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Abstract

Internal oxidation of Fe—2.25Cr has been studied in Fe/FeO Rhines pack (RP) and
H,/H,0 gas mixtures at 700-900 °C. A novel exposure technique allowing RP
experiments in dual atmosphere conditions was developed. No measurable effect of
hydrogen on lattice oxygen permeability in ferrite could be detected: neither in sin-
gle nor in dual atmosphere conditions. The H,/H,O atmosphere was found to induce
stronger oxidation attack at alloy grain boundaries resulting in a morphology simi-
lar to intergranular stress corrosion cracking often reported in nuclear technology.
The intergranular oxidation attack was demonstrated to be independent of the dual
atmosphere effect, i.e., hydrogen dissolved in the alloy.

Keywords Internal oxidation - Oxygen permeability - Hydrogen - Dual atmosphere
effect - Intergranular oxidation attack - SOFC

Introduction

Due to increasing awareness on climate change, “green energy” technologies are in
great demand. Solid oxide fuel cells (SOFCs) [1] provide electricity with a high effi-
ciency while the reverse process, solid oxide electrolysis cell (SOEC) [2, 3] allows to
produce hydrogen or the synthetic fuels required to transform into a low carbon society.
In both cases, the essential building block, a stack, consists of many individual cells
that are connected in series[4—6]. Between the cells, metallic interconnects are placed.
The metal sheets, usually 0.2-0.5 mm thick, comprise ferritic stainless steel [6, 7] that
once coated exhibit low Cr(VI)- evaporation [8, 9] and usually provide acceptable cor-
rosion protection at the operating temperature of 600-900 °C. The corrosion of inter-
connects differs from most other high-temperature applications that one side of the
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metal sheet is exposed to air or an oxygen-rich gas while the other side is exposed to a
H,/H,0 environment potentially mixed with CO, CO, and hydrocarbons.

Work by Yang et al. [10] showed that oxidation under such dual atmosphere condi-
tions differs from oxidation in single atmosphere, i.e., the same atmosphere on both
sides. This finding spurred a lot of work on this field resulting in somewhat contra-
dictory results [11-17]. Nevertheless, it is nowadays firmly established that the dual
atmosphere effect is real and recent work by Gunduz et al. [17, 18] explains how dif-
ferent parameters influence the effect and thus shedding light on the discrepancies
reported in the literature. Although the exact mechanism is still debated, authors agree
upon that hydrogen from the hydrogen rich side diffuses through the metal and nega-
tively affects air-side oxidation.

Apart from dual atmosphere effect, water vapor alone is well known to deteriorate
performance of chromia-forming alloys, especially ferritic steels [19—-23], the detrimen-
tal effect being generally attributed to reactive Cr(VI)-evaporation [24-27], modifica-
tion of transport properties of the Cr,0; scale [28, 29], preferential adsorption of H,O
[30] and dissolution of hydrogen in the metal [19, 31-33]. Decades of research on the
role of hydrogen/humidity on protectiveness of chromia scales resulted in a number
of commonly reported mechanisms: (i) H,O promoting O, transport in the voids of
the oxide bridging them [34]; (ii) hydrogen modifying the lattice point defect structure
of Cr,0; via incorporation of H" and/or HO™ [28]; (iii) formation of volatile species
such as Fe-hydroxides [34, 35] or Cr-oxyhydroxides [24]; (iv) preferential adsorption
of water molecules [30]; (v) dissolution of hydrogen increasing oxygen permeability
[19, 36-40].

Several authors recently questioned the effect of water vapor and hydrogen on the
oxygen permeability based on internal oxidation experiments in Fe—Ni—Cr [41-43] and
Pd—Cr [44, 45] alloys. Some of the aforementioned studies were carried out at tem-
peratures that substantially exceed the application range of SOFC/SOEC, 600-800 °C,
while the works by Gunduz et al. [17, 18] and Alnegren et al. [13, 14] have shown that
the dual atmosphere effect intensifies with decreasing temperature. Therefore, extrapo-
lating the conclusions from [41-43] to lower temperatures must be done with utmost
precaution.

In the present study, the effect of hydrogen on internal oxidation in single and dual
atmosphere conditions has been studied. Oxygen permeabilities were measured for a
Fe—2.25Cr model alloy exposed in Fe/FeO Rhines pack and Ar-H,—H,O gas mixtures
at 700-900 °C as well as in dual atmosphere conditions, i.e., Fe/FeO Rhines pack ver-
sus H,/H,O, at 700 °C. The obtained internal oxidation zones (IOZ) were characterized
with light optical microscopy and SEM. The IOZ morphologies were discussed as a
function of temperature, the presence of hydrogen in the system and its source.

Experimental Procedures
Material

The binary model alloy Fe-2.25Cr (wt.%), simulating a low-grade steel, was supplied
by Sandvik Materials Technology AB. The chemical composition of the alloy is given
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in Table 1. The alloy has an average gain size of 50 um; more information on the same
alloy batch can be found in [20]. For the single atmosphere RP and H,/H,O exposures,
test coupons measuring 10X 10X 2 mm were machined from a hot-extruded bar 25 mm
in OD. The circular specimens for the dual atmosphere experiments were cut from the
same bar. The 0.5-mm-thick discs 21 mm in diameter were ground with SiC paper to
0.2 mm. All specimens were polished with diamond paste to 0.25-um surface finish,
subsequently cleaned with acetone and ethanol in an ultrasonic bath and dried with
pressurized air prior to exposure.

Rhines Pack Exposures

The Fe/FeO mixture was prepared from an iron powder supplied by BDH Chemicals
Ltd (England) adopting a modified procedure described by Prillieux et al. [42]. The
iron powder was oxidized in Ar—5H,%—3%H,0 at 800 °C for 24 h. The degreased
alloy coupons were sealed together with the Fe/FeO mixture in a 16 mm OD quartz
tube either under vacuum (10~ mbar) or a shielding atmosphere of Ar. In the latter
case, the residual gas pressure was set to achieve 1 bar at the exposure temperature.
Selected exposures were carried out with RP sealed at 0.3, 0.6 and 0.9 bar of Ar-5%H,
to achieve 1, 2 and 3 bar, respectively, at 700 °C. No differences in IOZ morphology
and depth between vacuum and Ar-shielded RP exposures were established. The sealed
quartz capsules were introduced into the hot zone of a tube furnace, removed at the end
of the exposure and quenched in water. The specimens were exposed at 700, 800, 850
and 900 °C for up to 192 h.

H,/H,0 Exposures

The H,/H,O exposures were performed in a quartz tube in a horizontal furnace. The Ar-
5%H, gas mixture supplied by Linde Gas was bubbled through a humidifier (Fig. 1b)
kept at a certain temperature to obtain the level of H,O corresponding to the Fe/FeO
equilibrium (Table 2). Unlike the RP exposures, the specimens were introduced into a
cold furnace, flushed with the dry Ar-5%H, gas for 1 h and heated at 10 K min~! per
minute to reach exposure temperature °C. The humidification was turned on once the
furnace reached the desired temperature. The cooling rate was 10 K min~' as well. The
gas flow rate was set at 200 ml min~'. The exposure durations were the same as for the
RP exposures.

Two-Step Exposures

To better understand the effect of hydrogen on the internal oxidation morphology at
700 °C, four two-step exposures alternating the H,/H,O and RP exposures were carried

Table 1 .Chemical compogition Fe Cr Al Ti Mn Mo Ni Co C S
of the binary Fe—Cr alloy in
wt.% Bal 226 002 0.02 0.02 001 0.01 0.01 0.005 0.005
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Ar-5%H,-xH,0 Ar-5%H,xH,0

Ar-5%H,

@) J U ®) Ar Ar-5%H,

Fig.1 Schematic of the specimen holder designed for Rhines pack (RP) dual exposures: a reaction
chamber, b furnace setup providing RP atmosphere inside and H,/H,O environment outside the reaction
chamber

Table 2 Partial pressures of oxygen, hydrogen and water vapor prevailing in exposures at the Fe/FeO
decomposition level at 700-900 °C calculated using standard enthalpies and entropies from [57]

Exposure tem-  pO,/bar pH,/mbar pH,O/mbar pO,/bar Dew point (°C)
perature Fe/FeO H,/H,0

700 2.5%1072? 49 17 2.3%107%? 15,1

800 1.1x107"° 49 22 L1x107" 19,0

850 1.6x107'8 49 24 1.5%x107"8 20,5

900 1.7x107" 49 26 1.7x107" 21,7

out. In the first step, two pairs of alloy coupons were exposed for 72 h in parallel in H,/
H,0O and RP at 700 °C as described above. In the second step, two specimens from
each pair were swapped, while the two other specimens were further exposed in the
initial conditions for another 120 h. As a result, two specimens in this experiment were
exposed only to H,/H,O and RP with an intermediate cooling step. The discontinu-
ously exposed specimens served as a reference. The other two specimens were consec-
utively exposed to both atmospheres: H,/H,0—RP and RP—H,/H,0.

Dual Atmosphere Exposure

To simulate the dual atmosphere between Fe/FeO and H,/H,0, a special specimen
holder was designed. As demonstrated in Fig. 1a, a semi-hollow cylindric reactor
head, 40 mm OD, with an inner chamber, 16 mm ID, was produced from 253 MA
steel and welded to 6-mm 316-L steel tubes. The inner chamber was stuffed with
quartz wool and filled with 2 g of Fe/FeO powder. The circular alloy specimens
were clamped with a steel clamping ring. Gold gaskets were used to seal tightly the
specimen to the sample holder. Once the specimen was mounted, the inner cham-
ber was purged with Ar at the rate of 50 ml min~! for 1 h. After the purge, the
gas inlet was closed, while the gas level in the wash-bottle at the outlet was con-
trolled to be stable proving thus the gas tightness of the system (Fig. 1b). The closed
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sample holder was placed in a 42 mm ID quartz tube in a horizontal furnace. The
quartz tube was tightly closed on one side with a steel flange welded to the connect-
ing tubes and supplied with an O-ring and then flushed with Ar—5%H, for 1 h at
room temperature. While heated to the exposure temperature, the specimen holder
released the expanding Ar from the RP chamber into the wash bottle. At the test
temperature, the inner pressure was maintained at 1 bar. The heating and cooling
rate was 10 K min~!. The humidification was switched on filling thus the quartz
tube with the Ar-H,-H,O mixture (see gas compositions in Table 2) once the expo-
sure temperature was reached. The flow rate of Ar—H,—H,O in the quartz tube was
100 ml min~"!. The dual atmosphere experiment was run at 700 °C for 192 h.

Microstructural Analyses

The exposed specimens were sectioned, hot-mounted, subsequently ground with SiC
paper to 2500 grits and polished to 0.25-pm surface finish. The final ion etching step
was performed using the Gatan PECS II System. Some cross sections, especially
the dual atmosphere specimens, were prepared employing the broad-ion beam (BIB)
technique using a Leica EM TIC 3X. FEI Quanta 200 ESEM and JEOL JSM-7800F
Prime electron microscopes equipped with an energy-dispersive X-ray spectrometer
(EDS) were used for post-exposure analyses.

Results

Figure 2 shows the BSE images of I0Zs in Fe—2.25Cr exposed for 72 h at 850 °C in
H,/H,0 and in RP. The distinct and uniform IOZs have essentially the same depth
of 63+2 pm (H,/H,0) and 62+2 pm (RP), respectively. As reported in numerous
studies [38, 40, 42], the IOZ precipitates are iron-chromium spinel FeCr,0,. The
grain boundaries in both IOZs are densely filled with the spinel. Prillieux et al. [42]
found precipitates of Cr,0O; close to the reaction front after exposures at 1100 and
1150 °C. In the present study, the crystal structure of the oxide precipitates could
not be resolved in the I0Zs. Minor traces of FeO can be seen on the surface in the
RP specimen (Fig. 2b).

Figure 3 shows the BSE images of I0Zs in Fe-2.25Cr exposed for 192 h at
700 °C in H,/H,0 and in RP. Most importantly, the IOZs reflecting the oxygen per-
meation in the lattice are of the same depth of 10.5+1 pm (H,/H,O) and 111 pm
(RP), respectively (Fig. 3c, d). However, unlike the uniform IOZs at 850 °C and
900 °C (not shown here), the IOZ in H,/H,O (Fig. 3a) revealed a stronger oxidation
attack at the alloy grain boundaries which will be termed hereafter GB tail. At the
same time, no such GB tail has been observed in the RP specimen (Fig. 3b). The
tails only slightly protrude at the GBs beyond the IOZ. The IOZ measurements are
summarized in Table 3.

The width of a uniform IOZ is plotted in Fig. 4 as a function of (9)"2. The internal
oxidation kinetics obeys a parabolic time-law and is diffusion controlled. The data
points are in very good agreement at all temperatures, and no significant difference
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(a) 20 um (b) . j 20 pm

Fig.2 BSE images of BIB cross-sectioned alloy specimens exposed for 72 h at 850 °C in a H,/H,O and
b Fe/FeO RP

10 um (b) : ) © 10um

: 5pum 5pum
(c) - e (d) . —

Fig.3 BSE images of BIB cross-sectioned alloy specimens exposed for 192 h at 700 °C in a, ¢ H,/H,0
and b, d Fe/FeO RP.c, d demonstrate bulk internal oxidation zone (IOZ)

between I0Zs grown in H,/H,O and RP could be observed. The length of the GB
tails measured from the alloy surface is also plotted in Fig. 4. Like the bulk IOZ, the
GB tail growth kinetics is diffusion controlled.

The apparent oxygen permeabilities were calculated using Wagner’s analysis of
internal oxidation taking into account counter-diffusion of Cr and neglecting volume
change effects in a diluted Fe—Cr alloy as described in Refs. [46, 47] and plotted
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Table 3 Bulk I0Z width, X;q,,
and intergranular oxidation
depth, Xg, in various Fe-2.25Cr
specimens exposed for 192 h at
700 °C

Environment Xioz (pm) X (pm)
Isothermal exposures

Fe/FeO (RP) 10.9 14.8

H,/H,0 11.0 322
Dual atmosphere exposure

RP side 11.0 12.0

H,/H,0 side 10.6 29.5
Pressurized exposures

RP+1 bar Ar—5%H, 10.2 12.0

RP+2 bar Ar—5%H, 11.0 15.1

RP+ 3 bar Ar—5%H, 11.3 17.7
Alternating exposures

72h RP+120 h RP 10.4 13.1

72 h H,/H,0+ 120 h H,/H,0 10.6 31.7

72 h RP+120 h H,/H,0 10.5 20.8
72 h Hy/H,0+ 120 h RP 10.4 19.5

The average 10Z width in all experiments (192 h at 700 °C) is

10.6+1 pm

Exposure time [h]

192
100 & 2 72 .
® Rhines Pack 900 °C
0 H,H,0
80 4 2!t 12 B
850 °C
€
5 60 o
= 800 °C
e
> 40 GB tail, 700 °C |
) L
700 °C
0 T T T T T T

T
10 12 14 16 18
t1/2 [h1/2]

o
N
g
o
oo

Fig. 4 Kinetics of internal oxidation in Fe-2.25Cr in RP (full symbols) and H,/H,O (empty symbols)

together with the available literature data in Fig. 5. The obtained data showed a very
good agreement with the literature for the absolute NS)DO values as well as acti-
vation energy of 200 kJ mole™!. No effect of hydrogen can be deduced from the
obtained results.
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Figure 6 shows the BSE micrographs of the two sides of the 0.2-mm-thick
specimen after 192 h of exposure in dual atmosphere at 700 °C. As the pO, of the
Ar-H,-H,0 gas was slightly higher than the dissociation oxygen partial pressure
for FeO (2.5x 10722 bar), a thin layer of wiistite can be seen on the surface of the
H,/H,0 side. On the other hand, the surface of the RP side is completely free of
FeO. Notably, the bulk I0Zs are equally thick on both sides (10.7 + 1 pm) and match
very well the IOZs in the single specimens (Fig. 3c, d). Additionally, the character-
istic IOZ morphologies were recreated in the dual atmosphere exposure: the GB tail
appeared on the H,/H,O side (Fig. 6a) but not on the RP side (Fig. 6a).

Figure 7 demonstrates I0Zs grown in Fe-2.25Cr after RP exposures under differ-
ent pressures of Ar—5%H, for 192 h in at 700 °C. A specimen exposed to “dry” RP,
i.e., sealed under vacuum, is included in Fig. 7a as a reference. Irrespective of the
used pressure of Ar—5%H,, these experiments revealed no effect of ambient H, on
the bulk IOZ width. Furthermore, only a weak pH, dependence of the intergranular
penetration can be derived from Figs. 7 and 8 summarizing the measurements (see
also Table 3).

Figure 9 shows the results of the two-step exposures. First, the reference speci-
mens were found to form exactly the same 10Zs as those after isothermal experi-
ments compare Figs. 3a, 9a and Figs. 3b, 9b, respectively. Both IOZ morphologies
and the bulk I0Z width matched very well. The two-step specimens with changed
atmosphere demonstrated an intermediate I0Z morphology between H,/H,O and
RP. The bulk I0Zs measuring 10.4+1 pm for the H,/H,O—RP specimen and
10.6+1 pm for the RP—H,/H,O specimen agree with all measurements above. The
GB tail appears shorter in the two-step specimens indicating a direct correlation
between the internal GB oxidation attack and the time of exposure to H,/H,O.

Temperature [°C]

1100 1000 900 800 700 600
-14 T T T T T T
15 4 i
A E, = 200 kJ/mole
g -16 i
o))
o
5
Y 17 1 -
<
g’ O Swisheretal. 1966
- 18 4 O Takadaetal. 1986 i
A Seitiawan et al. 2010
v Prillieux et al. 2017
& presentstudy
-19 T T T T T T T T T
7 8 9 10 11 12

104T [104 K]

Fig.5 Averaged oxygen permeabilities in Fe—2.25Cr determined from internal oxidation experiments in
RP and H,/H,O (full symbols) in this study compared with literature data (empty symbols)
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Fig.6 BSE images of internal oxidation zones IOZ in BIB cross-sectioned Fe—2.25Cr specimen exposed
for 192 h at 700 °C in dual atmosphere conditions: a Overview, b H,/H,O side, ¢ Rhines pack side

Discussion
Effect of Hydrogen on Lattice Oxygen Permeability

The idea of hydrogen increasing oxygen permeability in iron and in alloys in
general was for the first time postulated in [36]. In these studies, a binary bor-
derline model alloy Fe-10Cr oxidized completely internally in Ar-4%H,-2%H,0
while forming a mixed duplex, external and internal, oxide scale in Ar—20%0,
at 900 °C. Hydrogen was thus believed to promote internal oxidation and, hence,
increase oxygen permeability, Ng)DO. This hypothesis was further supported by
experimental evidence from the studies of internal oxidation in diluted Fe—Cr
at 700-800 °C in an evacuated environment equilibrated with Fe/FeO and some
residual hydrogen pressure [39, 40]. The I0Zs in “humid” atmospheres were
found to be broader with respect to those in the “dry” ones. However, the latter
effect was rather weak, never exceed 20% and could be alternatively interpreted
as the effect of the precipitate morphology in the IOZ.
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10 um ~ 10 um
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Fig. 7 Effect of external hydrogen partial pressure on IOZ morphology in Fe-2.25C exposed for 192 h at
700 °C in Fe/FeO RP under various pressures of Ar-5%H,

Fig. 8 Effect of partial pressure 20 T T T
of H, equilibrated with Fe/FeO
RP in a sealed quartz capsule on L4
bulk IOZ (open symbols) and 15 PS 1
GB tail depth (full symbols)
after 192 h at 700 °C = & ®
E ¢ -TioFo---- DS o
< 10 O 1
o
X
5 - .
O Bulk 10z
® - GBTall
0 T T T
0 50 100 150 200
pH, [mbar]

Subsequently, a systematic study of internal oxidation in Fe-Ni—Cr alloys in a broad
composition range was undertaken in Fe/FeO, H,/H,0, and CO/CO, [41-43, 48]. The
abundant and systematic evidence demonstrated no measurable effect of hydrogen or
carbon on lattice oxygen permeability at 1000-1150 °C. Further evidence of no effect
of hydrogen on internal oxidation can be found in other studies in which IOZs of Al,O5
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Fig.9 BSE images of internal oxidation zones IOZ in BIB cross-sectioned Fe-2.25Cr specimens alter-
natively exposed for 72 and 120 h at 700 °C in a RP and RP, b H,/H,0 and H,/H,0, ¢ H,/H,0 and RP, d
RP and H,/H,O

or TiO, were formed underneath an external chromia scale during parallel exposures in
air and H,/H,O [49, 50] or even in dual atmosphere conditions [12].

The present study fully corroborates the latter view. The bulk I0Zs observed in
both RP and H,/H,O were equally broad (Figs. 2, 3c, d, 4). The calculated Ng)DO val-
ues agreed well with the available literature data and revealed no significant effect of
hydrogen. However, another important hydrogen effect was found in this study, i.e., the
GB tail. In H,/H,0, the oxidation attack is deeper at alloy grain boundaries (Fig. 3a, b).
This effect was observed after all exposure times at 700 °C but not at 800 °C and above.
The total average penetration depth of the GB tail measured from the surface was a
triple of the bulk I0Z at 700 °C (Fig. 3a) and is expected to be even stronger at lower
temperatures while still measurable in a reasonable time-span. After all, hydrogen does
have an effect on internal oxidation in Fe—Cr but not on the lattice oxygen permeability
in iron: the effect is rather limited to intergranular oxidation. Possible interpretations of
the GB tail will be discussed in the next section.

Effect of Dual Atmosphere

The dual atmosphere gained widespread attention in the context of SOFC almost two
decades ago [10] and has been extensively explored ever since [11-17]. Although
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many mechanistical aspects of the dual atmosphere effect are not completely under-
stood, a number of firm experimental facts were established: (i) hydrogen from the
fuel side dissolves in the steel, migrates to the air side and disrupts protective scal-
ing of Cr,0; [13, 17]; (ii) the dual atmosphere effect diminishes with increasing
temperature being most intense at 600 °C [14]; (iii) Cr evaporation on the air side
may additionally undermine the protectiveness; however, it is not the primary reason
of the effect occurring also on the dry air side [14]; (iv) cold-work [51-53] such as,
e.g., grinding of the air side suppresses the dual atmosphere effect. The combination
of (ii) and (iv) suggests that the dual atmosphere effect is related to Cr diffusion.

Among numerous mechanistic hypotheses, the hypothesis of an acceleration of
inward oxygen transport by dissolved hydrogen [36] was discussed as one of pos-
sible explanations [13, 14]. However, the recent experimental evidence [42, 44, 48]
as well as the internal oxidation results in the present study (Fig. 4) suggests no such
effect, i.e., the lattice oxygen permeability is equal in both dry and humid exposures.
The latter conclusion was confirmed by an actual dual atmosphere exposure in which
the “dry” RP side was not in contact with any hydrogen bearing species, i.e., H, and
H,0, while the “humid” H,/H,O side was an exclusive source of hydrogen dissolved
in the alloy (Fig. 1a). As can be seen from Fig. 5 and Table 3, the bulk IOZs measur-
ing 10.6+1 pm (RP side) and 11.0+1 (H,/H,O side) pm in width were not affected
by the dual atmosphere. Furthermore, the grain boundary tails did not evolve as they
did on the H,/H,O side. The internal oxidation morphologies obtained in the dual
atmosphere experiment essentially recapitulated the single-exposure microstructural
pattern.

Two important conclusions can be drawn from this observation:

(i) dual atmosphere conditions and, hence, dissolved hydrogen do not affect lattice
oxygen permeability in ferrite and thus do not accelerate internal oxidation.

(i) hydrogen dissolved in the alloy is not responsible for the intergranular oxida-
tion attack observed in the single H,/H,O exposures (Fig. 3) as well as on the
H,/H,O0 side of the dual atmosphere specimen at 700 °C (Fig. 5).

This finding thus points at the H,/H,O atmosphere as the trigger of the intensi-
fied grain boundary attack in the IOZ at 700 °C. The role of H,0 needs to be fur-
ther studied to better understand a higher susceptibility of alloy grain boundaries to
internal oxidation attack at lower temperature in H,/H,O.

Intergranular oxidation attack

The most puzzling finding in the present study was the intergranular oxidation
attack promoted by the H,/H,0O-environment (Figs. 3a, 5a). GB tails or intergranular
internal oxidation has been previously reported by Auinger et al. [54, 55] and Ron-
queti et al. [56] for diluted (0.2-1 wt.%) binary Fe—Cr, Fe—Al, Fe-Si and Fe-Mn
alloys exposed in humidified Ar-H, or N,-H, gas mixtures below FeO formation at
600-700 °C. Intergranular tails were found in Fe—Cr and Fe-Si but not in Fe—Al and
Fe—-Mn [54, 55], while the pattern became more complex in ternary model alloys.
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Despite slight differences in Cr concentration (0.8 wt.% in [55]) and hydrogen pres-
sure (25 mbar in [55]), the ratio between GB tail penetration and bulk I0Z width,
Xi5/X10z, found in [55] is 2.6 which is in excellent accord with the value 2.9 obtained
in the present study. The X;5/X o, ratio is expected to increase with decreasing tem-
perature [56]. While these data independently confirm the enhanced intergranular
attack in H,/H,O for diluted Fe—Cr alloys observed in the present study, the role of
alloy chemistry, grain size and especially that of humidity remains obscure.

The easiest and intuitive way to interpret enhanced intergranular oxidation in H,/
H,0O would be to ascribe it to the hydrogen dissolved in the alloy. In addition, such a
role of hydrogen would be an elegant alternative explanation for the dual atmosphere
effect, i.e., although hydrogen has no effect on bulk oxygen permeability (Figs. 2, 3,
4, 5) it accelerates oxygen ingress at grain boundaries. However, the experimental
evidence does not support this hypothesis. The RP—H,/H,0O dual exposure (Fig. 6)
revealed absolutely no effect of dual atmosphere, i.e., dissolved hydrogen, on the
evolution of intergranular oxidation. On the RP side, the GB tails did not develop
much beyond the bulk I0Z, while those on the H,/H,O side reproduced a single
atmosphere I0Z morphology typical for the H,/H,O exposures at 700 °C.

To better understand the role of hydrogen in the intergranular oxidation attack, a
series of exposures were carried out in RP with an increasing pressure of Ar—-5%H,.
The residual Ar-5%H, pressure was set to attain 1, 2 and 3 bar total pressure at
700 °C. The corresponding pH, and pH,O can be calculated from a thermodynamic
equilibrium of reaction

H,(g) + FeO(s) = H,0(g) + Fe(s) e))

Taking the standard enthalpies and entropies from [57], calculating the equilib-

rium constant K, one arrives at a ratio E HZO = 2.73 to maintain the pO, in the sys-

tem at the Fe/FeO level buffered by the lpﬂi The equilibrium (1) does not depend on
the total pressure. Hence, the partial pressures of H,O and H, in the pressurized
experiments were 36.6/13.4 (at 1 bar), 73.2/26.8 (at 2 bar) and 109.8/40.2 (at 3 bar).
A very similar experiment was conducted in [39, 40] where no oxidation at the GB
was reported. In the present study, no detectable effect of pH, on the bulk IOZ could
be established (Fig. 8). On the other hand, only a weak increase of intergranular oxi-
dation was measured in the pressurized capsules (Fig. 8). Nevertheless, the GB tails
had a much lower penetration depth compared to the IOZs obtained under the flow-
ing H,/H,O. A plausible explanation for this observation could be a limited availa-
bility of the hydrogen bearing species compared to the flowing Ar-H,-H,O gas
mixture.

The alternated exposures in Fig. 9 clearly demonstrated that the penetration depth
of the intergranular oxidation attack correlates with the time of exposure to the H,/
H,O environment. For instance, the intergranular oxidation depth after 72 h in H,/
H,0 at 700 °C was 22.1+1 pm, while the tail length of 20.6 +2 pm was measured
in the specimen exposed for 72 h in H,/H,O and subsequently reacted in RP for
another 120 h at 700 °C (Fig. 9¢c and Table 3). In other words, the GB tail ceased to
propagate once the H,/H,O atmosphere was switched off, while the bulk IOZ kept
on growing as if the exposure was uninterrupted. The data presented above suggest
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absolutely no effect of hydrogen dissolved in the metal on the intergranular internal
oxidation. Neither the source of hydrogen, i.e., dual atmosphere or gaseous hydro-
gen equilibrated with Fe/FeO, plays any significant role. Thus, only H,O in the gas
can be considered as the trigger of the intergranular attack.

A very similar corrosion phenomenon is well known to occur in nuclear materi-
als exposed to pressurized water reactor (PWR) primary water environment: inter-
granular stress corrosion cracking (IGSCC). For the first time reported for 304 and
347 steel pipes in the 1960s [58], IGSCC was later observed also in Ni-based alloys
[59] such as alloy 600 [60—62]. It is generally accepted that IGSCC is the caused
by internal oxidation [63]. Despite great progress in experimental and theoretical
exploration of this effect even on the atomistic level [64—66], the actual role of the
H,0 molecule is still not fully understood.

Furthermore, the internal oxidation model is still being questioned [67] as the
IGSCC propagation rates exceed by four orders of magnitude any available bulk
oxygen permeability [68] or Cr diffusivity data [69—71] extrapolated to 350—400 °C.
The latter is not surprising as grain boundary transport mechanisms should prevail
at such lower temperature while most oxygen permeability datasets were measured
accounting exclusively for lattice transport. IGSCC is also simulated in an acceler-
ated corrosion tests in superheated hydrogenated steam, i.e., H,/H,O gases [62].

Given all morphological similarities between IGSCC and the GB attack observed
in the present study, one should bear in that these phenomena are not the same as
SCC requires three key factors: environment, susceptible microstructure, and stress.
Only the first one is relevant for intergranular attack induced by the H,/H,O gas
in the presented model experiments (Fig. 3). Furthermore, the key role of water
in grain boundary oxidation attack at lower temperatures (700 °C and below), the
nature of the species entering a GB and acting as an oxidant, the role of dissolved
hydrogen and other factors need to be further explored to gain a better mechanistic
understanding of this phenomenon.

Conclusions
The following conclusions can be drawn from this study:

e Hydrogen has no effect on alloy lattice oxygen permeability in Fe—Cr in the
SOFC/SOEC relevant temperature range of 700-900 °C.

e H,/H,O does affect the internal oxidation in Fe-Cr but only at temperatures
below 800 °C provoking an increased oxidation attack at alloy grain boundaries
(GB) propagating beyond the bulk 10Z

¢ The GB oxidation attack is most likely caused by water from the H,/H,O gas.

e Dual atmosphere conditions do not change the internal oxidation pattern of Fe—
Cr. Both RP and H,/H,O sides reveal an identical IOZ morphology compared to
the respective single exposure counterparts.

e Hydrogen dissolved in the alloy does not induce the GB oxidation attack as the
RP side in the dual atmosphere experiment did not develop any GB tails.
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