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Abstract 

The reactive impurities in the primary cooling' helium of 
advanced high temperature gas cooled reactors (HTGR) can cause 
oxidation, carburization or decarburization of the heat 
exchanging metallic components. By studies of the fundamental 
aspects of the corrosion mechanisms it became possible to 
define operating conditions under which the metallic 
construction materials show, from the viewpoint of technical 
application, acceptable corrosion behaviour. By extensive test 
programmes with exposure times of up to 30.000 hours, a data 
base has been obtained which allows a reliable extrapolation 
of the corrosion effects up to the envisaged service lives of 
the heat exchanging components. 

INTRODUCTION 

The gas-cooled high temperature reactor (HTGR) is under 
development in the Federal Republic of Germany in cooperation 
with Switzerland, in the USA and Japan. Further activities are 
running in Poland, USSR and in China /l/. Besides its present 
uses for electricity generation the HTGR has a unique 
potential for the supply of heat for chemical processes. The 
German HTGH project "Prototype Plant for Nuclear Process Heat" 
(PNP) is aiming at the use of nuclear heat for the steam 
gasification of hard coal and steam reforming of methane 
coupled to the hydrogasification of lignite. The primary 
circuit cooling medium in an HTGR is helium which transfers 
the nuclear heat from the graphitic nuclear core to heat 
exchanging components fabricated from metallic materials. In 
an HTGR designed to supply heat for chemical processes e.g. 
coal gasification or steam reforming, these components arft 
operating at temperatures up to 950 °C. The coolant gas 
contains small amounts of impurities, i.e. Hg, H'20, CH4, 00, 



Ng and CO2 in the Pa range which can react with the metallic 
components thereby influencing the mechanical properties of 
the alloys. Extensive test programmes have been carried out to 
investigate the corrosion behaviour of the metallic materials 
iru the -different service environments in order to obtain the 
data which can be extrapolated to the envisaged service lives 
of the components (more than 100,000 h). 

MATKR UL-S _ AN» _TKST_G ASKS 

The selection of the candidate alloys for high temperature 
heat exchangers (INCONEL 617, HASTBLLOY X. NIMONIC 86, 
Alloy 800 H, Thermon 4972) in HTGH plants was mainly based on 
long term creep rupture properties, structural stability and 
fabricability /l/. These Ni and FeNi- based alloys contain 
Mo, Co and Cr as solid solution strengthening elements whereas 
for the corrosion behaviour Cr, Mo and minor alloying 
additions, as Mn, Ti, Al and Si, are impoitant. 

As the invc»stigat ions concerning the corrosion behaviour of 
these alloys in simulated HTGR helium were being carried out 
in different laboratories, a standardized test gas, "PNP 
helium", was defined which contains 0.15 Pa H2O, 50 Pa h*2i 
2 Pa CH4, 1.5 Pa CO and less than 0.5 Pa N2. 

Although most of the testing has been done in this 
standardized test gas, considerable effort has additionally 
been devoted to the investigation of the influence of 
systematic variations of the gas composition on the corrosion 
behaviour. 

THEQRETICAL_BACKGRQyNp 

The main corrosion effects occurring in HTGR helium are scale 
formation, depletion of the oxide forming elements, internal 
oxidation and carburization or decarburization. From the 
viewpoint of the influence on mechanical properties especially 
the changes in alloy carbon content are of importance. In 
interpretating the experimental results one has to consider 
that due to the high gas flow rates in the primary circuit the 
corrosion behaviour of the metallic materials in a real plant 
will be determined by the kinetics of the individual gas-metal 
reactions and therefore a steady state rather than 
thermodynamic equilibrium will be established. Due to the slow 
kinetics of the carbon transfer by methane 

73 CH4 *s= C + 2H 2 (1) 

Fig. 1: Corrosion areas in the modified stability diagram 
for chromua 

the steady state potentials are very near to the equilibrium 
oxygen partial pressure and carbon activity of the reactions 

H2O *^ H2 -• 1/2 0 2 (2) 

and 

CO > H2 *^ C + H2O (3) 

Only if the water level is extremely low (5:0.01 Pa), the 
corrosion behaviour is significantly influenced by methane 
splitting. 

In respect to corrosion, chromium is the main oxide and 
carbide forming alloying element in the candidate materials. 
Based on the classical thermodynamic stability diagram for 
this element a modified stability diagram for each candidate 
material can experimentally be determined for describing the 
corrosion behaviour /2/. The diagram can be divided into five 
areas in which different corrosion behaviour occurs, as shown 
schematically in Fig. 1. Atmospheres located in areas I or II 
lead to rapid decarburization without or with oxidation. 



74 In area IV and especially area V, rapid carburization occurs 
which causes a significant ductility loss of the Materials at 
low temperatures (4 700 °C). Only atmospheres located in area 
III will cause no significant damage of the materials: 
irrespective of the steady state carbon activity in the gas, 
carburization occurs, but the stable chromia scale restricts 
the carbon uptake to below technically relevant levels 12/. 

The borderline Pco i n Fig. ' represents the equilibrium carbon 
monoxide pressure of the reaction 

xCO + y M e * M e y O x + xC (4) 

in which C represents the activity of carbon in the alloy and 
MeyOjj the scale forming oxide. Which of the above mentioned 
corrosion effects will occur is mainly determined by the value 
of Pcb: atmospheres with a carbon monoxide partial pressure 
higher than Pjt- are located in area III or IV; if the carbon 
monoxide pressure is lower than PcOi *-ne atmosphere is located 
in area I, II or V. Decreasing the water level or strongly 
increasing the methane partial pressure at constant CO level 
shifts the location of the atmosphere from area II to V or 
from area III to IV. 

The value of Pco depends on alloy composition and increases 
with temperature. As can be deduced from °q. (4), Pco is 
decreased by addition of alloying elements which increase 
chromium activity, or/and increase the stability of the 
carbides or the scale forming oxides. Due to a lack of 
thermodynamic data for the complex oxides and carbides formed, 
P(X> cannot be calculated for the technical alloys from 
standard thermodynamic data. Therefore a technique has been 
developed by which PQQ could be determined experimentally /?., 
3/: for the high temperature alloys under consideration it 
equals around 0.1 Pa at 800 °C and around 3 Pa at 950 °C /2/. 

As P Q O depends on the activities of the oxide forming 
element(s), in practice Pco is not completely constant. 
Because element depiction occurs in the surface near region 
due to scale formation, Pco increases with time. Therefore the 
boundary between area II and III respectively IV and V in 
Figure 1 is not exactly determined by Pco /2/. This is 
indicated by the shaded areas in Figure 1. An atmosphere 
located in these areas initially leads to a corrosion effect 
typical for area III (or IV), however after longer times it 
changes to a behaviour typical for area II (or V). It has been 
shown that for the conditions considered here the change of 
Pco with time is not very significant /2/. 
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Fig. 2: Change in carbon content of INCONEL 617 during exposure 
in "PNP helium" with (a) 0.15 Pa and (b) 0.01 Pa H 2 0 

GAS_COMPOSIT10N_ANP_TBMPERATURE_DEPENI)ENCE_OF CORROSION 
BEHAVIOUR 

To illustrate how the modified stability diagram (Fig. J) can 
be used for the interpretation and prediction of the corrosion 
results, Fig. 2 shows the change in carbon content of the main 
reference alloy, INCONEL 617, during exposure at 850 and 
950 °C in PNP helium and in a similar test, gas, however with 
an extremely low water level. 
The value of p£o for INCONEL 617 at 850 °C is around 0.1 Pa 
/2,3/ which is significantly lower than the carbon monoxide 
pressure of 1,5 Pa in the PNP helium. Due to the water partial 
pressure of around 0. 1 Pa chromium oxide is stable, and so at 
850 °C PNP helium is located in area III of the stability 
diagram resulting in the formation of a pure oxide scale 
(Fig. 3a) which restricts the change in carbon content to very 
low levels. 

This behaviour is found for all the candidate alloys in the 
temperature range up to 900 °C. At temperatures above around 
920 °C (depending on alloy composition), however, Pco exceeds 
the carbon monoxide pressure in the test gas shifting the 
atmosphere to area II of the stability diagram resulting in a 
very rapid decarburization 12, 3, 4/ with deleterious 
consequences for creep strength /5/ as illustrated by Figure 4. 



Fig. 3: Scale formation of INCONBL 617 in (a) PNP helium at 
850 °C, 4000 h, (b) PNP helium at 950 °C, 2000 h and 
(c) PNP helivai with 0.01 Pa H2O at 850 °C, 4000 h. 
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Fig;. 4: Creep curve* for alloy INCONBL 617 in different 
environments •hawing the deleterious, effect of 
decarburization on creep atrength /5/. 

In the helium composition with the very low water partial 
pressure the low steady state oxygen partial pressure causes 
the carbide to be the stable phase instead of the oxide. 
Therefore at 850 °C the atmosphere is located in area IV 
resulting in the formation of mixed oxide carbide scales 
(Fig. 3c). At 950 °C this dry atmosphere is located in area V 
causing the formation of a pure carbide scale accompanied by 
an approximately linear carbon uptake (Fig. 2b). 

The results illustrate that at 950 °C in both atmospheres a 
rapid transfer of carbon occurs: rapid carburization in the 
dry atmosphere and rapid decarburization in the gas with 0,15 
Pa water vapour. The reason is that at this temperature the 
ca-bon monoxide level in both gases is lower than P£O w i 8 ° 
the (>.|uilibrium of reaction (4) on the left side. Because of 
tHc extremely rapid kinetics of this reaction, chromium oxide 
and carbide (at the surface or in the alloy) cannot coexiat. 
In atmospheres with a water level of around 0.1 Pa (area II) 
in which the oxidation by water dominates the carbon transfer 
by methane, the oxide scale which develops does not hamper 
carbon transfer because the oxide is continuously attacked at 
the Bcale- metal interface by the carbon in the alloy 
(reaction 4) leading to a destruction of the scale. 

It. could be shown /6/ that in a growing oxide scale alwaya 
sufficient pores and cracks are initiated through which the 
carbon momoxide formed by reaction (4) can escape. The heuling 
rate of the scale imperfections is, due to the low water 
partial pressure of around 0.1 Pa, too low to compensate the 
scale destruction caused by reaction (4). This destruction of 
the scale also occurs if the surface would be preoxidized /6/. 
In fact an undisturbed growth of the oxide in this atmosphere 
is only possible after the carbon IOBS has decrease! the 
carbon activity to such a low level that reaction (4) is in 
equilibrium. 

A stable behaviour which is characterized by a alight carbon 
uptake, like that shown in Fig. 2 for 850 °C in PNP Standard 
helium, not only requires the formation of a chromin surface 
scale but also a carbon monoxide level which is higher th.-in 
PQQ. If these conditions are fulfilled, a stable corrosion 
behaviour is obtained also at the highest envisaged test 
temperature of 950 °C. This is illustrated in Kig. 5 for 
INC0NEL 617 where the corrosion behaviour in PNP helium 
(PQO - 1«5 Pa) is compared with the behaviour in a test gas 
containing 10 Pa carbon monoxide which is higher than the 
P^Q-value for this material at 950 °C (e 3 Pa). It can be seen 
that in the low CO gas rapid decarburization nccurs in spite 
of the higher methane level. In the test gas containing 10 Pa 
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Fig. 5: Influence of CO partial pressure on the change in 
carbon content of INCONEL 617 at 950 °C. Test gas 
helium containing (in Pa) 0.15 HgO, 50 H2 and 
different concentrations of CO and CH4 

of CO only a very slight change in carbon content occurs. A 
typical microstructure after exposure in this test gas is 
given in Fig. 6b. Apart from the chromia based surface scale 
and internal aluminium oxide particles, a small carbide 
depleted zone is visible. Different from Fig. Sa where the 
carbide free zone is around 1 mm wide, the carbide depleted 
zone is not caused by carbon loss but by consumption of 
chromium used for scale formation. The width of this zone 
increases with time according to an approximately parabolic 
time law (Fig. 7), whereas the width of a carbide free zone 
caused by decarburization obeys an approximately linear time 
dependence. 

CONCLUSIONS 

The aim of the corrosion investigations accomplished by the 
partners in the German/Swiss HTGR project for nuclear process 
heat has been the determination of corrosion data which can be 
extrapolated to the envisaged service lives of around 100.000 
hours. The majority of the experiments has been carried out in 
a standardized test gas, PNP helium. In the whole temperature 
range up to 900 °C this test gas is located in area 111 of the 

Fig. 6: Microstructure of INCONEL 617 after 1000 h exposure 
at 950 °C in HTGR helium compositions given in 
figure 5, 
a) P C 0 = 1.5 Pa, P C H = 2 Pa; b) P c o = 10 Pa, 

PCH, = 1 Pa 

stability diagram determined for the main candidate material 
INCONEL 617 and so a stable corrosion behaviour, characterized 
by an oxide scale and very slight carburization, occurs. It 
has been found that, despite of clear differences in corrosion 
behaviour between the different alloys and even between 
different heats of one alloy, all reference materials show 
this stable corrosion behaviour at and below 900 °C. Data 
compilations of the extensive test programmes, in which 
exposure times of up to 30.000 hours have been reached, show 
that the data base available at the momen'. enubles the 
derivation of time laws necessary for reliable extrapolations 
of the corrosion effects up to the envisaged service live of 
around 100,000 hours. 
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Fig. 7: Corrosion k i n e t i c s of INCOMEL 617 at 950 °C in 
He H2O/H2/CH4/CO-O.15/50/1/10 Pa 

Ac t e m p e r a t u r e s o f around 950 °C, in t h e g a s c o m p o s i t i o n PNP 
he l ium t h e c o r r o s i o n behaviour changes t o a r a p i d t r a n s f e r o f 
carbon between a l l o y and atmosphere. However, based on t h e 
e v a l u a t i o n o f t h e c o r r o s i o n mechanisms t h e range o f gas 
c o m p o s i t i o n s c o u l d be d e f i n e d in which even at t h e h i g h e s t 
s e r v i c e t emperature env i saged (950 °C) s t a b l e c o r r o s i o n 

77 b e h a v i o u r can be mainta ined f o r a l l c a n d i d a t e m a t e r i a l s . 
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