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1. Introduction

The high temperature steam electrolysis (HTSE) is
one of the promising ways of the massive hydrogen
production using the very high temperature gas cooled
reactor (VHTR) because they has a higher efficiency
below the 850°C and available to adapt the existing
solid oxide fuel cell (SOFC) technologies. Intermediate
heat exchanger (IHX) is important structural component
which supply high temperature steam to the HTSE. Also,
steam provided to the HTSE would be mixed with
hydrogen in order to ensure reduction environment.
Therefore, the candidate IHX materials require the high
temperature oxidation resistance in steam with and
without hydrogen environments [1].

One of the candidate materials for the IHX is Ni-base
superalloys such as Alloy 617 and Haynes 230 due to
excellent high temperature oxidation resistance. In this
study, oxidation behaviors of Ni-base superalloys were
evaluated in steam with and without hydrogen
environments.

2. Experimental

Commercial wrought Ni-base superalloys such as
Alloy 617 and Haynes 230 were used in this study. The
chemical composition of Alloy 617 and Haynes 230
were listed in Table 1. Coupon type specimen with
13mm in diameter and 1mm thickness were used for
isothermal oxidation test. Isothermal oxidation test were
performed in pure steam and steam + 20vol.%H,
mixture condition at 900°C up to 1000 hours. The flow
rate of steam and steam + 20vol.%H, mixture were
20cc/min at room temperature.

Table I: Chemical compositions of Alloy 617 and Haynes 230
(Wt.%)

Fig. 1 shows the weight gain curve versus time of
Alloy 617 and Haynes 230 in steam and steam +
20vol.%H, conditions at 900°C up to 1000hours.
Weight gain curves were governed by parabolic rate law
in all conditions with distinctive rate change for Haynes
230 after 100 hours. Oxidation rate of Alloy 617 was
faster than Haynes 230 in all conditions. For both alloys,
oxidation rate was similar in air and steam conditions.
On the other hands, hydrogen addition to steam
significantly accelerates the oxidation rate for both
alloys. In the oxide lattice, hydrogen is easily ionized to
protons and affects the defect structure of oxide [2]. If

hydrogen were sufficiently ionized to proton,
equilibrium chare balance were changed below
equations 1

ger J=[e+[H] m
Amount of chromium interstitial defects is increased
with proton. Consequently, oxidation rates are increase
by ionized protons.
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3. Results and discussion

2.1 Oxidation rate

Fig. 1. Weight gain curves of Alloy 617 and Haynes 230 at
900°C in steam with and without hydrogen conditions.

2.2 Microstructure of oxide layer

As previous reported [3] oxide structure of Alloy 617
oxidized in air consist of NiO/NiCr,0,/Cr,05 external
oxide and Al,O; internal oxide along grain boundaries.
However, as shown in Fig. 2, outer oxides consist of
granular MnTiO3 and Cr,03 layer and sub-layer Cr,Os
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and internal Al,O; were formed in steam and steam + 20
vol.% H, conditions. The equilibrium oxygen partial
pressure of NiO is 7x10™atm at 900°C and that of
steam and steam + 20vol.% H, is 6.3x10*atm and
8.47x10™atm, respectively. Therefore, NiO is no
longer stable phase in steam and steam + 20vol.% H,.
Also, diffusion coefficient of Mn and Ti is higher than
Ni and Cr in Cr,03 [4] and Ti solubility in Cr,O3 was
increased with decreasing oxygen partial pressure [5].
Thus, Ti and Mn outward diffusion in Cr,0; were
enhanced in steam and steam + 20vol.% H2.
Consequently, outmost MnTiO3; was formed. As shown
in fig. 3, oxide layer were composed of external
MnCr,0, and Cr,05; and sub-layer Cr,0O; were formed
for Haynes 230. In contrast to Alloy 617, outmost
MnCr,O,4 oxide layer were formed because of higher
Mn contents in Haynes 230 and that effectively
suppressed the oxidant ion such as metal cation and
oxygen anion diffusion. For both alloys, sub-layer Cr,O;
was formed because inward diffusion of oxygen anion
was occurred in addition to outward diffusion of metal
cation in low oxygen partial pressure such as steam and
steam + 20vol.% H; environments [6]. Decarburization
depth was increased when hydrogen were added.
Carbide dissolution was occurred by H,O penetration
through oxide layer.

6H,0 + Cr,,C, — 6Co + 23Cr + 6H, @)

When hydrogen was added, that easily penetrate to
oxide layer and then dissolve the Cr,0s.

2Cr,0, + 6H, — 6H,0 + 4Cr ®)
Consequently, more H,O existed at scale and metal

interface. Consequently, carbide dissolution was
enhanced by equations (2).

3. Conclusions

The oxidation behaviors of Alloy 617 and Haynes
230 in steam and steam + 20vol.% H, at 900° were
investigated.

Oxide layer of Alloy 617 consist of external
MnTiOs/Cr,03, sub-layer Cr,0s, and internal Al,Os. On
the other hands, external MnCr,04/Cr,O3 double layer
were formed.

Low oxygen partial pressure conditions, steam and
steam + 20 vol% H, change the oxide structures
compared air. Ni-rich oxides which were formed in air
were not formed and Mn, Ti rich oxides formation were
enhanced. Sub-layer Cr,O; were formed by oxygen
inward diffusion.

When hydrogen was added in steam condition,
oxidation rate was increased because of accelerated
outward diffusion of metal cation. Also, carbide
dissolution was enhanced due to the added hydrogen.

(b)
Fig. 2. Oxide layer structure of Alloy 617 oxidized for
1000hours at 900°C in (a) H,0 and (b) H,O + 20vol.% H,
conditions.
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Fig. 3. Oxide layer structure of Haynes 230 oxidized for
1000hours at 900°C in (a) H,0 and (b) H,O + 20vol.% H,
conditions.
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