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Kurzfassung 

Hochtemperaturlegierungen, die zur Herstellung von Komponenten für den 
Primärkreislauf eines heliumgekühlten Hochteaperatur-Kernreaktors 
vorgesehen sind, geben rasch CO ab, wenn die Temperatur des Kühlgases 
einen gewissen Wert übersteigt, welcher als Instabi11tätsteaperatur 
Ti bezeichnet wird. Die Messungen haben gezeigt, dass T. ansteigt, 
wenn der CO-Partialdruck in Kühlgas zunimmt. Für p c o * 15 pbar liegt 
T^ zwischen 900 und 950*C für die untersuchten Legierungen: Ti 1st 
für die Eisenbasislegierung Incoloy 800 H am geringsten und niant für 
die Nickelbasislegierungen zu in der Reihenfolge Inconel 617, HDA 230 
und Nimonic 86. 

Ein Vergleich der Messungen von Tj die an 3 verschiedenen Laboratorien 
durchgeführt wurden, zeigte übereinstiaaende Resultate für 
p c o < 25 ybar. Die Abhängigkeit der Instabilitätsteaperatur T. von 
p c o für die Nickelbasislegierungen zeigt, dass die CO Produktion für 
p c o < 25 y bar auf einer Reaktion zwischen Chroaoxid und in der Matrix 
gelöstem C beruht, 

Cr203 + 3C s o l >- 2Cr + 3C0 . 

Die an einem der drei Laboratorien gemessenen Werte von Tj zeigen eine 
andere Abhängigkeit von p c ofür pco > 25 >bar, kompatibel mit CO 
Produktion durch eine Reaktion von Cr 0 mit Karbiden, z.B. 

2 3 * 

Cr203 + 3M6C - 18M + 2Cr + 3C0 . 

Falls CO das wichtigste Oxidatlonsmittel für die Bildung der 
Oxidschicht war, so dass sich unmittelbar darunter gleichzeitig 
Karbide bildeten, dann sind beide Reaktionen möglich und die zweite 
wird bei höheren Werten von p c o vorherrschen. 

Einige Messungen von Ti an HDA 230 und Nimonic 86 wurden im Rahmen 
simulierter Reaktorstörfälle vorgenommen. Die anschliessende 
Untersuchung dieser Proben zeigte, dass die Oxidschicht ihre 
Schutzwirkung oberhalb Ti verliert. Die Instabilitätstemperatur 
stellt deshalb eine obere Grenze für die Anwendbarkeit der Legierung 
dar. 

Ein Interessantes Resultat der Untersuchungen war die Entdeckung 
von n-Karbiden (M6C) mit ungewohnten Eigenschaften. M6C ist der 
einzige Karbidtyp, der in HDA 230 vorkommt. Seine Cltterkonstante 
beträgt 1104,9 pm. Seine Zusammensetzung 

<»1i,»FV.Cr.,6S1o,>>(W.,6Moo,6>c 

änderte sich nicht während der S'örfallsimulation. Ein n-Karbid mit 
einer Gitterkonstante von 1088,8 pm bildete sich an der Oberfläche von 
Nimonic 86 während der Voroxldatlon vor der Störfallsimulation. Seine 
Zusammensetzung ist ungefähr Ni3SiMo2C. Si-haltlge n-Karbide und 
Insbesondere n-Karbide mit Gitterkonstanten von lediglich 1088,8 pm 
wurden bisher nur selten beschrieben. 
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ABSTRACT 

High teaperature alloys designed to be used for components in the 
primary circuit of a helium cooled high teaperature nuclear reactor 
show massive CO production if the teaperature of the cooling gas is 
raised above a certain temperature, called the ins*ability teaperature 
Tj. The aeasureaents have shown that Tj increases with increasing 
partial pressure of CO in the cooling gas. At p c o • 15 ybar, T^ lies 
between 900 and 950*C for the four alloys under Investigation: T^ is 
lowest for the iron base alloy Incoloy 800 H and increases for the 
nickel base alloys in the order Inconel 617, HDA 230 and Nlaonic 86. 

Measurements of Tj made at 3 different laboratories were coapared and 
shown to agree for p c o

< 25 ybar. The dependence of Tj on p c o for the 
nickel base alloys shows that CO production is due to a reaction 
between chroalua oxide and carbon dissolved in the aatrix, 

Cr203 + 3Csoi. - 2Cr + 3C0 

for p c o < 25 ubar. The measurements of Tj at one of the laboratories 
show a different dependence on p c o for p c o > 25 ybar, coapatible with 
CO production by a reaction of Cr203 with carbides, e.g. 

Cr203 + 3M6C - 18M + 2Cr + 3C0 . 

If CO was the main oxidant during the formation of the oxide layer so 
that carbides adjoining to it were formed simultaneously, then both 
reactions are possible and the second will dominate at higher values 
o £ Pco-

Some measurements of Ti on HDA 230 ai.d Niaonlc 86 were performed in 
the course of simulated reactor disturbances. Detailed examinations 
of these saaples showed that the oxide layer looses its protective 
properties above T^. The instability teaperature represents therefore 
an upper Halt to the applicability of the alloy*. 

A highlight of the »xaninations was the detection of n~c*rbides 0*6C) 
with unusual properties. MeC is the only type of carbide occurlng in 
HDA 230. Its lattice constant is 1104.9 pa; its composition 

<" il l,
FVl C ri,6 S l0,2 > ( Ml,* , lV' ) C 

did not change during the reactor disturbance simulation, An n~carbide 
with a lattice constant of 1088.8 pa had developed at the surface of 
Niaonic 86 during preoxidation before the disturbance simulation. Its 
composition is estiaated at Ni3SlMo2C. n-carbides containing Si and 
especially n~carbides with lattice constants as low as 1088.8 pa have 
been described only rarely until now. 
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1.0 INTRODUCTION 

In h e H U B cooled high temperature nuclear reactors, graphite is used 
as fuel cladding and as a construction aaterial for the reactor core. 
The air, water and hydrogen adsorbed on graphite give rise to 
impurities in the helium in the order of magnitude of ppm. The 
principal impurities are H,, H20, CO and radiation Induced CH^. They 
can lead to oxidation, carburizatlon or decarburizatlon of the 
metallic structural materials Ln the primary helium circuit. Whereas 
a regular oxide scale protecting the metal underneath from oxidation, 
carburizatlon and decarburization is welcome, carburization can lead 
to brittleness, decarburzatlon to loss of strength. 

Estimates of the amounts of impurities in the helium that are to be 
expected for various types of high temperature reactor led to the 
definition of various test atmospheres: for a prototype nuclear 
process heat the PNP standar.' atmosphere was defined, which is used at 
the EIR helium loop at present. 

The aim of the present Investigation was to find whether the corrosion 
behaviour of metallic structural materials in this atmosphere 
determines an upper limit for their applicability. Such a limit has 
been found and has been termed the instability temperature Tj. 

2.0 EXPERIMENTAL SETUP 

The alloy samples were typically of a size 0.1 - 0.2 cm x 
2 cm x 2-4 cm. They were cut from a 1 mm thick sheet ln the case of 
Nlmcnlc 86. In the case of Inconel 617 and Incoloy 800 H both large 
sides of the smaple were cut by electro erosion, and ln the case of 
HDA 230 one side was hot rolled by the manufacturer and the other cut 
by electro erosion. 

Prior to determining the instability temperature T^ in the course of 
heating, the samples must form an oxide layer to provide the oxygen 
needed for CO production. One of the Nlmonic samples had been exposed 
to PNP 500 type helium at 850*C during 1187 hours, all the other 
samples were annealed ln air at 750*C during 4 hours and cooled in 
air. 

To determine the Instability temperature, a preoxidlzed sample was 
placed in an aluminium oxide tube (Alslnt 99.7) with an inner diameter 
of 2.3 cm and length 130 cm. The water cooled ends of these ceramic 
test chambers exceeded the furnace by about 15 cm on each side 
(Figs. 1 and 2). 

The temperature was measured with Nl/CrNi thermocouples on the outer 
surface of the ceramic tube at the position of the sample. 



- 6 -

Because of the sensitivity of ceraaic tubes to thermal stress, the 
temperature was raised in steps to a value between 765 and 850*C on 
the day preceeding the actual aeasureaent of the instability 
teaperature. To delermine Tj , the teaperature was raised in 20*C 
steps every 27 minutes up to about 1030*C and then lowered similarly. 
The heliua pressure was kept at a constant level in the range 
1.43-1.62 bar. Using a bubble counter, the gas flow was set at a low 
value (7-21 norm l/h) to make the changes in CO and CHI| content better 
visible. 

The amounts of CO, CH,,, K2 and N2 in the heliua entering the test 
chambers were determined with a gas chroaatograph (Al 911) at the 
beginning, in the aiddle and at the end of the teaperature program, 
the amount of H20 was determined with an electrolytic hygroaeter 
(HM 104). 

Immediately before each temperature rise, the gas that left the 
ceraaic tube was analysed by gas chromatography. The saall gas flow 
during these aeasureaents allowed air to enter the detector 
counterstreaa from the exit of the gas chromatograph, thus altering 
the N2 indication and (by interference of the 02 and H2 peaks) the 
H2 indication, so that only CO and CH,, changes can be analysed. 
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Figure 1' Cut of the furnace showing two of the four ceramic test chambers (99.7 % A^Oj) 
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Figure 

The gas outlet end of the furnace showing the thermocouples and the 
metal caps of the four ceramic test chambers, each with gas outlet and 
cooling water Inlet and outlet. 
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3.0 MEASUREMENT OF THE INSTABILITY TEMPERATURE TA 

The chemical composition of the four alloys under investigation is 
given in Table 1. 

Table 1: Chemical composition ol the alloys (weight-%) 

Alloy 

Inconel 
617 

Ptmonic 
86 

HDA 230 

Incoloy 
800 H 

Ni 

56.1 

62.0 

57.4 

31.0 

Fe 

0.25 

1.87 

2.23 

45.7 

Co 

11.9 

.052 

0.68 

-

Cr 

20.9 

24.4 

20.6 

21.0 

Mo 

8.97 

9.97 

1.54 

-

W 

_ 

-

16.1 

-

Ti 

0.34 

.030 

-

0.44 

Mn 

.021 

.127 

0.53 

0.97 

Al 

1.17 

.014 

0.35 

0.36 

Si 

0.18 

0.30 

0.37 

0.18 

C 

.077 

.082 

.109 

.073 

others 

-

.02 Ce 

.03 La 

.35 Cu 

During the 11 measurements of T^ , the partial pressures of the helium 
Impurities lay in 10 cases within the limits given in Table 2, i.e. 
they satisfied the specifications for PNP standard hel urn (PNP 
std. He). 

Table 2: Impurity content of the helium in ybar: 
actual values and specifications for PNP standard helium 

impurity 

measured range 

PNP std. He 

CO 

11.5-18.5 

10-20 

CH„ 

17-23 

15-25 

H2 

450-540 

450-550 

Nz 

3-5 

<5 

H20 

0.5-2.5 

0.5-2.5 

Two samples of Inconel 617 and one of each of the three other alloys 
under investigation were subjected simply to preoxidatlon in air, to 
heating ir. steps to about 1030*C and to cooling in steps to determine 
T.. Afterwards, two samples of HDA 230 and one of Nimonic 86 were 
subjected to a more Involved temperature program, simulating a reactor 
disturbance and including two determinations of T^. 
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3.1 Simple temperature programs 

Table 3 lists soae parameters concerning the plain Ti aeasureaents. 
In all 5 cases, the samples were preoxidized in air at 750*C for 
4 hours and cooled In air. 

Table 3; Test parameters of the plain Tj measurements 

Number of the test 
Alloy 

Exposure to 
PNP std. He (h) 
before the 
measurement (*C) 

CO partial 
pressure (pbar) 

Tj at cooling (*C) 

Sample size (mm) 

Sample surface (cm2) 
Helium flow 

(norm 1/h) 
Maximum tem
perature (*C) 
Maximum CO pro
duct lcn (ppmv) 

1 
Inc 617 

22 

841 

12.3 

908 

41x19x2 

18.0 

7.7 

1029 

160 

2 
Inc 617 

17 

850 

12.9 

914 

20x19x2 

9.2 

8.0 

1035 

99 

3 
Nim 86 

14 

767 

11.5 

927 

40x20x1 

17.2 

1041 

156 

4 
HDA 230 

14 

843 

18.3 

949 

40x20x1.8 

18.2 

1031 

51 

5 
800 H 

117 

839 

16.1 

908 

21x20x2 

10.0 

14.7 

1020 

63 

The maximum CO production, which occurred usually when the maximum 
temperature was reached, depends on the value of this temperature, the 
alloy, and is expected to be proportional to the sample surface and 
Inversely pr^fortional tc the helium flow. 

Figures 3-7 show the CC production and CH„ depletion on heating and 
cooling the rectangular samples shown at upper right of each figure. 
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The CHU depletion curve in Figure 4 nearly reaches the bottom of the 
plot, thus showing that CH,, depletion was almost complete at the 
highest temperatures. The fact that in some cases a temperature with 
zero CO production was found only at cooling is due to the 
preoxidatlon in air, which created oxides unstable in PNP helium 
(e.g. Fe-oxides). These had not yet completely disappeared at the 
beginning of the Ti measurement. 

3.2 Reactor disturbance simulations 

Two samples of HDA 230 and one of Nlmonic 86 were subjected to a «>re 
involved temperature program, simulating a reactor disturbanc- and 
including two determinations of Ti. The HDA 230 samples were 
preoxidized in air at 750*C for 4 hours and cooled in air, whereas the 
Nimonic 86 sample was preoxidized In PNP 500 type helium 

(CO ̂ 35 pbar, CH„ ^ 7 ybar, H2 ^ 450 pbar, N2 ^ 35 ubar, H20 ̂  1 ybar) 

at 850*C for 1187 hours. Table 4 lists the temperatures and durations 
of the subsequent exposure to PNP standard helium. 

Table 4: Reactor disturbance simulation: 
temperatures and durations 

Number of the test 
Alloy 

1st exposure at ( duration (h) 
constant I 
temperature (temperature (*C) 

1st measurement t duration (h) 
of Ti \ max. temp. (*C) 

2nd exposure at ( duration (h) 
constant s 
temperature (temperature (*C) 

2nd measurement / duration (h) 
of Ti ' max. temp. (*C) 

3rd exposure at i duration (h) 
constant \ 
temperature (temperature (*C) 

6 
Nim 86 

12 

834 

11 
1044 

109 

823 

10 
1042 

312 

821 

7 
HDA 230 

14 

797 

10 
1028 

109 

827 

11 
1045 

311 

827 

8 
HDA 230 

15 

794 

11 
1043 

109 

825 

10 
1043 

313 

925 
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Table 5 gives additional • ast parameters for the Ti measurements. 

Table 5: Further parameters for the Ti measurements 
during reactor disturbance simulations 

4-> 

c 

£ 
u 
D 
to 
ITS 

•HO) 

1st 

2nd 

Number of the test 
Alloy 

Sample size (mm) 

Sample surface (cm2) 

CO partial (pbar) 
pressure 
Ti at cooling (*C) 

Helium flow (norm 1/h) 

Maximum CO 
production (ppmv) 

CO partial (Pbar) 
pressure 
Ti at cooling (*C) 

Helium flow (norm 1/h) 

Maximum CO 
production (ppmv) 

6 
Nim 86 

20x20x1 

8.7 

15.9 

935 

20.3 

105 

15.8 

932 

20.1 

90 

7 
HDA 230 

20x20x1.8 

9.4 

12.1 

912 

9.5 

122 

12.7 

916 

8.7 

152 

8 
HDA 230 

19.5x18.5x1.8 

8.6 

13.0 

927 

17.9 

95 

13.2 

912 

18.0 

68 

Figures 8-11 show the CO production and Q\k depletion on heating and 
cooling the samples shown at ipper right of each figure. 
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T| was determined as the temperature at which CO production changes 
into CO depletion during the cooling phase. In the following section, 
thermodynamic arguments will be given showing that the CO production 
above Ti is due to a reaction at the interface between matrix and 
surface scale, in which the oxide scale reacts with adjacent carbides 
or with C in solid solution in the matrix to produce metals and CO, 
e-g« 

Cr 0 + 3M C - 18 M + 2Cr + 3C0 . (1) 
2 3 6 

The produced metals are dissolved in the matrix. When the temperature 
falls below Ti , reaction (1) starts to proceed in the inverse 
direction: Initially, the gases reach the metallic surface easily 
where Cr:05 has been destroyed. However, gas consumption decreases 
with time at a constant temperature below Ti , because the reaction 
between gases and metals is slowed down by the increasingly restored 
oxide layer. When, after 109 h at a constant temperature below Ti , 
the heating starts for the second Ti determination, one would expect 
immeasurably small CO depletion below the instability point. The 
small CO production observed instead (Figures 9 and 11) is due to a 
side effect, which occurred also In empty ceramic tubes, where a small 
decrease in CH content and a corresponding CO increase was observed 
(due to a small leakage resulting in CHS reacting with 02 adsorbed at 
the ceramic wall? to produce CO and H 20). CO production at Ti during 
the heating phase was much larger during the first determination of 
Ti than during the second one. The reason for this is that 
preoxidation in air had produced oxides that are unstable in the test 
atmosphere. Vihereas these oxides had largely disappeared on 
Nimonlc 86 after 12 h in PNP standard helium at 834*C (Figure 8), this 
was not the case for HDA 230 after 14 h at 797*C (Figure 10), where 
considerable CO production was observed between 850*C and 950"C, 
probably due to the reaction 

Fe Cr2C„+ 4 C - Fe + 2Cr + 4 CO . (2) 

This indicates that preoxidation of metallic components will not have 
a lasting influence on the instability temperature if the oxides 
produced are instable in the operating medium of the components. At 
the higher partial pressure of CO that prevailed during the 
measurement reported in Figure 6, reaction (2) starts to proceed from 
left to right at about 40*C higher temperature than during the 
measurement of Figure 10. All production and depletion effects appear 
less pronounced in Figure 6 because the gas flow was higher there. 
The other reason why FeCr20M does not produce a pronounced CO peak 
above 890'C is that during the 14 hours at 843*C most of It decayed 
according to 

FeCr20„ + C - Fe + Cr203 + CO . (3) 

which can proceed from left to right already at lower temperature then 
(2). 

The CHu depletion curves In Figures 8-11 nearly reach the bottom of 
the plot, thus showing that CH,, depletion was nearly complete at the 
highest temperatures. The four curves show also that CH„ depletion is 
larger on cooling than on heating. The reason for this is that the 
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destruction of Cr 0 makes it easier for CHI) to hit the aetallic 
surface,which has a catalytic effect on CH decay according to 

CH -*• C + 2H (4) 
H 

because of the high nickel content of all the alloys under 
investigation. 
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3.3 Summary of results for T^ 

Figure 12 shows Ti as a function of the CO partial pressure pco- It 
indicates that Ti increases with increasing p c o. At a given value of 
p c o in the range 10 pbar < p c o < 20 y bar, T{ increases for saaples 
preoxidized in air in the order Incoloy 800 H, Inconel 617, HDA 230, 
Niaonlc 86. 
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Figure 12; The instability teaperature Ti as a 
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The average increase of Ti with increasing pco for Inconel 617 or 
HDA 230 indicates that preoxidation in PNP 500 type helium leads to a 
lower value of T^ In Nimonic 86 than preoxidation in air. An 
explanation of this will be given in Section 4.3. 

4." COMPARISON WITH MEASUREMENTS AT OTHER LABORATORIES, 

THERMOCHEMICAL DISCUSSION OF THE RESULTS 

4.1 Introductory remarks 

Whereas T^ has not yet been aeasured L other laboratories for the 
experimental alloy HDA 230, it has been Measured for the other three 
alloys by several laboratories as shown in Figures 13-15. The other 
laboratories quoted there are KFA (Kernforschungsanlage Jiilich, 
F.R.6.) and HTKP {High Temperature Materials Programme, Poole, Dorset, 
U.K.) Figures 13-15 show that the EIR results for samples preoxidized 
in air are in excellent agreement with the results of the other two 
laboratories. Whereas pco was restricted to the range from 10 to 
20 libar at EIR because of other experiments running in PNP standard 
helium simultaneously with the T^ measurements, the results were 
extended to higher values of pooat the other laboratories. 

.2 Inconel 617 

The Arrhenlus plot (Figure 13) shows that the results of the three 
laboratories are well compatible for CO partial pressures 
Pco < 25 Pbar, the results obtained at HTMP and KFA differ if 
25 ubar < p c o < 70 ybar and they come closer again for 
p c o > 70 ybar. A thermochemical discussion together with 
microanalytlcal results will show that differences in preoxidation 
explain not only the different results of HTMP and KFA but also the 
slopes of the two regression lines in Figure 13. 
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Preoxidation was done in air at E1R, usually in PNP standard helium at 
HTMP and in a PNP hellua with the saae partial pressure of CO as 
during the determination of Ti at KFA. Data points obtained in this 
third way have been marked by filled symbols in Figure 13 if pco lay 
outside the range of PNP standard helium. 

Two mechanisms compete in PNP helium to form an oxide layer 

H20 + M •*• MO + H2 (5) 

and 

CO + 2M * MO + MC . (6) 

(the reaction CO + M -+ MO + C (C dissolved in the matrix) can be 
neglected at the temperatures at which preoxidation took place, which 
was at most 900*C for 40 among the 42 data points shown in Figures 
13-15). K20 is more reactive than CO, so that ts contribution is 
larger than suggested by the ratio PH 2O/PCO» especially if the gas 
flow is sufficient to avoid large H O depletion. The contribution of 
H20 increases with time because the growing oxide layer slows the 
oxidation rate down, so that depletion, which affects H20 much more 
than CO, becomes smaller. 
If H20 dominates, the result will be an oxide layer with a 
ca*bide-free layer underneath, because H 0 reacts also with carbides 
according to 

H 0 + MC •* CO + H2 + M . (7) 

Also preoxidation in air leads to an oxide layer with a carbon free 
layer underneath. In fact X-ray diffraction at the surface of the 
four alloys Inconel 617, Nimonlc 86, Incoloy 800 H and HDA 230 after 
preoxidation in air did not reveal any signs of carbides. 

If CO dominates, the result will be an oxide layer with adjacent 
carbides. The only EIR sample that was not preoxidized In air 
provides a good example. Later on, it will be shown that preoxidation 
of this sample of Nlmonlc 86 in PNP 500 type helium was definitely 
dominated by CO. Carbides adjacent to the oxide layer after 
preoxidation were clearly seen In electron probe microanalysis and in 
X-ray diffraction. 

It is very likely that CO dominated preoxidation in the cases marked 
by filled symbols in Figure 13. Preoxidation at KFA took place at 
pco between 25 and 100 Wbar, p H 2 0 • 1.5 Ubar, a gas flow of about 
9 Nl/h and lasted for 16 h at 900'C. Although the gas flow during 
preoxidatior was about 5 times higher at HTMP, this is compensated by 
PjjjQ • 0.5-1 Ubar. Preoxidation lasted 21 hours at 916*C for the 
triangle on the regression line and 65 hours at 926"C for the other 
filled triangle. This larger dur*Mor. and higher temperature make the 
domination of CO less clear. 
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For the remaining data points in Figure 13, it is likely that CO did 
not doainate: This is clear for the EIR results, obtained after 
preoxidation in air, p c o was only 12 ubar for the one reaalnlng KFA 
result; it was probably soaewhat higher during preoxidation at HTMP, 
but the higher flow rate and the larger duration (at least 48 h 
instead of 16 h) aore than compensate for this. 

Figure 13 shows that the A filled symbols with abscissas between 8.21 
and 8.04 (945*C < Ti < 971*C) lie on a straight line, all the other 
points with the exception of the 3 in the upper right corner 
approximately lie on another line. Regression analysis gives 

b 
log Pco * a , (8) 

Ti 

where 

a - .7.946 + 0.014, b - 27478 + 1002 K in the first case (9) 
and 

a - 4.847 + 0.043, b - 11554 + 851 K in the second case . (10) 

(The estiaate for the standard deviation of a has been obtained with b 
kept fixed to its estiaated value, i.e. to 27478 K in (9)). 

To show that the different slopes of the two regression linos (9) and 
(10) can be explained by different mechanisms of CO production due to 
differences in the corrosion layers produced during preoxidation, the 
following reaction is considered: 

Cr 0 + 3C - 2Cr + 3C0 . (11) 
2 3 

Taking the thermochemical data for the two partial reactions 
Cr203 - 2Cr + 3/2 02 and 3C + 3/2 0 2- 3C0 from Taschenbuch fUr 
EisenhOttenleute /!/*, one finds that 

13672 2 
log pco - 9.1038 log a + log a (12) 

T 3 cr c 

for pure Cr20,, i.e. acr2o3 "!• The results of thermochemical 
calculations of a c according to the model of Redllch-Kister and 
Nuggianu /3/ can be approximated by 

837.7 
log ac - -1.230 + (700*C < T-273.15 < 1000'C) (13) 

T 

* The data given in IM agree with those of Kubaschewskl-Alcock HI 
tot C+l/2 02"CO and with chose given in the reference quoted by /2/ 
for Cr203- 2Cr + 3/2 02. 
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for Ni-20Cr-10Mo-lOCo ( ^ Inconel 617), 

whence 

14230 
log Pco " 9.9238 + log ap. (14) 

T 

(14) can be compatible with (9) and (10) only if a*; increases with 
temperature if preoxidation was dominated by CO and if ac decreases 
with increasing temperature if preoxidation was dominated by H.,0. The 
heating rate during T^ determination was 60*C/h at KFA and about 
40*C/h at HTHP. Preoxidation had lasted long enough so that there was 
no measurable CO depletion before reaching T.. 

The concentration of dissolved carbon at the interface between matrix 
and oxide layer remained therefore constant until Tj was reached, if 
preoxidation had been dominated by H 20. In fact, diffusion of C 
through the carbide-free layer is so slow that the carbon 
concentration at the surface cannot follow the temperature dependent 
C-concentration in equilibrium with the carbides. Wada, Wada, Elliott 
and Chipoan Ik/ showed that the temperature dependence of the activity 
of carbon dissolved in nickel can be approximated by 

2980 
log ac • a'+ — — , (15) 

T 

true for a constant, small C-concentration. Combining this with 
(14), one obtains 

11250 

log Pco " a » <16> 
T 

in excellent agreement with the experimental value b » 11554 + 851. 
Indeed, the agreement is surprisingly good in view of the facts that 
Cr203 on Inconel 617 usually contains some titanium and that the 
expressions for the activities of chromium (Eq. 13) and, in 
particular, of carbon (Eq. 15) are only rough approximations. 

If preoxidation was dominated by CO, carbides must have developed 
adjacent to the oxide layer. Such carbides have been analysed by the 
authors in the case of Nimonic 86. Comparing the chemical composition 
of the two alloys (Table 1), one can expect n carbides of the form 
(Ni, Co, Cr, Si) 3 + X Mo3_x C, 0 £ x £ 1 and, possibly, carbides like 
Cr21Mo2C6 adjacent to the oxide layer of Inconel 617. CO production 
Is now possible by a reaction between carbide and oxide. Because 
thermochemical data are lacking for the more complicated carbides, 
Cr23C£ will be considered In order to get a qualitative idea of the 
behaviour of p c o as a function of T^ : 
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Cr23C6 + 2Cr203 - 27Cr • 6CO . (17) 

«Cr20s " acr2 3C6 "1 because oxide and carbide have a coaaon interface. 
To show the connection with the case of preoxidation dominated by H20, 
Eq. (17) is split as follows 

2 (Cr203 + 3C - 2Cr + 3C0) (11) 

Cr:3C6 - 23Cr + 6C . (18) 

Taking (18) to compute an effective value for a c and introducing this 
into (11) gives the same result as discussing reaction (17) 
directly *. 

Coabining the theraochemical data given in 111 for the reaction (18) 
with the value (13) for log acr . one finds 

6792 
log a c - 4.3784 , (19) 

T 

i.e. an effective carbon activity that Increases with temperature. 
Introducing (19) into (14) one obtains 

b 21022 
log Pco " a " 14.302 . (20) 

T T 

The theraochealcal data given in HI for the reaction (18) are based 
on measurements by Boericke in 1944. Different thermochemlcal data, 
obtained for Cr Cfi of higher purity, have been proposed by 
Kulkarni-Worrell /6/ in 1972. They lead to 

20039 
log Pco -13.746 . (21) 

T 

The lower purity data (20) are closer to the experimental result (9) 

* From the point of view of the reaction mechanism, reaction (17) 
should be split as follows 

1/3 Cr203 + Hj - 2/3 Cr + H20 

1/6 Cr23C6 + H.,0 - 23/6 Cr + H2+ CO 

1/6 (2Cr,0, + Cr,.C, „ - 27Cr + 6C0) 
2 3 Z3 6 H2fH20 

i.e. CO is not produced by a solid/solid reaction but by two 
sequential gas/solid reactions catalysed by the presence of H2 and 
H20 lb/. The relation between pCo and Ti depends only on (17), not 
on the way in which it is split into partial reactions. 
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than (21). 

M 2 JC 6 carbides in Inconel 617 are typically of composition Cr?1Mo2C , 
for which one expects values of a and b still closer to (9) than the 
values (20). Computing a and b for the reaction of Cr203 with Cr3C2, 
Cr7C3 and Cr C , one finds that a and b increase with decreasing C 
content of the carbide so that values still closer to the experimental 
ones may be expected for M C. 

The values of pco necessary to obtain a given value of Ti In samples 
where preoxidation was dominated by H20 and CO respectively seem to 
approach for Ti > 980*C. This would mean that new mechanisms of CO 
production cone into play above this temperature. The experimental 
data available today are too scarce for drawing definite conclusions. 

Three results obtained at HTMP have been omitted from Figure 13. They 
were obtained on Inconel 617 aged in air at 950*C for 3000-10000 h 
before mechanical sample production, in the course of which the air 
oxide was removed. The samples were preoxidized in PNP std. helium 
during 55 h at 900*C. Within experimental accuracy the three results 
lie on a line parallel to the regression line for the other points 
with preoxidation dominated by H 0, but displaced to higher values of 
Ti by 12*C. Such a parallel displacement results if the amount of 
carbon in solution is decreased by precipitation of carbides in the 
alloy during ageing. This explanation of the difference in Ti between 
specimens fabricated from as received and aged material respectively 
was proposed already by HTMP. 

4.3 Nimonlc 86 

The Arrhenius plot (Figure 14) shows a very similar situation as for 
Inconel 617. The main difference is that preoxidation at KFA was 
restricted to heating the sample at about 4*C/min. When 850*C were 
reached, CO depletion had gone up to about 20 Mbar at p c o - 27 pbar 
and to about 35 Mbar at 

Pco m 107 pbar, i.e. CO dominated the 
oxidation clearly because only 1.5 pbar H20 were available *. 
The temperature was raised to about 1080*C and lowered again 
afterwards. The development of CO production showed that jost of the 
oxide that had developed below Tj was destroyed above It before Tj was 
reached again during the cooling phase. This does not imply that also 
the carbides '«low the oxide layer were destroyed completely above TA. 

* It may be that CO dominated also for the one KFA result with p c o in 
the region of PNP standard helium. However, the carbides below the 
oxide layer form only separate precipitations so that reaction (11) 
remains possible and will dominate below the intersection of the two 
regression lines in Figure 14. 
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The carbides formed below Ti served as condensation nuclei that were 
fed also froct the matrix (similarly as the carbides growing at grain 
boundaries in the interior of the specimen). These carbides 
determined the values of Ti measured at KFA during the cooling phase 
In the six cases marked by filled symbols in Figure 14. In fact, the 
regression line for these cases is given by an equation (8) with 

a - 16.810 + 0.061, b - 26487 + 2399 K . (22) 

The regression line for the 4 empty symbols is 

a - 4.578 + 0.039, b - 11444 + 1372 K . (23) 

These values are close to the corresponding values (9,10) for 
Inconel 617. To compare (22,23) with theoretical estimates, the 
following expression /3/ for log ac_ was used instead of (13) 

750.6 
log a C r " -1.104 + (725*C< T-273.15 < 975*C) (24) 

T 
for Ni-20Cr-10Mo (^Nimonlc 86) . (25) 

For preoxidation dominated by H O , one obtains instead of (16) 

11192 

1°8 Pco * a ~ <26> 

T 

and for preoxidation dominated by CO, one obtains instead of (20) 

20630 
log Pco- 13-735 

T 

The experimental values for the parameters a and b of the regression 
line are slightly lower for Nimonlc 86 than for Inconel 617. The same 
is true for the theoretical estimates. The results obtained for the 
two alloys are summarized in Table 6. (Note that the values of a and 
b are coupled. The experimental values listed for a and its standard 
deviation correspond to a value of b in the middle of the given 
interval). 
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Table 6; Experimental and theoretical values for the 
parameters in the equation log pco *a-b/Ti relating CO 
partial pressure and instability temperature for 
Inconel 617 and Nimonic 86 (pco in bar, Tj in K) 

preoxidatlon 
dominated by 

co ; 

•• • 

Inconel 617 
experiment theory 

4.85 +0.04 

11550 + 850 

17.95 +0.02 

27500 + 1000 

11250 

> 14.30 

> 21020 

Nimonic 
experiment 

4.58 +0.04 

11440 + 1370 

16.81 +0.06 

26500 + 2400 

86 
theory 

11190 

> 13.74 

> 20630 

The two data points in Figure 14 obtained with a sample preoxidized in 
PNP 500 type helium form a special case. During the last quarter of 
the 1187 h of preoxidation of the sample in PNP 500 type helium at 
850*C, the water content (at the entrance of the test chamber) fell to 
about 0.4 ubar, the CO content was approximately 100 x higher and the 
CO depletion became more than 10 times higher than the water content, 
i.e. preoxidation was clearly dominated by CO. Electron probe 
microanalysis (EPMA) showed (Section 5.3.2.1) that carbides developed 
immediately underneath the oxide layer. According to X-ray 
diffraction (Section 5.2.4), it is an n-carbida with an unusually 
small lattice constant of 1088.8 +0.2 pm. A more usual value is 
1102 + 1 pm found for the n-carbides immediately underneath the oxide 
layer of Nimonic 86 after 1000 h exposure to less dry PNP 500 type 
helium of 850'C /7/. This carbide was found also after exposure at 
900 and 950*C. EPMA showed that its composition was approximately 
fNi, Cr, Si)3Mo3C, whereas the n-carbide with the smaller lattice 
constant contains less Mo and practically no Cr. An n-phase with a 
small lattice constant of 1088.6 + 0.5 pm was found also in /7/. It 
appeared on the specimen exposed at 750*C (faintly also at 650 and 
850*C) and was interpreted as an oxide. A reevaluation of the various 
measurements showed that this n-phase corresponds to small carbide 
precipitations (size 1 1 pm) immediately underneath the oxide layer. 
We conclude that below 850*C the n-carbide with the small lattice 
constant is more stable, above 900*C the one with the large lattice 
constant. 

A similar result was obtained by Beattie and VerSnyder /8/, who found 
that the n-carblde with the large lattice constant present initially 
in the two alloys with Mo-contents between 8.5 and 11 weight percent 
changed to the one with smaller lattice constant during ageing at 
815'C (1500'F), but not at 980*C (1800*F). (At 650*C (1200'F) the 
transition was too slow to be observed after 200 hours of ageing.) The 
instability temperatures of Figure 14 lie in the region where the 
large lattice constant is more stable. This explains why the two 
crossed dar.a points lie to the left of the regression line for the 
filled symbols. 
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4.4 Incoloy 800 H 

Figure 15 shows that all the data lie close :o a single straight line. 
Regression analysis gives for it the parameters 

a - 6.885 + 0.032, b - 13814 + 498 K . (27) 

The slope of this line is intermediate between the slopes of the two 
lines for Inconel 617 or for Nimonlc 86. 

CO reacts more readily with the iron base alloy Incoloy 800 H than 
with alloys based on nickel, so that preoxldation was dominated by CO 
also in PNP standard helium. Preoxidation lasted 16 h at 875*C at KFA 
and (in 5 of the 6 cases) 50 h at 900*C at HTMP. The carbide that Is 
first formed together with the oxide layer of Incoloy 800 H is Cr?C} 

at these temperatures. A probable mechanism for CO production above 
Ti is then 

1/3 Cr203 + H2 2/3 Cr + H20 

23/27 Cr7C3 + H20 ^ 7/27 Cr23C6 + H2 + CO 
(28) 

1/3 Cr 0 + 23/27 Cr C »-2/3 Cr + 7/27 Cr,,Ce + CO 
7 \ , H 2 0 

Using the thermochemical data of Kulkarni - Worrell / 6 / , one obtains 
for (28) 

15649 2 
log P c o " 8-2922 l o g a C r . (29) 

T 3 

An approximation for the activity of chromium in Incoloy 800 H can be 
deduced from the results presented by Mazandarany-Pehlke /9/, who 
determined a^r f o r various Fe-Ni-Cr alloys. Computing the ratio of 
the numbers of Fe, Ni and Cr atoms from the chemical composition of 
Incoloy 800 H given in Table 1 and interpolating between the results 
for model alloys of similar composition, one obtains 

1097.1 
log a C r- -1.1215 + (30) 

T 
and 

16380 
log p c 0 - 9.0398 - . (31) 

T 

Figure 15 shows that (31) gives the correct value of Ti for pco in the 
range of PNP standard helium. The difference in the slopes between 
regression line and theoretical estimate does not rule out the 
proposed mechanism if one takes into account the uncertainties in the 
thermochemical data of chromium carbides and oxides, the fact that 
these carbides and oxides contain apart from chromium also other 
metals, and the fact that the effect of minor alloying elements on acr 
has been neglected in (30). Further measurements will be needed to 
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determine whether and Cor what preliminary treatments the proposed 
Eq. (28) is responsible for CO production above Tj. 
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5.0 CORROSION EFFECTS OF THE REACTOR DISTURBANCE SIMULATIONS 

5.1 Bulk measurements 

The mass of the samples was measured after preoxidation and after the 
reactor disturbance simulations. The results are given in Table 7 
together with the results of carbon analyses. 

Table 7; Mass and C-content of samples before and after reactor 
disturbance simulations 

Number of the test 
Alloy 
Exposure mainly 

Mass preoxidized (mg) 

Mass after test (mg) 

Mass increase (mg) 

C-content before test 
(aassZ) 

C-content after test 
(massZ) 

(massZ) 
Increase in C-content 

(mg) 

6 
Nlmonic 86 
below Ti 

3348.33 

3348.00 

- 0.33 

0.121 

0.145 

0.024 

0.80 

7 
HDA 230 
below Ti 

6230.82 

6230.98 

0.16 

0.115 

0.139 

0.024 

1.50 

8 
HDA 230 
above Ti 

5528.90 

5530.49 

1.59 

0.115 

0.136 

0.021 

1.16 

Carbon analysis being a destructive method, it is not possible to 
measure carbon content before the test on the sample used for the 
test. In the case of Nimonic 86 carbon content before the test was 
determined on a sample that had been preoxidized 1187 h in PNP 500 
type helium at 850*C in the same test chamber as the sample used for 
the reactor disturbance simulation. In the case of HDA 230 carbon 
content before the test was determined on a sample in the as received 
condition (it is expected that annealing In air at 750*C during 
4 hours does not significantly change the carbon content). 

Removing the samples from the ceramic test tubes may cause damage to 
the oxide layer at edges of the sample, which explains why the 
measured mass increase is smaller than expected from the observed 
carburization aiid oxidation of the samples. 
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5.2 Surface investigations 

5.2.1 Surface colour 

Niaonic 86 showed a grey surface after 1187 hours in PNP 500 type 
helium at 850*C; it was slightly darker after the test. 

After annealing in air at 750*C for 4 hours, HDA 230 (and Niaonic 86 
for test No. 3) showed a brownish grey surface. This changed to dark 
grey in the test below Ti and to light grey in the test above Ti. 

5.2.2 Scanning electron aicroscopy 

Saaples were covered by vapour deposition with a thin layer of gold 
for exaainatlon with a scanning electron microscope (Caabrldge S4-10) 
operated at 30 kV. 
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Figure 17: Scanning electron linages of HDA 230 as received (rolled 
surface) and preoxiriized, and energy dispersive analyses 
at the positions marked 1. 
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Figure 18; Scanning electron images of HDA 230 after reactor 
disturbance simulations and energy dispersive analyses at 
the positions marked 2. 
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Figure 16 shows scanning electron images of Nimonlc 86 as received, 
preoxidized in PNP 500 type helium, and after test No. 6 together with 
characteristic energy dispersive point analyses. Enlargement of the 
upper iaage is 5 times smaller than for the two lower images. Ni and 
Fe depletion of the surface is more pronounced after the test than in 
the preoxidized condition. 

Figures 17 and 18 give the corresponding results for HDA 230. The 
enlargement of the scanning electron images is 5 times less in 
Figure 17 than in Figure 18. The forms of particles are more varied 
after the disturbance simulations (platelets, needles, roundish 
particles) than after preoxidation in air. The ratio of the Cr (and 
Mn) peaks to the Ni (and Fe, Co) peaks increases in the order as 
received, preoxidized, below Ti, above Ti-

5.2.3 Rapid wavelength dispersive surface analysis 

A computer controlled electron mlcroprobe "JEOL Superprobe JXCA-733" 
was used for rapid wavelength dispersive analysis of the X-rays 
emitted upon excitation of the sample by a defocussed beam of 
electrons (acceleration voltage 25 kV, beam diameter 50 pa). 
Proceeding in this way under control by the QLA program, rapid 
Information is obtained on the average chemical composition (elements 
ranging from fluorine to uranium) of a surface layer, about 2 \ia 
thick. It shows semiquantitative^ how the contents of metallic 
elements in a surface layer change during exposure. Compared with the 
point analyses described in 5.2.2, sensitivity has been gained at the 
expense of lateral resolution. 



- 44 -

Nimonic 86 

\ 

r 

Counts 
10000 

-3000-

1000-

£N /Si 

R Ph Fh R Ph Fh 

300-

rh rb rh rb 

100-

Flgure 19: Counts (background corrected) during rapid wavelength 
dispersive analysis of various samples of Nimonlc 36 and 
HOA 230 (R as received, Pa/Ph preoxldized in air/PNP 500 
type heliua, Ft>/Fa exposed with final phase below/above 
the instability temperature). 
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Figure 19 gives the results for HDA 230 and Nimonic 86 as received 
(R), after preoxidation in air (Pa) or PNP 500 type heliua (Ph), and 
after the reactor disturbance simulation with final phase below the 
Instability temperature (Ft,) or above it (Fa). The 3urface layer gets 
depleted from Nl, Fe, Co, Mo and W during the exposure. The figure 
shows that Ni, Fe, Co and Mo behave alike whereas W depletion sccas to 
be somewhat slower. The depletion factors for Nl and Fe and the 
enrichment factors for Cr, Si and Mn between R and Fb are similar for 
Nlmonic 86 and HOA 230. It is no surprise that the contribution of 
the preoxidation phase to these factors is much larger for 1187 hours 
In PNP 500 type helium at 850'C than for 4 hours In air at 750*C. 

5.2.4 X-ray diffraction 

For X-ray diffraction, a computer controlled diffTactometer (SIEMENS 
D 500) was used with CuKa radiation. To suppress the Kg reflections 
and the fluorescent radiation of the samples, a graphite secondary 
monochromator was used, which does not separate 
the a l and a2 wavelengths. The dlffractograms were taken typically in 
the angular range 15* < 2 9 < 95*, where Q denotes the Bragg angle. 
This corresponds to d-spacings 590 > d/pm> 104 (A • 154.05 pm). 
The intensity of the X-rays in the matrix falls off to 1/e times the 
initial value at a depth of 10.3 \m in Nimonlc 86 and at a depth of 
9.1 pm in HDA 230. In evaluating Che d-spacings and the lattice 
parameters from the measured diffraction peaks, care was taken to 
avoid errors due to overlapping peaks of the different phases and due 
to M,/OI2 splitting. 

After the preoxidation or the reactor disturbance simulation, the 
samples of Nlmonic 86 and HDA 230 showed many reflections in addition 
to the 4 reflections expected for the nickel base alloy. These 
reflections can be explained by several additional phases as shown in 
Table 8. 



a l loy 

t r e a t -
aent 

a (pa) 

c (pa) 

a (pa> 

t i n 

a (pa) 

I n . 

a (pa) 

l i u 

a (pa) 

NiaonJ 

preoxldlzed 
In PWP 500 
type he l lua 

*97.3 ± 0.3 

1366 • 1.5 

1« « 

8*6 ± 1 

2 f 

1 0 8 * 8 • 0 .2 

5 1 

c 66 

exposed. 
f i n a l phase 
below T j 

F b 

*97 .2 ± 0 .2 

1 3 6 * 2 ± 1.0 

19 I 

8 *5 .0 • 0.6 

10 f 

1088 ± 2 

1 S 

HD( 

preoxldlzed 
In a i r 

p a 

D96 • 1 

1360.6 • 0 .5 

3 t 

839 + 2 

5 * 

»20 * 1 

3 S 

230 

exposed, 
f i n a l phase 

below T j above T j 
F b F , 

H96.1 + 0.1 095.89 * .07 

1359.2 ± 0.7 1360.3 ± 0 .1 

8 f 19 t 

8*3 .5 • 0.7 813.7 + 0.3 

7 t 19 * 

1110.5 • 0.5 

1 I 

315.6 • 0.2 316.0 ± 0 .2 

5 I 8 » 

c rys ta l 
system 

rhombo-

hedral 

cubic 

cubic 

cubic 

cubic 

space 
group 

B3c 

Fd3« 

Fa3a 

Fd3a 

I»3» 

In te rpre ta t ion 
structure foraula 

type 

corundua M ;0J 

spinel M 0 
1 •* 

NaCl M o 

n >\C 

«2 H 

Table 8; The phases identified by X-ray diffraction (apart from the 
matrix) 
(Ihkl denotes the height of the peak hkl expressed in % of 
the highest peak of the matrix) 



- 47 -

M,03: The lattice parameters are very close to those of 
Cr0 3 (a - 495.762 + 0.008, c - 1358.74 + 0.10) in the case of HDA 230 
and 3-5Z larger in the case of Niaonic 86, probably due to lattice 
expansion caused by partial substitution of Cr ions by Nn ions 
following Vegard's law. 

M30„: The lattice parameter of HjO,, on HDA 230 corresponds to 
FejO^ after preoxldation in air and to MnCr2Ol| after the reactor 
disturbance siaulation. The lattice parameter of M30,, on Nimonic 86 
is somewhat larger, probably due to an expansion of the 
MnCr 0 lattice caused by Ti. 

2 U J 

M0: This phase appears on HDA 230 after preoxidation in air. The 
lattice parameter corresponds to NiO. 

HeC: X-ray diffraction alone cannot distinguish between n~carbides 
(MeC) and n-oxides (M60). Although ^-oxides have a smaller lattice 
constant than the corresponding r)~carbides, e.g. a » 1085 pm for 
NijMOjO /10/ and 1105 pm for Ni3Mo C /ll/, also n-carbides with 
a - 1085 pm have been observed by Seattle and VerSnyder /8/. 
Replacing in Ni3Mo3C part of the Ni atoms by larger Cr atoms, a 
lattice constant of 1110 pm as observed on HDA 230 ca? be obtained, 
replacing instead part of the Mo atoms by smaller Si atoms, a lattice 
constant of 1189 m as observed on Nimonic 86 can be obtained, 
rrcarbides containing Si have been observed also by other authors, 
e.g. Plearcey and Smashey /12/. 

M: This phase appears on HDA 230 after the reactor disturbance 
simulation. The lattice parameter corresponds to MoxW,_x with x - 0.5 
for the sample with final exposure below T^ and with x - 0.25 for the 
sample with final exposure above Ti. The space group of this phase 
(Im3m) differs from the space group of the matrix (Fm3m) and its 
lattice parameter ( i> 315.8 pm) is therefore much smaller than the 
lattice parameter of the matrix (357.7 pm for as received material). 

It should be noted that the lattice parameter does not determine the 
chemical composition uniquely. The compositions given above are 
probable and simple choices, which have to be checked by other 
methods, e.g. by electron probe microanalysis. 
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5.3 Investigation of microsectlons 

5.3.1 Metallography 

Grain size determination according to the ASTM nora gave for both 
aaterlals a value of 5.5 in the as received condition and a value of 
5.5 to 6 after the reactor disturbance siaulatlon. 

Niaonic 86 showed after preoxidatlon an oxide layer < 1 pa thick, then 
a 15 ua layer with less precipitations, then a 30 urn layer with aore 
precipitations than in the bulk. After the reactor disturbance 
siaulatlon, it showed under the oxide layer (< 1 ya) a 40 ya thick 
layer with slightly less precipitations than in the bulk. Grain 
boundaries in the bulk were decorated after preoxidatlon with saall, 
contiguously arranged precipitations. Such precipitations were larger 
after rhe disturbance siaulatlon but no longer contiguous. 

HDA 230 showed after the disturbance siaulatlon with final phase below 
Ti an oxide layer about 2 pa thick, then a 15 ya layer with internal 
oxidation and no other precipitations. At depths above 40 ym, the 
grain boundaries were decorated with saall, nearly contiguous 
precipitations. After the disturbance slaulation with final phase 
above Ti, the oxide layer was about 3 ya thick, the layer with 
Internal oxidation about 20 pa. At depths above 50 ya, grain 
boundaries were decorated with soaewhat larger precipitations than 
below Ti. 

More detailed information on oxidation and precipitations was obtained 
from electron probe microanalysis as will be shown in the next 
section. 

5.3.2 Electron probe microanalysis 

A copper plate was deposited electrolytically on the surface of the 
samples before they were embedded. This was done to prevent loss of 
detail in the surface scales due to edge bevelling during grinding and 
polishing processes. Alumina was used for final polishing. The same 
instruaent as for the rapid wavelength dispersive analysis described 
in 5.2.3 was used to produce secondary electron and backscattered 
electron laages of a detail of the alcrosection near the rolled 
surface as well as to determine qualitatively the distribution of 
chemical eleaentB for the same detail. Contrast is produced with 
secondary electrons aainly by topography, with backscattered electrons 
mainly by variations of the mean atomic nuaber. The resolution of the 
eleaent distribution laages is much inferior to the resolution of the 
electron iaages because an electron beaa excites X-rays in a volume 
about 2 pa in diameter, even if the diameter of the electron beam is 
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•uch smaller. The acceleration voltage was 25 kV except for the C and 
0 distribution, where this voltage was 10 kV for Niaonic 86 as 
received and 15 kV for the other samples. 

5.3.2.1 Niaonic 86 

Niaonic 86 as received is exceptional also in that it was not copper 
plated and in that diamond paste was used for final polishing. The 
results for this sample are given in Figure 20, which shows a detail 
of the aicrosection with a gap between sample and eabedding. 

Three types of structure with cheaical composition different froa the 
matrix can be distinguished in the backscattered electron image by 
their different shades of grey: 

1) Dark grey: Precipitations containing much more Cr, Mo and C than 
the matrix and very little or no Ni and Fe. (Being very similar to 
the Nl distribution in all samples, the Fe distribution is not 
reproduced In Figures 20-23.) An earlier X-ray examination of cuts 
of Nimonlc 86 showed that this precipitation has space group Fm3m 
and lattice parameter a " 1074 + 1 pm. It can therefore be 
interpreted as a chromium molybdenum carbide of type M 2 3C S. 

2) Small black spots (black also in the SE image): titanium-rich 
precipitations. 

3) Diffuse white spots, often elongated parallel to the surface: They 
are enriched in cerium, which oxidized probably during the 
preparation of the cut. 
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Figure 20: Backscattered electron (BE) and element distribution 
images of Nlmonic 86 in the as received condition. 
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Figure 21: Backscattered electron (BE) and element distribution 
images of Nimonic 86 after preoxidation in PNP 500 type 
helium. 
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Figure 21 shows Niaonic 86 after 1187 hours exposure to PNP 500 type 
heliua at 850*C. The three types of structure described for the as 
received material are still present, however new phases have 
developed. 

4) A phase enriched in Mo and Si, which appears white in the BE iaage, 
with sharp contours in contrast to the Ce enriched regions. This 
phase decorates the grain boundaries lying aore than 15 Ua below 
the surfare, so that they becoae clearly visible in the BE, Si and 
Mo iaages. It appears also in the interior of grains, in 
particular around the (CrMo)23C6 precipitations. The largest 
precipitations of the new phase lie at the Interface between alloy 
and corrosion layer. Figure 21 shows that these large 
precipitations contain less Ni than the aatrlx and practically no 
Cr. The Halted resolution of the eleaenr distribution iaages does 
not alliw to decide whether this is true also for the saaller 
precipitations in the interior. X-ray diffraction 3howed that the 
carbide precipitations near the surface are n-carbides. They are 
not big enough for quantitative analysis. However, coaparing the 
eleaent distribution iaages with those of a siailar n~carblde 
described in PI suggests the estiaate Ni3SiMo2C, coapatlble with 
the lattice constant a • 1088.8 pa obtained by X-ray diffraction. 

Exaalning in detail BE, SE And the eleaent distribution laages of 
Figure 21 and the left hand side of Figure 22, one finds that only 
the lower part of the black band in BE between alloy and copper 
plate corresponds to the oxide layer, whereas the upper part 
corresponds to a gap filled with C-rich material, probably diamond 
paste used for coarse polishing. The gap is clearly visible In the 
aluainiua distribution, the thickness of the Cr-enrlched layer 
agrees well with the thickness of the oxide layer as given by the 
secondary electron iaage. This iaage represents the oxide layer as 
a white band containing soae slightly darker grains at positions 
corresponding to the maxima of the Mn distribution. 

The ovide layer contains aore Cr than the bulk, also slightly more 
Mn where it appears bright in the SE iaage and much aore where it 
appears slightly darker. On the other hand, the oxide layer 
contains about the same amounts of Al and Tl as the bulk, less Si 
and practically no Nl, Fe and Mo. 

A coaparlson with the results from X-ray diffraction suggests the 
following interpretation of the two oxide phases: 

5) The aore abundant phase,which appears brighter in the SE iaage, is 
Cr203 with a saall part of Cr ions replaced by Mn ions. 

6) The slightly darker phase is Cr2MnO„ with saall amounts of Al and 
Tl. Slightly larger values of the lattice constants than expected 
from the literature were reported already in /7/. 
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Figure 22: Secondary electron (SE) and eleinene discributlon Images of 
Nlmonic 86 after preoxldatlon ( l e f t ) and after the reactor 
disturbance simulation ( r ight ) . 
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Figure 23: Backscattered electron (BE) and element distribution 
images of Nimonlc 86 after the reactor disturbance 
simulation. 
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The right hand side of Figure 22 and Figure 23 give the results for 
Niaonlc 86 after the reactor disturbance simulation (with final phase 
below Tj). The Cr distribution shows that there is no gap between 
oxide layer and copper plate in this case and that the average 
thickness of the oxide layer has lno^ajed from 1 to 1.5 urn. 

The SE image shows again two different shades of grey. The portion of 
the darker shade has increased. The oxide layer contains more Cr than 
the bulk and ouch more Hn where the layer appears dark in the SE 
image. Mn is no longer enriched where the layer appears less dark. 
The layer contains practically no Ni, Fe and Mo; compared to the 
bulk, it contains about the same amount of Si, slightly more Al and 
distinctly more Ti. 

Comparing again with the results from X-ray diffraction, one finds for 
the oxides: The lower Mn content of the phase that appears brighter 
in the SE image agrees with the smaller lattice parameters, closer to 
those of Cr203. The decrease in Mn content can be understood because 
this element, which represents only 0.127 mass-Z of the bulk, was 
needed to form the additional Cr2Mn04. The lower ratio of brighter to 
darker area agrees with the lower intensity ratio of the corresponding 
X-ray reflections. Both Al distribution images of Figure 22 show on 
their left hand sides very conspicuously one of the Al,03 grains used 
for final polishing. 

The three types of structure described for the as received material 
remain present after the reactor disturbance simulation. The 
additional carbide 4) found after preoxidation changed its appearance 
during the disturbance simulation, pspecially at grain boundaries: 
Instead of the small contiguous precipitltations, looking like chains 
of pearls in the BE image, larger lengthy precipitations have formed, 
looking like dashed lines, which no longer stop at 15 pm distance from 
the oxide layer. 

5.3.2.2 HDA 230 

The hot rolled surface was analyzed in the as received condition 
(Figure 24) and after the reactor disturbance simulation with final 
phase below or above T^ (Figures 25-27). The 3 samples will be 
referred to by "as received", "below Ti" and "above Ti". 

Before concentrating on the precipitations that appear white in the BE 
and SE images of Figure 24, a few remarks on other features are in 
place: The black spots in the BE and SE images of the alloy represent 
holes containing diamond polishing grains, the regions enriched In 
lanthanum cannot be associated with a unique type of structure 
recognizable in the BE and SE images. 
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Figure 24; Backscattered electron (BE) and element distribution 
images of HDA 230 in the as recelvej condition. 
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The precipitations that appear white In the BE and SE images contain 
more W, Mo and C than the bulk and less Cr and Ni according to 
Figure 24. Some of these precipitations are large enough to be 
analyzed quantitatively. A QLA analysis (as described in 5.2.3 but 
with focused electron beam) was carried out beforehand to get complete 
qualitative information on the elemental composition of these 
precipitations. It showed that the precipitations contain more W, Ho 
and Si than the bulk, less Ni, Fe and Cr and no Al and Mn. Less 
information was obtained on Co and La because of the background: no 
enrichment of these elements in the precipitations was detected. Co 
behaving similarly as Ni and Fe, Co depletion in the precipitations is 
expected, which was confirmed by Co distribution images taken for the 
samples below and above T^. Taking the composition of the bulk into 
account, it follows that the major components of the precipitation are 
W, Mo, Si, Nl, Cr and C. These elements were determined 
quantitatively for four precipitations in each of two cuts (as 
received, above Tj). The samples were cooled with liquid nitrogen 
during the measurement, which prevents contamination of the sample 
with carbon at the spots hit by the electron beam. The result showed 
that one seventh of the atoms are carbon. X-ray diffraction on a cut 
of as received material confirmed that the only carbide is of type 
M6C. It has a lattice constant of 1104.9 + 0.2 pm. Table 9 shows 
that the composition of M C did not change during exposure. 

Table 9; Mean values and standard deviations of the number of atoms 
in M C according to quantitative analysis of four large 
precipitations in each of two cuts. 

element 

C 

Si 

Cr 

Nl 

Mo 

W 

as received 

1.040 + 0.027 

0.175 +0.019 

1.641 +0.039 

1.957 +0.024 

0.578 + 0.031 

1.609 + 0.073 

exposed with final phase above Tj 

1.019 + 0.031 

0.188 + 0.008 

1.644 + 0.030 

1.956 + 0.057 

0.582 + 0.018 

1.612 + 0.059 

Lumping the results for the 8 precipitations together and assuming 
that the depletion factors for Fe and Co in the precipitations as 
compared to the bulk are the same as for Si (this is suggested by the 
element distribution images for Ni, Fe and Co), one obtains for M C 
the following formula 6 

W * ! . ^ F e 0 . 0 e - ° 0 . 0 2 C * 1 . 6 2
S 1

 0 . 1 S > < W l . S 9 M ° 0 . 5 7 * < 3 2 > 

or approximately 

<N1 Fe Cr Si )(H Mo )C . 
1 . 9 0 , 1 1 , 6 0 . 2 1 . 6 u . 6 

(33) 
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Many authors (e.g. /ll/, /13/) distinguish two types of 
n-carbide, 1 i and n 2. Usually, A6_x BXC is called an r^-carblde if 
x * 2-3, an n2-carbide if x » 4, where A stands for elements in the 
4th row of the periodic system (e.g. Cr, Hn, Fe, Co, Ni) and B for 
elements of the 5th or 6th row (e.g. Ho, W) /13/. This distinction is 
useful for n-carbldes of simple composition, for n-carbldes containing 
Si and 4 or more metals as the above or the ones given in Table III of 
/12/, the distinction of two types of n-carblde is no longer 
meaningful. 

Eckerlin and Kandler /ll/ list an m-carbide (Cr, Fe, W)6C with 
lattice constant 1104.8 pm at 10 mass X Cr and 1107.9 pm at 
0 mass X Cr. This Is well compatible with the lattice parameter 
1104.9 pm of our more complex carbide with 15 mass X Cr. 

Figures 26 and 27 show that the n-carbide occurs also at the interface 
between alloy and oxide layer if the temperature during the final 
300 h of the disturbance simulation was above Tj. The results of 
X-ray diffraction of the surface given in Section 5.2.4 show that the 
lattice constant of the n-carbide was 1110.5 pm at the surface as 
compared to 1104.9 pm in the bulk. This suggests that Cr and Si, 
which are used to form oxides, are partly replaced by the larger atoms 
Ho and W in the n-carbide at the surface. 

Figure 25 and the left hand side of Figure 26 show the sample below 
Tj. Two holes with diamond polishing grains appear most conspicuous 
in the C distribution image. They appear black in the BE and SE 
Images. Below the surface layer, there are also other structures In 
the alloy appearing black in both Images: 

1) Alumlniumoxide (Al 0 ) at the grain boundaries In a 10 urn thick 
layer just underneath the surface oxides. Some of this aluminium 
oxide is enriched in lanthanum. 

2) Two black spots about 30-35 pm below the surface layer, around 
which lanthanum and oxygen are enriched. 

The alloy In the 10 w layer with A1203 at the grain boundaries 
contains less Cr, Mn and Al than the bulk. Grains are smaller in this 
layer than in the bulk. No new carbide precipitations have formed in 
this layer and in the following 10 urn. Further down, small carbide 
precipitations have formed during exposure, preferrably at grain 
boundaries. 
The oxide layer at the surface is about 2 ym thick and encloses many 
metallic particles. It is enriched in Cr and Mn, in its lower part 
also in Si and Al, it is depleted in Ni, Fe, Co and Mo and In its 
upper part also in La (being very similar to the NI distribution, the 
Fe and Co distributions have not been Included In Figures 25 and 27). 
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Figure 25: Backscattered electron (BE) and element distribution 
Inages of HOA 230 after the reactor disturbance simulation 
with final phase below Tj . 
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Figure 26; Secondary electron (SE) and element distribution images of 
HDA 230 after the reactor disturbance simulation with 
final phase below T^ (left) and above Tj (right). 
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Figure 27; Backscattered electron (BE) and element distribution 
images of HDA 230 after the reactor disturbance simulation 
with final phase above Ti. 
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The right hand side of Figure 26 shows the oxide layer above Ti . It 
is approximately 5 pa thick and includes again soae metallic 
particles. The oxide layer is enriched In Cr, Mn and Al, in its lower 
parts also in Si, it is depleted in Nl, Fe, Co, Mo and W. Distances 
perpendicular to the oxide layer are coapressed soaewhat in the 0 and 
C distribution iaages due to space charge effects. The reason Is that 
an electron beaa of higher Intensity and lower acceleration voltage 
was used for 0 and C than for the distribution of the other elements-

The alloy is strongly interlocked with the oxide, n-carbldes have 
foraed, especially where the alloy protrudes Into the oxide layer. 
H20 and CH,, react aost easily with the alloy at 925*C. They get easy 
access to the alloy where the oxide layer has been disrupted due to CO 
production, which explains the irregular shape of the metallic 
surface. H,0 is responsible for the increased thickness of the oxide 
layer, CH^ for carbide foraatlon. 

The dependence of T- on p c o for HDA 230 (Figure 12) indicates that 
T i Is determined by the reaction of Cr203 with C in solution if 
p c o lies in the range of PNP standard hellia. In fact, also for the 
other two nickel base alloys, it was shown in Figures 13 and 14 that 
the range of PNP standard hellua lies bela* the crossing point of the 
two regression lines, so that CO production using C in solution sets 
in at a lower teaperature than is needed to destroy carbides. This 
explains why n-carbides at the surface can survive CO production at 
925*C. At slightly higher teaperature, when also the n"carbides begin 
to react with Cr203, decarburization of the alloy is expected. 

Internal oxidation of Al extends to a depth of 25 urn below the 
Interface between alloy and surface oxide. In contrast to the 
situation below T^, there Is no Cr and Nn depletion In this layer. 
Formation of saall carbides, preferrably at grain and subgrain 
boundaries starts at a depth between 30 and 50 Pa, as shown in 
Figure 27. 
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6.0 CONCLUSIONS 

The instability temperature T^, above which massive CO production 
occurs, increases with increasing partial pressure of CO and Is 
practically independent of the other impurities (H2, H20, CH^, N 2) in 
the cooling gas. CO production is due to a reaction at the Interface 
betveen the alloy and Its surface oxide layer, in which Cr.O Is 
reduced to Cr by reacting with carbides or with carbon in solution: 

Cr 0 + 3M C * 18M + 2Cr + 3C0 (I) 
2 3 6 

Cr203+ C s o l - 2 Cr + 3C0 (II) 

H and H O play a catalytic role in these reactions 

The instability temperature T^ represents an upper limit to the 
applicability of the alloys, because CO production destroys the 
protective properties of the oxide layer. Measurements performed In 
PNP standard helium on four alloys preoxldized in air showed that 
T^ is lowest for the iron base alloy Incoloy 800 H and increases for 
the nickel base alloys in the order Inconel 617, HDA 230 and 
Nimonic 86. However, the applicability of these materials may be 
limited not by Tj but by their mechanical properties. In particular, 
Incoloy 800 H is not applicable up to Tj because of its mechanical 
properties at temperatures above 850*C. 

Tj is not a material constant. Apart from its dependence on the CO 
partial pressure, it depends also on the previous history of the 
alloys, in particular on ageing and preoxidatlon. For Inconel 617 and 
Nimonlc 86, it was found that Tj depends on preoxldation if the CO 
partial pressure lies above 25 ybar. T^ is determined by (35) for 
p c o < 25 ybar. This is no longer true for higher values of p if 
carbides are present adjacent to the oxide layer. Such carbides 
develop during the formation of the initial oxide layer If CO is the 
main oxidant. The different values of T- obtlined at KFA and HTMP can 
be explained by differences In preoxidatlon. In most cases, CO had 
been the main oxidant at KFA, H20 at HTMP. The dependence of T̂  on 
p c o (for p c o > 25 pbar) is given by (I) and (II) respectively. A 
similar behaviour is expected for HDA 230. 

To obtain a high value of Tj In the recently prepared cooling gas with 
Pco " 60-80 ybar, care must be taken to ensure that H20 is the main 
oxidant during the start up phase of the reactor. The long term 
stability of an oxide layer without adjacent carbides needs further 
investigation. 

The experiments were conducted at partial pressures of the helium 
impurities that are typical of a high temperature reactor. However, 
helium pressure and gas velocity are much higher in real systems. It 
has not yet been shown conclusively that these differences lead only 
to negligibly small modifications of the instability temperature. 
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The reactor disturbance simulation on HDA 230 vith subsequent 
temperature stabilization above Tj showed interesting results: at 
Pco* 13 ubar and T^ • 925*C reaction (II) can proceed from left to 
right but reaction (I) can not. Carburization was nearly as heavy as 
in the test below T^, indicating that the loss of dissolved carbon due 
to CO production was compensated by CH,, reacting with the matrix to 
form carbides. Local differences in the composition of the oxide 
layer lead to regions where the oxide grows and to regions where it 
gets destroyed. Stresses created in this way promote local 
disruptions of the oxide layer. The reactive impurities (mainly H20 
and CH„ at 925*C) get easy access to the metallic surface at the 
disruptions, which explains the strong interlocking of matrix and 
oxide, the n-carbides formed at the surface of the matrix, the 
increased thickness of the oxide layer and the increased depth of the 
internal oxidation of aluminium compared to the test below T- , as 
shown in Figure 26. 
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