow rates (>25 cm.s™! [50]),
Cr volatilization may become independent of the flow rate when the volatilization kinetics is
controlled by the reaction. Then, it may be expected that for high enough flow rates, the
accelerated transport of CrO2(OH). from the samples surface can increase the volatilization rate
on all samples. But due to the dilution effect, the differences between two samples will be

reduced.
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Figure 9 Gas species molar fraction profiles: a) Oz, b) H20, ¢) CrO2(OH)2. d) CrO2(OH)2 molar fraction evolution
along a line in the furnace axial direction plotted at 100 pm from the coupons surface. The gas flows from the left to

the right.

The k,, values calculated from FLUENT results for 200 sccm and summarized in Table
4 are of the same order of magnitude than the values obtained by numerical fit based on
experimental data. A slowdown of the volatilization rate was calculated from the Upstream to
the Downstream sample, in agreement with experimental observations. This demonstrates the
validity of the simulation approach developed to represent the volatilization process.

However, two points can be discussed. At first, the CFD calculation suggested a higher

difference between the volatilization rates at the Central and the Downstream samples surfaces
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than those experimentally measured. This could be related to the fact that, in a first approach, it
was assumed that the kz’, value was the same for the three samples. This was consistent,
considering that the parabolic constant is known to only depend on the diffusion coefficient in
the oxide scale and that similar results were obtained by XRD and SEM regarding the oxide
scale analysis for the different samples. However, the hypothesis of a constant k,, is thus
questionable considering that the three samples were not oxidized in similar environments due
to the CrO»(OH); volatilization. Indeed, variations of the ky, in the presence of water vapor was
highlighted in several studies [37,49]. Some parameters, which were not studied here, can have
modified the oxide scale structure and thus the ions diffusion through it to explain this. At first,
the oxide grain size, affecting the diffusion through the scale and therefore the k,,, could be
slightly different between the samples. Young [51] discussed the fact that water vapor was
shown to refine the grain structure of Cr,O; scales grown on Ni25Cr. This was expected to be
related to the adsorption of H>O at oxide grain boundaries which would hinder the grain growth
or to a modification of the oxide scale growth process induced by H>O. This could be consistent
with the fact that the sample oxidized in quasi-static laboratory air showed a little bit denser
oxide than in wet flowing gas where the oxide had a more granular structure. Moreover, in their
review, Saunders et al. [3] reported the presence of porosity in chromia scales formed in hot
atmospheres containing water vapor, whereas in dry air the porosity was only observed at the
alloy/oxide interface according to Henry er al. [52]. This phenomenon was attributed to a
modification of transport mechanisms within the chromia scale. Water vapor could also favor
the increase in cation vacancies and thus enhance chromium diffusion which was observed by
Henry et al. [52], on pure Cr (99.7%) oxidized at 900 °C in flowing Ar-15%0; and Ar-
15%H,0, and by Arifin et al. [53] on Cr2O; at 800 °C. They observed slightly porous particle
arrangements in wet environment compared to dry one which could explain k,’ variations. This
is consistent with the limitations of the current CFD model which does not consider any

chemistry changes of the oxide scale.
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Complementary experiments and CFD calculations were made by changing only the
total gas flow to 500 sccm instead of 200 sccm to further analyze the validity of our simulation
approach. As previously, k,” values calculated thanks to FLUENT were compared to the
experimental ones. The results are summarized in Table 4. At first, higher volatilization rates
were measured for the three samples compared to tests performed with a gas flow rate of 200
sccm. This is consistent with the fact that for a similar oxidation duration, the faster CrO,(OH),-
enriched gas flow results in a higher Cr outflow from the sample surfaces. The results provided
by simulation are another time very close to the experimental ones, which reinforces the validity
of the simulation approach. The developed model thus offers a relevant tool to study the
evolution of the gas phase composition and the Cr-loss due to the volatilization on a
homogeneous Cr,0Os scale. It can be used to better design the laboratory experimental setups,
when multiple samples are placed in the same furnace. Efforts are now necessary to get closer to
most in-service conditions, considering higher flow rates and surface chemistry changes that can
occur for longer exposure times. The fact that the experimental and simulation results obtained
at two different gas flows were in a good agreement is promising for scaling-up. But increasing
further the flow rate could lead to different samples behaviors. The model is thus validated only
for low gas velocities. One challenging parameter would also remain the surface chemistry
changes that are expected to occur for longer exposures in the wet flowing gas and for alloys
containing higher Mn amounts. In particular, the formation of Mn and Cr-rich spinel on top of
Cr203 will reduce the reactive surface and influence both the Cr.O3 growth and the volatilization

rate.
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Table 4 Comparison of the k;, calculated based on numerical fit on experimental data and based on CFD calculations

for tests performed at 200 and 500 sccm.

ki, — 200 sccm (mg.cm2s™1) ki, - 500 sccm (mg.cm2s™1)
FLUENT FLUENT
Position Experimental fit Experimental fit
calculations calculations
Upstream (4.5+0.5) x 107 42x 107 (5.5+£0.5) x 107 6.7 x 107
Central (2.85+0.1) x 107 2.4x 107 (4.7+0.1)x 107 5.1x 107
Downstream | (2.6 +0.1) x 107 1.45x 107 (3.9+£0.1) x 107 4x 107

4. Conclusions

The volatilization of the Cr,0Os is of major concern for current industries for which alloys
are expected to be exposed at high temperature in oxygen and water vapor rich environments. In
this article, this phenomenon was investigated, coupling experimental tests and CFD calculation
to represent the evolution of the gas composition during the tests. The aim was to enhance the
understanding of the volatilization and the experimental practices which usually did not take
into account the evolution of the gas composition during the experiments. The study focused on
the first stages of the oxidation in a slow gas flow humid environment during which the chromia
scale grows without any surface chemistry change.

Oxidations at 900 °C in laboratory air and in 74%N>-18.5%0.-7.5%H>0 flowing at 200
sccm during 500 h showed a strong influence of the position of the samples in a horizontal
furnace on their oxidation behavior. This was suspected to be related to different volatilization
rates at the samples surface due to an increase in the CrO(OH). partial pressure in the gas
mixture in the presence of water vapor. No influence of the water vapor on the oxide scale
morphology was observed except for the formation of whiskers at the Upstream coupon surface.

A CFD model which has the advantage of being self-sufficient without the need of

empirical relation to determine mass transfer coefficients, was developed. Calculations
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confirmed the hypothesis made, showing modifications of the gas composition in presence of
water vapor due to the volatilization reaction at the sample surface. As a consequence, it was
demonstrated that the three samples were exposed to significantly different environments in the
furnace as a function of their position along the flow direction. Indeed, the volatilization
decreased onto the samples surface from the inlet up to the outlet of the furnace. A comparison
of the simulated results with experimental tests carried out at a higher flow rate (500 sccm)
confirmed the model validity and the previous hypotheses.

As a consequence, the fact that the mass loss can be limited by increasing the CrO2(OH): in
the atmosphere or the gaseous diffusion layer (by decreasing the flow rate) suggests that the
volatilization is limited by the mass transfer in the gas phase and not by the kinetics of the
reaction.

Finally, this article showed striking evidences for the evolution of the gas composition
during oxidation in the presence of water vapor and showed that it is essential to take it into
account in order to provide correct interpretation of the results. The coupling of experiments
with CFD simulations appears to be of major interest to deal with these issues and the
developed model could allow future prediction of volatilization rates. The current CFD model
allowed to describe the Cr-loss and gas phase changes during the initial oxidation stages of the
625-alloy in presence of water vapor at 900 °C. This brought promising results which appear as
a starting point to consider in a future model surface chemistry changes and environmental
parameters closer to most in-service conditions. The next challenge would consist in working
with gas velocities between 3 and 7 m.s' to be more representative of industrial practices and
considering the formation of other oxides, especially Mn-rich spinel that can impact the

volatilization rate. Studies are currently underway on these issues.
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