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Abstract

Chromium-rich nickel base alloys 617 and 230 are promising candidate materials for very high temperature gas-cooled reactors
(VHTR) but they must resist corrosion in the impure primary cooling helium over very long times. The impurities of the hot helium
can promote the development of chromium-rich surface oxides that appear to protect the alloys against intensive corrosion processes.
However above a critical temperature (typically in the range 1173-1273 K), chromium oxide is reduced by carbon from the alloy and
the surface layer is not stable anymore. Depending on the gas composition, the unprotected material rapidly either gains or loses carbon
with a dramatic impact on its mechanical properties. The deleterious reaction of chromia and carbon thus fixes an ultimate reactor oper-
ating temperature. Critical temperature measurements are presented for alloys 617 and 230 and the influence of carbon monoxide partial

pressure in helium is discussed.
© 2008 Elsevier B.V. All rights reserved.

PACS: 81.05.Bx; 81.65.Mq; 82.65.—r

1. Introduction

The ANTARES program [1] of AREVA NP aims at
developing a very high temperature gas-cooled reactor
(VHTR) to produce electricity and hydrogen or to supply
any other industrial plant requiring high temperature pro-
cess heat. The concept is based on a modular gas-cooled
reactor (GCR) operating at high temperature (maximum
1123-1223 K) in indirect cycle. The thermal power pro-
duced in the reactor core is transferred from the primary
coolant, namely helium, to a secondary circuit via a heat
exchanger, the intermediate heat exchanger (IHX). Com-
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pact systems, such as plate-fin or plate machined heat
exchangers, could be the most competitive lay-outs with
only one IHX vessel component. However these concepts
are highly demanding toward structural materials because
very thin metallic sheets must be mechanically resistant
and leak-tight at temperatures as high as 1223 K (for a
specific ANTARES variant). Moreover, the IHX shall be
designed for an extensive life time of typically 20 years.

A joint R&D program is currently underway in France
between CEA, AREVA NP and EDF to select and qualify
IHX candidate alloys. The selection is based on the struc-
tural stability, the creep strength and the compatibility with
the coolant. This paper focuses on the compatibility of
alloys with the primary helium coolant. This subject has
already been investigated in the 70s and 80s and is said
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to be essentially problematic at the highest temperatures
at which some alloys may suffer from major corrosion
damages.

Most of the past experience relates to nickel base alloys,
rich in chromium for the oxidation resistance, and
strengthened by additions of molybdenum and cobalt
(especially Alloy 617 and Alloy X). In the last decades,
tungsten tended to replace molybdenum as an additive ele-
ment for the reinforcement of nickel base alloys at elevated
temperatures. Based on its promising creep properties,
Alloy 230 (14 wt% W) could be a candidate material for
IHX applications but its corrosion resistance has never
been investigated in the VHTR environment.

In the framework of their corrosion programs, CEA and
AREVA NP study the surface reactivity, respectively of
Alloy 230 and of Alloy 617 in the range 723-1253 K under
impure helium representative of the VHTR primary cool-
ant. Part of these investigations has already been published
[2-5]. In this paper, we compare the results from the two
teams and discuss them regarding the influence of the gas
composition and the effect of the alloy chemistry.

2. Literature survey on the high temperature corrosion of
Ni—Cr-Mo alloys in impure helium

2.1. Characteristics of the VHTR helium

Despite a highly gastight design and efficient purification
systems, the VHTR primary coolant will inevitably contain
residual contaminants coming from the outgassing of
adsorbed species out of the permanent components (reflec-
tors, insulation) and the fuel elements, and from air-
ingresses during maintenance and refueling, and from in-
leakages [6]. Experience from the former helium-cooled
reactors allows the estimation of the pollution level. Table
1 gives the available data on the coolant analysis in three
experimental reactors [8,9]. Impurities are water vapor
and permanent gases such as H,, CO, CO,, CHy, N,... It
was observed that the contamination was high at start-up
[7], and then progressively decreased to a very low steady
state level [6] as a dynamic balance established between
the pollution rates, the reactions of the pollutants with
hot graphite and metallic materials, and the purification
efficiency. We expect that the technological evolutions from
past reactors to advanced VHTRs shall change the impu-
rity contents in the following ways:

e the improved tightness shall decrease the overall leak
rate,

Table 1
Impurity contents (in Pa) in experimental helium-cooled reactors — Ho,
H,0, CO,, CO, CHy after Ref. [9] and N, after Ref. 8]

H, H,O CO, CcO CH4 N,
DRAGON 2 0.1 0.04 1 0.3 1.2
AVR 30 3 10 30 -
Peach bottom 20 <1 - 1 1.5 1.5

e the ANTARES design (secondary circuit, electricity
production via a gas turbine) eliminates the contamina-
tion (H,O, H,) from the steam generators,

e the use of up-to-date lubricant-free bearings suppresses
oil or water in-leakages,

e operations at higher temperature promote CO vs. CO,
and destabilize CH4 vs. H, [7].

Finally, it is expected that the VHTR helium should
contain H,, CO (and CO,), CH,, N, ranging from one
Pa or so to some tens of Pa and water vapor in the tenth
of Pa range. It is worth noticing that extremely low free
oxygen concentrations are expected because of the fast
reaction between molecular oxygen and hot graphite.

2.2. Gaslmetal surface reactions in impure helium

Because of the low impurity contents and of the very high
flow velocity of helium in the reactor core, the collision
probability between gaseous molecules is very low and the
gas phase does not achieve equilibrium [8]. The impure
helium can therefore not be ascribed through a mere ther-
modynamic approach. It is assumed that the gas/surface
reactions can be regarded as independent [10,11]. Besides,
nitrogen was demonstrated to be fairly inert in the given
conditions — very low concentrations — and does not signif-
icantly contribute to the corrosion [12]. Therefore the set of
possible equations between one helium impurity and the
metallic surface is illustrated below [10-13]:

e Oxidation of the metal by the water vapor
xHy0(g) + Me() = MeOys) + x/2Ha (1)

e Decomposition of the methane on the metallic surface
CHyg) = Cy) + 2Hyg) 2)

e Reaction of the water vapor with carbon from the alloy
HyO + Cis) = COrg) + Hay 3)

e Decomposition of the carbon monoxide with metal
oxidation

xCO(g) + Me(s) — MeOy) +xC) (4)

Me) is a metal of the alloy that can be oxidized at the
low oxygen potential prevailing in the VHTR helium such
as Al, Si, Ti, Mn, Cr... (Fe, Co, Ni... are too inert to react
in the given conditions) and MeO, is the corresponding
oxide. The former studies on Ni-Cr—Mo alloys highlighted
the key role of chromium in the metallic carbides as well as
in the surface oxide.

Eqgs. (1)—(4) use the carbon in solution C) but a similar
set of equations may also be written with the internal car-
bides Me,C,, or more specifically Cr;C, or Cr,3Cs, assum-
ing that carbides and C, are in equilibrium within the
substrate, according to

CI‘23C6(S) = 6C(s) + 23CI‘(5) (5)
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2.3. Corrosion effects

Generally speaking, the high temperature resistance of
Ni—-Cr-Mo alloys relies on the formation of a chromium-
rich surface oxide scale that must be adherent, dense, and
slow-growing — one says ‘protective’. This layer actually
protects the metal against corrosive gasses. For its long
term resistance, the IHX material must thus definitely oxi-
dize in the VHTR environment. Accordingly Eq. (1) must
occur and overcome all Egs. (2)—(4) which implies the
following conditions [10,11,13,14]:

e The P(H,0)/P(H,) ratio, related to the oxygen poten-
tial, must be oxidizing in respect to chromium,

e It is necessary to balance the content of carbon-bearing
gasses such as methane (and potentially carbon monox-
ide [10,11]) relatively to the water vapor concentration.

A porous (or even no) surface layer form, if Egs. (2) and
(3) and/or Eq. (4) takes place, possibly coupled to Eq. (1).
So, the impure helium exchanges carbon with the metal.
This carbon transfer not only modifies the surface corro-
sion products (oxides and/or carbides), but also causes
in-depth changes in the alloy microstructure, detrimental
to the mechanical properties:

e Carburization: A carbon deposit on the surface can dif-
fuse deeper into the bulk. If the carbon concentration
locally reaches the solubility limit, coarse internal car-
bides precipitate that embrittle Ni-Cr—Mo alloys at
low temperature [15]. Moreover, carburization strongly
lowers the creep strain [16,17] even if it is said to have
few effects on the creep rupture life [18].

e Decarburization: Carbon removal from the surface
causes a transport of carbon to the surface. The decrease
in the carbon content triggers the dissolution of the
internal carbides that can lower the creep properties of
carbide-strengthened alloys [19].

2.4. Oxide scale reduction

Besides Egs. (1)(4) a further specific process, named
‘microclimate reaction’ by Brenner [10,11], takes place at
the highest temperatures, typically around 900-950 °C.
Eq. (6) is formally the back equation of Eq. (4)

MeO,y) +xCiy) = xCO + Meg (6)

From the experimental point of view, it is as if Eq. (4) re-
verses at a critical temperature 75 for given surface activi-
ties of C(5) and Mey), and a given partial pressure of carbon
monoxide in helium [12].

At temperatures above T4, the surface MeO, can no
longer co-exist with the carbon from the alloy and Eq. (6)
proceeds until either all the oxide or all the carbon is
removed, if the parameters remain constant. Brenner
[10,11] emphasized the major influence of the P(CH,)/

P(H,0) ratio. At a low P(CH,)/P(H,O) ratio, the metal
produced by Eq. (6) reacts with water vapor according to
Eq. (1) regenerating the oxide while the alloy in-depth
decarburizes. Due to the production of gaseous carbon
monoxide the surface layer is porous and does not provide
any protection anymore. At a high P(CH,)/P(H,O) ratio,
the metal produced by Eq. (6) reacts with methane accord-
ing to Eq. (2) leading to an extensive carburization of the
substrate.

Whatever the direction of the carbon transfer, carburi-
zation or decarburization, above T4, the corrosion goes
in an active way that alters the mechanical properties (see
Section 2.3). Because of Eq. (6), VHTR environment must
fulfill a further criterion in order to secure a long lifetime of
the IHX material: for a given P(CO) in the helium coolant,
the temperature must stay below 7' (in other words at a
given service temperature, P(CO) in the gas phase must
be higher than a critical value).

It is worth noticing that the exact scheme of Eq. (6) is
under debate since some authors [10,11,14,20,21] consider
that solid/solid reactions are unlikely for kinetic reasons.
Gaseous intermediates might take part in the reaction
scheme. H,/H,O or CO/CO, could act as catalysts in a
small diffusion-controlled gas layer near the two solids,
oxide and alloy (that supplies C,) [10-12,22].

2.5. Experimental determination of T 4

Quadakkers [20] developed a procedure to determine 7'
for Alloy 617. First, a specimen is heated in the PNP stan-
dard atmosphere (see Table 2) up to 1123 K and the condi-
tions are kept constant for 20 h so that the surface is
passivated by oxidation due to Eq. (1), and possibly Eq.
(4). The specimen is further heated up to 1223 K for 20
more hours. During heating from 1123 K to 1223 K, ana-
lyzers do not initially detect any change in the gas phase
composition. But afterward, a dramatic increase in the par-
tial pressure of carbon monoxide is observed. Then the car-
bon monoxide content slowly decreases when the
temperature is kept constant at 1223 K. The production
of the carbon monoxide begins at T4, aboutl193 K in
the present case. By repeating the experiment in helium
with different carbon monoxide contents, Quadakkers
[20] obtained a curve: T vs. P(CO).

3. Experimental procedure

Within the framework of a joint R&D plan, AREVA
NP, the CEA, and EDF have launched parallel experimen-
tal programs on the characterization of the IHX candidate
materials in the VHTR operating conditions. Regarding
the surface reactivity in impure helium, AREVA NP
mainly investigates the high temperature behavior of Alloy
617 and the CEA works on Alloy 230. Each laboratory has
built its own experimental loops and specific test proce-
dures were developed. It is noteworthy that a benchmark
experiment has been performed between the different labs
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Table 2

Composition of the test helium mixtures and measured critical temperatures 7Tx; Alloy 617 was tested in He-Inl to He-In6 and Alloy 230 was tested in

He-HI1 to He-H5

H, (Pa) H,0 (Pa) CO (Pa) CH, (Pa) Tx (K)

PNP [20] 50 0.15 1.5 2 1193
He-Inl 16.00 £ 0.01 0.30 +0.10 0.18 £ 0.01 1156.0 + 3.5
He-In2 50.00 £ 0.01 0.58 £0.10 1.39 £ 0.01 1193.0 £3.5
He-In3 50.00 + 0.01 0.58 £0.10 1.46 £0.01 1194.0 + 3.5
He-In4 12.80 4+ 0.01 0.59 £0.10 1.42 £0.01 1194.0 £ 3.5
He-In5 50.00 £ 0.01 0.53+0.10 2.63+0.01 1220.0 + 3.5
He-In6 2.70 £ 0.01 0.60 £ 0.10 5.80 £0.01 1245.0 £3.5
He-H1 20.0+ 0.4 0.55+0.24 0.60 £+ 0.01 1.80 £ 0.04 1168 + 5
He-H2 19.6 £ 0.4 0.03 +0.02 2.20 +0.04 1.89 +0.04 1213 +5
He-H3 19.3+04 0.16 £ 0.08 4.90 £ 0.10 1.90 £ 0.04 1234+ 5
He-H4 19.5+04 0.17 +0.08 5.00 +0.10 2.02 4+ 0.04 1237+5
He-HS 19.6 £ 0.4 0.04 +0.02 5.30£0.10 2.10 £ 0.04 1242 +£5
Table 3
Chemical composition of Alloys 617 and 230 (in wt%) after the manufacturer certificates

Ni Cr w Co Mo Al Mn Ti Si Cu C B
Alloy 617 base 21.6 - 12.0 9.2 1.0 0.1 0.4 0.2 0.1 0.06 0.002
Alloy 230 base 22.0 14.7 0.2 1.3 0.4 0.5 0.1 0.4 - 0.105 0.002

in order to inter-validate the loops and the test procedures
[23].

3.1. Materials

Inconel® alloy 617 was supplied by Special Metals
Corporation as a cold rolled, solution annealed, 2 mm-
thick sheet (heat treatment: 5 min at 1448 K, air cooling).
Haynes® alloy 230 was produced by Haynes International,
Inc. in the mill-annealed condition (annealing 10 min at
1503 K, water quenching). Table 3 reports the chemical
composition of the alloys according to the analysis certifi-
cates by the manufacturers. Rectangular specimens (thick-
ness: about 2 mm; area: 4.5 or 6 cm?) were machined from
the as-received materials. The specimen surface was ground
to 2400 grit, finished with a 3 um diamond paste or a 1 pm
alumina powder, and then ultrasonically cleaned in acetone
and ethanol.

3.2. Test loops

Two loops were used for the corrosion testing, one at
AREVA NP and the other at the CEA. In both loops,
the specimens are exposed to flowing impure helium at high
temperature and atmospheric pressure. The impurity con-
centrations are analyzed at the test section inlet and outlet
by gas phase chromatography (GPC). The residual mois-
ture in helium is also monitored by a hygrometer.

The gas flow rates are approx. 0.7 and 2.4 ml/s per cm? of
metallic surface, respectively in the loop of the CEA and in
the loop of Areva NP. Blank tests were carried out without
any specimen in the loops in order to check that the test sec-
tion and specimen holder materials do not significantly react
with gaseous impurities, or influence the gas composition.

3.3. Test conditions

Table 2 gives the impurity concentrations and the water
vapor partial pressure in experimental helium mixtures. In
any case, oxygen, nitrogen and carbon dioxide partial pres-
sures were below the GPC detection limit (about 0.01 Pa).
Alloy 617 was tested in He-Inl to He-In6 atmospheres
and Alloy 230 in He-H1 to He—HS. The first tests on Alloy
617 at AREVA NP were carried out using the very same
experimental procedure as Quadakkers [20] (see Section
2.5). This early protocol was later on adapted in order to
increase the production of CO and so the accuracy on the
determination of 7. The improved test procedures
consisted of two thermal steps and were specific to each lab:

e AREVA NP - Alloy 617 (see Fig. 1)

step 1. heating to 1123 K at 1.7 K/min and keeping the
temperature constant for 20h under impure
helium,

step 2. heating to 1253 K at 0.5 K/min and keeping the
temperature constant for 20h under impure
helium,

cooling: rapid cooling at about 3 K/min under impure
helium.

e The CEA - Alloy 230 (see Fig. 5)

step 1: heating to 1173 K at 1 K/min and keeping the
temperature constant for 25h under impure
helium,

step 2: heating to 1253 K at 0.5 K/min and keeping the
temperature constant for 20h under impure
helium,

cooling: natural cooling under pure helium.
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Fig. 1. Temperature program, outlet partial pressure of water vapor, and differences in the partial pressures of CO and of H, between outlet and inlet as a

function of time — reactivity of Alloy 617 in He-In4.

3.4. Techniques of observation and analysis

After completion of the corrosion tests, the specimens
were weighed. Some Alloy 230 specimens were analyzed
without any specific preparation by X-ray diffraction
(XRD with Cu Ko radiation) and by glow discharge opti-
cal emission spectroscopy (GDOES). The GDOES was sys-
tematically calibrated using metallic standards for a
quantitative analysis of the carbon in the alloy. Cross-sec-
tion coupons were sawed and prepared for observation.
The mounted Alloy 617 coupons were ground to 2400 grit,
finished with a 3 pm diamond paste and etched in chloro-
acetic acid. The Alloy 230 coupons were sputtered with a
gold film using cathodic evaporation and then coated by
an electrolytic nickel deposit (both layers are visible on
micrographs) in order to improve the SEM image contrast
and resolution as well as to prevent the oxide layer from
spalling. After mounting, the Alloy 230 coupons were
ground to 2400 grit and finished with a 1 pm alumina pow-
der. Material surface was then characterized using field
emission scanning electron microscopy (FESEM) and
energy-dispersive X-ray spectroscopy (EDX).

4. Results

4.1. Determination of T4 and surface characterization of
Alloy 617

As it was explained in Sections 2.4 and 2.5, it was
observed [10,11,13,14,20,21] that above a critical tempera-
ture T and for a given partial pressure of carbon monox-
ide in helium, the surface oxide on Alloy 617 reacts
according to Eq. (6) leading to a production of carbon
monoxide. The purpose of the following experiments is to

reproduce the former observations by Quadakkers [20]
and to verify the proposed relation between 75 and P(CO).

4.1.1. T, measurements

The experimental method was derived from Ref. [20]. As
it was already observed by Quadakkers, Fig. 1 shows that
the carbon monoxide was initially consumed during the
early stage of step 1 in helium He-In4. Then the partial
pressure of carbon monoxide significantly increased at
the test section outlet during step 2. Starting at about
1193 K, the carbon monoxide production reached
0.46 Pa, then it smoothly decreased and finally stabilized
at about 0.08 Pa when the temperature was kept constant
at 1253 K.

4.1.2. Observation and analysis of the Alloy 617 surface
after step 1 (below T,)

The thermobalance recorded a mass gain of
0.09 + 0.01 mg/cm? for Alloy 617 after step 1 in He—In3.
Fig. 2 shows the surface of a specimen of Alloy 617
exposed for 20 h at 1123 K in He-In3. The oxide scale
consists of chromium oxide nodules over a continuous
chromium oxide layer that contains some aluminum.
Moreover titanium is analyzed above the alloy grain
boundaries. Under the alloy surface, internal aluminum-
rich oxides have formed at grain boundaries. Chromium-
and molybdenum-rich carbides are also observed in the
alloy bulk.

4.1.3. Observation and analysis of the Alloy 617 surface
during step 2 (above T,)

Fig. 3 shows the surface of a specimen of Alloy 617
exposed for 5h at 1253 K in He-In3. This duration corre-
sponds to the minimum in the mass of the specimen with
Am = +0.04 + 0.01 mg/cm®. When compared to Fig. 2,
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Fig. 3. FESEM images with a secondary electron contrast — cross section and top view of the Alloy 617 surface during step 2, after Sh at 1253 K in

He-In3.

the surface morphology is characterized by a significant
reduction of the nodules.

4.1.4. Observation and analysis of the Alloy 617 surface after
step 2 (above T,)

For Alloy 617 in He-In3, the thermobalance recorded a
higher mass gain (Am = +0.10 + 0.01 mg/cm?) after step 2
than after step 1. Fig. 4 shows the surface of a specimen of
Alloy 617 after 20 h at 1253 K in He-In3. The surface scale
seems more crystallized than in Fig. 2. It still consists of a
chromium-rich oxide but its aluminum content is higher
than after step 1. Titanium is preferentially detected above
the alloy grain boundaries. In the near-surface region, alu-
minum is detected as an internal oxide. It is noteworthy
that no carbide is observed under the surface up to about
120 um deep.

4.2. Reactivity of Alloy 230

The following experiments aim at characterizing the
high temperature reactivity of Alloy 230, in particular its
susceptibility to Eq. (6).

4.2.1. Gas phase analyses

Fig. 5 presents the gas phase analysis by GPC during
testing of Alloy 230 in helium He-H3. As observed for
Alloy 617, during step 1 (heating to 1173 K and stay for

25 h) the P(CO) curve exhibits a negative peak that can
be attributed to Eq. (4) [2]. During step 2 (heating to
1253 K and stay for 20 h) the partial pressure of carbon
monoxide increased. Starting roughly at 1243 + 5K, the
CO production reached 0.9 Pa. Afterward, the partial pres-
sure of carbon monoxide slowly decreased to a level of

about 0.3 Pa when the temperature was kept constant at
1253 K.

4.2.2. Mass changes

Table 4 reports the mass change of the Alloy 230 speci-
mens after step 1 and after step 2 under impure helium He—
H3. After both steps, the specimen mass increased but the
average mass gain after step 2 was twice less than after step
1. As the specimens did not spall, the difference in the gains
can definitely be related to a mass loss during step 2.

4.2.3. Observations and analyses of the Alloy 230 surface
after step 1 (below T,)

Fig. 6, left-hand side, shows the surface of a specimen of
Alloy 230 exposed for 25h at 1173 K in He-H3. Table 4
gives the approximate mean scale thickness after step 1 as
estimated by microscopy. A continuous scale, about
0.7 um thick, has formed on the surface. Grazing XRD
analysis at 1° identified Cr,O; and the spinel phase
Mn, 5Cr; 504 type (see Fig. 7). A wavelength dispersive
X-ray spectrometry (WDS) linescan through the layer
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Carbide free zone

Fig. 4. FESEM images with a secondary electron contrast — cross section and top view of the Alloy 617 surface after step 2 in He-In3.
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Fig. 5. Temperature program and outlet partial pressure of CO as a
function of time — reactivity of Alloy 230 in He-H3.

Table 4

Mean mass change (2 specimens) and approximate thickness of the surface
scale (optically evaluated on SEM images) — Alloy 230 specimens after
step 1 and after step 2 in He-H3

Am (mg/cm?) Jox (um)
After step 1 +0.11 £ 0.01 ~0.7
After step 2 +0.05 £ 0.01 ~0.3

and GDOES analyses (see Fig. 8) indicated that the Cer,
Mn-spinel is in the upper part of the scale whereas the inner
part mainly consists of Cr,Os;.

The GDOES analysis also identified aluminum and sili-
con at the scale/alloy interface. EDX showed that a discon-
tinuous aluminum-rich oxide developed underneath the
chromium-rich layer and that some aluminum oxidized
along the grain boundaries up to 10 um deep inside the alloy.

4.2.4. Observations and analyses of the Alloy 230 surface
after step 2 (above T ,)

Fig. 6, right-hand side, shows the surface of a specimen
of Alloy 230 exposed for 20 h at 1253 K in He-H3. A con-
tinuous surface oxide film can still be observed. However,
this layer is significantly thinner than after step 1 (see
Fig. 6, left-hand side, and Table 4). Linescans through
the scale by microprobe (WDS) and by GDOES (see
Fig. 8) proved that the amount of chromium in the surface
oxide decreases when compared to the oxide developed
after step 1. On the other hand, the chromium content in
the metallic phase under the scale may slightly increase.
Manganese and aluminum are detected in the oxide layer
after step 2.

4.3. Influence of P(CO) on the critical temperature T 4

Table 2 reports the critical temperature 74 for Alloys
617 and 230 in various impure helium atmospheres. These
values were obtained following specific procedures at
AREVA NP and at the CEA as explained in Section 3.
Fig. 9 plots the measured T, against P(CO): the higher
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Fig. 6. FESEM images with a backscattered electron contrast at 20 kV — cross-section of the Alloy 230 surface after step 1 (left-hand side) and after step 2
(right-hand side) in He-H3.
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Fig. 9. Critical temperature T in impure helium with different P(CO) (see Table 2: He-In1 to He-In6 for Alloy 617 and He-H1 to He-H5 for Alloy 230);

published data for Alloy 617 from Ref. [20] in helium-containing 50 Pa H,, 2.2 Pa CH4 and ~0.05 Pa H,O; calculated curve for equilibrium conditions of

Egs. (5) and (9) with a(Cr) = 0.72.

the level of carbon monoxide in the gas phase, the higher
Ta. Besides considering the experimental accuracy, both
materials present similar dependence for Ty vs. P(CO).

5. Discussion
5.1. Oxidation in impure helium

Both alloys oxidized in the test atmospheres at 1123 K
and 1173 K (see Figs. 2 and 6 left-hand side). Two oxidiz-
ing gasses can react with the metallic surface: H,O and CO
following, respectively Eqs. (1) and (4). It is worth noticing
that reaction of CO after Eq. (4) should deposit some
carbon at the reaction site. Figs. 1 and 5 show that some
carbon monoxide was consumed during heating of the
specimens but this consumption stopped when the temper-
ature was kept constant at 7' < T's. It is thus assumed that
carbon monoxide initially takes part in the oxidation but
after a while only water vapor reacts.

A continuous chromium-rich surface oxide formed on
both nickel base alloys that contain about 22 wt% Cr.
However, minor elements influenced the scale composition.
For Alloy 617 (0.4 wt% Ti), titanium was detected in the
oxide layer preferentially above the alloy grain boundaries
(see Fig. 2). Manganese (0.5 wt% Mn in Alloy 230) dis-
solved in chromia and was shown to be uniformly spread
over the Alloy 230 surface, irrespective of the alloy grains
or grain boundary regions (see Fig. 6, left hand side). Man-
ganese that diffuses through Cr,O3; about 100 times faster
than chromium itself [24] concentrated in the outer zone
of the scale as a Mn, Cr-spinel.

Aluminum, which can be oxidized at very low oxygen
activities and slowly diffuses within the alloy, internally
oxidized mainly at grain boundaries.

5.2. Oxide scale reduction

Gas phase analysis evidenced an increase in the partial
pressure of carbon monoxide during heating of specimens
in step 2 (starting at about 1194 K for Alloy 617 in
Fig. 1). As already discussed in the literature [10,11,14],
the whole production of carbon monoxide cannot be
explained by a reaction involving water vapor or methane
for instance Egs. (3), (7) or Eq. (8) because the total
amount of water vapor in the gas was limited (for instance
0.16 Pa H,O in He-H3 for a peak CO production of 0.9 Pa
in Fig. 5) and CO was produced in CH4-free atmospheres
(see Fig. 1). Another reaction should thus account for the
production of CO.

H>0() + CHy(g) = CO(y) + 3Hy (7)
CI'sz,(S) + 3CH4(3) = 2CI‘(5) + 3C0(g) + 6H2(g) (8)

In the mean time during step 2, specimens lost mass while
the thickness of the surface layer decreased as shown in
Table 4. This strongly suggests that the surface oxide was
reduced following Eq. (6). Considering thermodynamics,
chromia and possibly manganese and titanium oxides are
ready to be reduced by carbon in the given temperature
range. Aluminum oxide can not react in such conditions.
GDOES examinations of Alloy 230 specimens after step
1 and after step 2 (see Fig. 8) indicated that during step 2
the surface oxide was depleted in chromium while the chro-
mium content in the underlying alloy possibly increased.
We conclude that the carbon preferentially reduced the
chromium oxide rather than the manganese oxide. The
specimens of Alloy 230 were further analyzed by GDOES
following a specific calibration routine on metallic stan-
dards that allowed to quantify carbon profiles with a good
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accuracy [3]. It confirmed that the reduction of the oxide
layer went together with a depletion of carbon beneath
the scale. C, likely diffused from the bulk to the scale/alloy
interface to react according to Eq. (6).

When the temperature was kept constant at 7> T, Eq.
(6) proceeded and could be coupled to other reactions. The
surface scale on Alloy 617 was thinner at the beginning of
step 2 (see Fig. 3) than at the end of step 2 (see Fig. 4),
implying that the specimen further oxidized over step 2.
The helium He-In3 was rather rich in water vapor and
did not contain any methane. Therefore, the ratio
P(CH,)/P(H,0) was virtually zero. After Brenner [10,11]
(see Section 2.4), we propose that the surface oxide was
actually reduced by the carbon in solution following Eq.
(6) but it was reformed by reaction with water vapor
according to Eq. (1). Carbon, continuously removed from
the surface by Eq. (6), thus diffused to the scale/alloy inter-
face. As the carbon activity decreased in the subsurface
zone, internal carbides were destabilized according to Eq.
(5). That is probably why no carbides are observed under
the surface of Alloy 617 up to approximately 120 pm deep
in Fig. 4. On the other hand, it was elsewhere shown [2]
that, in helium similar to test gas He-H3, Alloy 230 carbu-
rized. So, the ratio P(CH4)/P(H,0) in He-H3 was high
enough for methane to decompose on the surface accord-
ing to Eq. (2). The carbon deposit by Eq. (2) caused a
transport of carbon inside the alloy bulk where coarse
metallic carbides precipitated.

In summary, Eq. (6) consumes the surface chromium-
rich oxide and the carbon from the alloy. It produces gas-
eous carbon monoxide and likely metallic chromium. Con-
sequently it may be written as followed:

Cry0; + 3C(,) ' 23" 3CO + 2Cr 9)

Figs. 1 and 5 show that the partial pressure of carbon mon-
oxide at the test section outlet sharply increased at the
beginning of step 2. However when the temperature was
kept constant at 1253 K, the quantity of CO decreased
and the curves P(CO) vs. time exhibited peak shapes. As
the reaction rate is proportional to the production of CO,
the decrease of P(CO) suggests that the interfacial reaction
did not establish the rate but that another slow process lim-
ited the rate of Eq. (9). Considering the parabolic shape of
the peaks, we can reasonably assume that the rate limiting
step was the transport of some reactant or product to/away
from the reaction site, such as for instance the diffusion of
carbon to the surface.

5.3. Influence of gas composition on the critical temperature
T4

With the assumption that T is the equilibrium temper-
ature of Eq. (9), Quadakkers [20] wrote

3
(P_;gg) a(Cr)?
Ko(Ta) =

a(Cy)’ .

with Ky the equilibrium constant of Eq. (9) and the chro-
mium oxide activity taken as unity.

Quadakkers also stated that Eq. (5) reaches equilibrium.
So, the carbon activity in the alloy is determined by

oN—

 Ks(Ta)
- a(Cr)® an

a(C<S))

with K5 the equilibrium constant of Eq. (5) and the carbide
activity taken as unity.

Egs. (10) and (11) can be combined to calculate a theo-
retical relation that links 7, and P(CO), the chromium
activity at the scale/alloy interface being the only unknown
factor. By using the thermodynamic data from the HSC
software [25] for K5 and Ko, Fig. 9 proposes the best fit
for the results on Alloys 617 and 230. It corresponds to
an interfacial chromium activity of 0.72. As already noticed
by Quadakkers [20], the theoretical curve presents an
appropriate shape but the value of a(Cr) is problematic.
Although the chromium activity in Alloy 230 is unknown,
activity data were published for Alloy 617. The bulk a(Cr)
reaches about 0.35 in Alloy 617 in the temperature range
1173-1223 K [20]. The large discrepancy between extrapo-
lated and effective chromium activity in Alloy 617 empha-
sizes that this basic thermodynamic approach can not
properly model the reduction of the surface oxide. Hence
we presume that either Egs. (10) and (11) are essentially
irrelevant, or that some considered reactant and/or product
is inappropriate or that some thermodynamic data are
inaccurate for the given system.

5.4. Influence of the alloy composition on the critical
temperature T 4

Both alloys exhibited a similar dependence of 7o vs
P(CO) in impure helium as shown in Fig. 9. For Alloy
230, chromium was shown to be the more reactive element
regarding Eq. (6) and we can reasonably assume that Alloy
617 also experienced a preferential reduction of the chro-
mium-rich oxide. Identical curves Ty vs. P(CO) for the
two materials should correspond to identical equilibrium
conditions of Eq. (9) although we would expect differences
in the activities of C, and chromium.

6. Conclusion

The ANTARES project addresses, among others, the
crucial issue of selecting a material for the IHX of an
advanced VHTR. Operation in impure helium at tempera-
tures as high as 1223 K creates very demanding require-
ments for the thin IHX structural metallic plates in terms
of thermal stability, creep strength, and environmental
compatibility with the primary coolant. Feedback from
the former helium-cooled reactors emphasized that helium
impurities react toward chromium-containing nickel base
alloys, especially Alloy 617. These surface interactions
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can cause in-depth changes in the microstructure that irre-
versibly alter the mechanical properties. Accordingly, long
service lifetime relies on the growth of a protective surface
scale which basically must suppress or strongly slowdown
exchanges between the atmosphere and the metallic sur-
face. It was shown that Alloy 617 is ready to develop a
chromia layer in ‘balanced’ helium, meaning with a moder-
ate carbon potential and oxidizing toward chromium.
However, this surface scale can suffer from a destructive
process at high temperatures and cannot protect against
corrosion.

Following a procedure adapted from Quadakkers [20],
AREVA NP validated the reactivity of the Alloy 617 sur-
face in impure helium. The CEA also tested Alloy 230,
an alternative IHX candidate material, which corrosion
behavior has never been investigated in VHTR environ-
ment so far. In the given conditions, interactions of helium
impurities toward both alloys result either in the oxide
scale formation at temperatures below 7o or in the oxide
reduction above Ty.

Below the critical temperature T4, Alloy 617 develops a
chromium-rich oxide scale, locally doped with titanium. A
mixed manganese and chromium oxide grows on the Alloy
230 surface. The two alloys suffer from internal oxidation
of aluminum.

Above Ty, the oxide layer is partly reduced with a con-
current production of carbon monoxide. For Alloy 230
[2,3], it has been established that:

e the surface oxide is reduced by the carbon from the
alloy,

e the chromium-rich oxide preferentially reacts,

e together with carbon monoxide, the reaction produces
metallic chromium that may diffuse away from the
oxide/alloy interface.

Finally the global process for Alloy 230, and possibly
also for Alloy 617, can be summarized by Eq. (9). The crit-
ical temperature T, significantly depends on the carbon
monoxide partial pressure in helium. A simple thermody-
namic treatment based on the equilibrium conditions for
Egs. (5) and (9), allows to qualitatively explain the effect
of P(CO) on T4. However, the proper fit of the experimen-
tal data considers a surprisingly high local chromium activ-
ity. To go further with the thermodynamic modeling,
surface activities of chromium and internal carbon need
to be accurately measured or calculated.

Unexpectedly, the two nickel base alloys exhibit almost
the same dependence of T4 vs. P(CO).

Above T, Eq. (9) the chromium-rich protective surface
oxide is reduced according to Eq. (9) whatever the environ-
mental conditions. It is worth noticing that the scale reduc-
tion can be very fast. Within 20 h at 1253 K, more than half
of the oxide layer on Alloy 230 has been reduced in helium
He-H3. Eq. (9) thus jeopardizes the material resistance and
its critical temperature 74 imposes an ultimate operating
point for a VHTR. However as already mentioned, T is

strongly related to the gas phase composition — for Alloy
617, Tx goes from about 1156 K to 1245 K when the par-
tial pressure of carbon monoxide changes from 0.18 Pa to
5.8 Pa. In other words for a given service temperature
(including safety margins), Fig. 9 gives the minimum allow-
able P(CO) in the coolant helium.

From the operational viewpoint, major implications are:

e the analytical systems must assess the gas phase compo-
sition, especially the CO content, with a good accuracy
in the whole primary circuit,

e the chemical purification unit must warrant that the car-
bon monoxide content continuously remains in a given
range, or at least above a minimum value, at any
moment, in any part of the circuit.
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