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Abstract

A low alloyed martensitic steel Fe9Cr (OPTIFER IVc) and an austenitic steel 16Cr15Ni (1.4970) were exposed to

liquid lead to examine their suitability as structural material for lead cooled accelerator driven subcritical actinide

burners. The surface of part of the steel specimens was restructured and that of another part was alloyed with Al by

treatment with high power pulsed electron beams. A corrosion test stand was constructed containing liquid lead under

oxygen control at 550°C. Steel specimens were examined after 800, 1500 and 3000 h of exposure. For austenitic steel

lower corrosion e�ects were observed especially when the surface was treated by the electron beam. No corrosion attack

could be seen at all on both steels after alloying Al into a surface layer of 10 lm depth. Ó 2000 Elsevier Science B.V.

All rights reserved.

1. Introduction

Recently, promising proposals were discussed on

accelerator driven subcritical systems (ADS) for energy

production and as actinide burners [1]. These concepts

include liquid metal cooling systems on the basis of Pb±

Bi or Pb. However, corrosion problems with steel arise

in using such coolants. Severe intergranular attack was

observed for AISI 316 steel in liquid lead. Corrosion

e�ects in the 100 lm range occurred in ferritic Fe±Cr

steels between 575°C and 750°C after 3250 h of expo-

sure [2]. Compatibility tests with ferritic steels were

reported which revealed that corrosion attack can be

minimized if an oxide layer exists on the steel surface

[3,4].

The highest solubility in lead is that of Ni for which

the phase diagram [5] shows 2 at.% at 550°C. The re-

spective phase diagrams for Cr and Fe give reasonable

values only for temperatures above 1000°C. Values of

1 at.% Cr and 0.15 at.% Fe can be obtained at 1200°C

[5]. Model calculations provide solubilities of about 0.2

at.% Cr and 10ÿ3 at.% Fe at 600°C [6]. Contradictory

values are given for the solubilities of Cr and Fe by

Asher et al. [3] that amount to 6� 10ÿ4 and 8� 10ÿ4

at.%, respectively at 700°C. Since all the solubilities vary

with temperature, transport processes will take place

which live from the higher solubility at high tempera-

tures and precipitation at low temperatures. A temper-

ature di�erence of 150°C is about typical for lead

cooling loops. Therefore already small solubilities can

lead to heavy corrosion e�ects with high ¯ow velocities,

in the range of 1 m/s, and long exposure times.

One way to slow down corrosion of metals in liquid

Pb would be to use metals with no or very low solu-

bility in lead. Those metals are W with a solubility of

<0.0056 at.% and Mo with <0.011 at.% at 1200°C [7].

Molybdenum was reported to be highly resistant, even

at 1000°C [3]. Good results were obtained also with

Fe±Cr alloys containing 8 at.% Al that allow formation

of a protective alumina scale also at low oxygen po-

tentials [3]. Other experiments [8] employing an Fe al-

uminide layer on MANET steel, which was oxidized

before the experiment, resulted in no corrosion attack

in liquid Pb±17Li after 10 000 h at 450°C. Thermody-

namic investigations of Al±Fe alloys [9] showed the
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possibility that a self-healing of the alumina scale can

take place if the kinetics of the process is high enough.

Gromov et al. [4] and Markov [10] stabilized the

oxide layer by maintaining an oxygen concentration of

10ÿ6 at.% in liquid Pb or Pb±Bi with an oxygen control

system.

An overview of the corrosion behavior of two dif-

ferent austenitic steels in a loop with liquid lead at 550°C

as a function of oxygen concentration after 3000 h of

exposure is presented in Fig. 1 [10]. At oxygen concen-

trations below 10ÿ7 at.% in lead, corrosion is determined

by solution of alloy components in steel. It increases

strongly with decreasing oxygen content. Above

10ÿ6 at.% oxygen concentration corrosion is caused by

oxidation of the surface that on the other hand protects

the steel from dissolution of alloying components. No

clear statement about the corrosion behavior can be

given for the transition zone between 10ÿ6 and 10ÿ7 at.%

oxygen, in which dissolution as well as oxidation could

be possible. From this discussion it becomes obvious

that it is necessary to measure and control the oxygen

concentration exactly, to keep the conditions of the

liquid lead in a range of low corrosion e�ects. After a

certain time period, oxygen in Pb or Pb±Bi will be de-

pleted by oxide formation on the surface of the struc-

tural steel and thus the conditions will shift to the region

with low oxygen concentration and hence strong cor-

rosion e�ects, if there would be no oxygen control.

In experiments on surface treatment by a pulsed

electron beam with the GESA (Gepulste Elektronen-

strahlanlage) installation [11], it is observed that the

formation of protective oxide scales can be improved by

such treatment. During the treatment a thin surface

layer melts and solidi®es rapidly. By the same process, a

metal that is precipitated on the surface can be alloyed

into the molten layer. Both methods will be applied in

this work to examine, whether the corrosion resistance

of steels in liquid lead can be improved.

2. Conditions for protective oxide scale formation

The concentration of oxygen in lead which is neces-

sary for the protective oxide scale formation on steel

structures, may be controlled by solid electrolyte cells

that measure and feed oxygen into the liquid lead or

lead±bismuth. Such cells are sophisticated and require a

special know-how to build them. Another possibility is

the control by an atmosphere with a de®nite oxygen

partial pressure that determines the chemical potential

of oxygen within the liquid metal bath. To prevent PbO

precipitation and to support Fe3O4 formation, the fol-

lowing conditions must be established:

2Df G0
PbO > RT ln pO2

> 0:5Df G0
Fe3O4

: �1�

The standard values Df G0 of the Gibbs energies of for-

mation are known for the oxides in question and with

these values the equilibrium oxygen partial pressure re-

gion that retains the stable conditions can be deter-

mined. The easiest way to do this is to draw a diagram

that contains oxygen potentials of the relevant oxides

PbO, NiO, Fe3O4 and Cr2O3 and the lines for constant

oxygen partial pressures and constant pH2
=pH2O ratios as

a function of temperature. The latter will be used to

control the oxygen potential as follows:

pO2
� p2

H2O

p2
H2

exp
2Df G0

H2O

RT
: �2�

The diagram in Fig. 2 demonstrates in which region the

stable conditions exist and how they can be established.

The ordinate shows the chemical potential of oxygen,

the abscissa the temperature. Dashed lines in the dia-

gram represent the isobars of the oxygen partial pressure

and the lines of constant pH2
=pH2O ratios in the gas at-

mosphere above the oxidizing species or above the liquid

lead that dissolved oxygen, respectively. The important

region in the diagram is the one between the lines of the

oxygen potential for PbO and Fe3O4 in the temperature

regime of 400±550°C.

For working conditions with reduced corrosion we

have to select a ®eld of oxygen partial pressures, the lines

of which would not cross the PbO- and Fe3O4-lines

within the temperature regime of 400±550°C. Lines of

constant pH2
=pH2O ratios within the borders of this ®eld

show the ratios that must be established to maintain the

appropriate oxygen partial pressures.

If we choose a pH2
=pH2O ratio of 0.4 we will attain

pO2
� 10ÿ25 at 550°C and pO2

� 10ÿ29 at 400°C. At both

temperatures we still form iron oxide and no PbO in the

case of stagnant Pb. If we consider a liquid metal loop,

there will be no equilibration across the temperature

region via the pH2
=pH2O ratio but through the oxygen

dissolved in Pb (Pb/Bi). In this case we have to consider

the variation of the oxygen potential for a constant
Fig. 1. Corrosion behavior of steels in ¯owing lead after 3000 h

at 550°C, from [10]. Oxide layer is Me3O4 type.
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oxygen concentration throughout the considered tem-

perature region between 400°C and 550°C.

For calculation of the oxygen concentration cO re-

lated to an oxygen partial pressure pO2
we need to know

the activity coe�cient c0 at the phase boundary to PbO,

which we get from the following relation for the oxygen

activity aO in lead:

aO � c0cO � cO

cO;s

� pO2

pO2 ;s

� �1=2

: �3�

The su�x (s) indicates the values that correspond to

saturation conditions at which the activity becomes

unity.

With values for the saturation concentration of ox-

ygen in lead of 4� 10ÿ2 at.% at 550°C and 7:5� 10ÿ3

at.% at 400°C [5], equilibrium oxygen concentrations in

the range 400±550°C were calculated and drawn in

Fig. 2. The solid vertical lines at 400°C and 550°C

mark the operating range for a lead cooled loop and

the dashed lines at 300°C and 450°C the range for a

lead±bismuth coolant. The lines of constant oxygen

concentrations indicate safe regions with 10ÿ3±10ÿ5

at.% oxygen for the high temperature Pb loop and

10ÿ4±10ÿ6 at.% for the low temperature Pb±Bi loop.

Activity coe�cients for Pb and Pb±Bi do not di�er

much in the region above about 50 at.% Pb [10].

Therefore, the values calculated here for Pb can be

extrapolated for Pb±Bi as an approximation.

The diagram in Fig. 2 also shows the advantage of

controlling the oxygen partial pressure by the pH2
=pH2O

ratio. It would not be possible with an oxygen partial

pressure of 10ÿ25 bar to replace oxygen that was used for

oxidation of the surface of the specimens in lead.

However, with a pH2
=pH2O ratio of 0.4 it is easy to re-

place the oxygen. With a gas ¯ow of 200 cm3/min, it is

possible to provide 10 cm3 O2/min which corresponds to

about 1000 cm2 of a Cr2O3 layer of 1 lm thickness. With

the same gas ¯ow, delivery of the oxygen amount nec-

essary for solution of 10ÿ6 at.% oxygen in 1000 cm3 Pb

takes about 1 s. Therefore, the controlling step is only

the uptake of oxygen from the gas phase. Thus, not only

small and medium loops can be managed by controlling

them via the pH2
=pH2O ratio in the gas phase, if one could

deliver the available oxygen through the surface to the

lead, e.g. by bubbling.

3. Experimental

3.1. The GESA facility

The surface treatment of the steel was carried out

with the GESA facility [11]. GESA is a new pulsed

electron beam facility that consists of a high voltage

generator with a pulse duration control unit, a multi-

point explosive emission cathode, a controlling grid and

an anode which form a triode. The kinetic energy of the

beam electrons can be varied in the range of 50±150 keV,

with a beam power density up to 2 MW/cm2 at the target

and a pulse duration up to 40 ls. The important pa-

rameters for the melting process like electron energy,

power density and pulse duration can be chosen inde-

pendent of each other. The energy density absorption of

the target is up to 80 J/cm2, which is su�cient to melt

metallic materials adiabatically up to a depth of 10±

50 lm. The beam diameter is 6±10 cm and this is the

area of surface melting by applying one single pulse.

Due to the high cooling rate in the order of 107 K/s, very

®ne grained or even amorphous structures develop

during solidi®cation of the molten surface layer.

3.2. Materials

Samples of the martensitic steel OPTIFER IVc

and of the austenitic steel 1.4970 were prepared for

the corrosion tests. Table 1 shows the compositions

of the steels. The specimens are small plates of

15� 10� 2 mm3 dimension. Three conditions of

specimens are provided:

Fig. 2. Oxygen potential diagram with PbO, Fe3O4 and other

oxides of interest containing lines of constant oxygen partial

pressures and H2/H2O ratios. Loop temperature regions are

marked for Pb by solid, and Pb±Bi by dashed vertical lines.

Lines of constant oxygen concentration are drawn in the Pb

loop region for 10ÿ7; 10ÿ5 and 10ÿ3 at.%.
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(a) original OPTIFER and 1.4970 steels,

(b) OPTIFER and 1.4970 steels after surface treat-

ment by a pulsed electron beam,

(c) OPTIFER and 1.4970 steels after surface alloy-

ing with Al by a pulsed electron beam.

The original steel specimens were polished to improve

the conditions for analysis of the corrosion e�ects. This

was not necessary for the electron pulse treated speci-

mens, because the treatment e�ects a smooth surface.

The very ®ne grained structure of the rapid solidi®ed

melt layer is a suitable basis for the formation of pro-

tective oxide scales with good adhesion [11]. The mi-

crograph of the cross-section perpendicular to the

surface of a treated OPTIFER steel specimen is pre-

sented in Fig. 3. After etching no structural details are

visible in the solidi®ed melt region on top of the coarse

grained base material.

Surface alloying of the steel specimens was done by

applying the electron pulse to the surface covered with a

18 lm thick Al foil. The micrograph of the cross-section

is identical to that in Fig. 3. During surface melting 20±

25% of the aluminum is dissolved in the melt layer, the

remainder evaporates. The Al-concentration pro®le

perpendicular to the surface is shown in Fig. 4. It is

obtained by analysis of the cross-section with an ECON

3,4 O detector attached to the scanning electron micro-

scope (SEM) AMR 1000 (Leitz, Wetzlar). The EDAX

DX-4 eDX ZAF system was used for the calculation of

the concentrations by employing the standardless

method. The analysis shows, that Al penetrates into the

steel within the molten surface layer. The concentration

pro®le is not typical for a di�usion process, but for a

distribution by turbulences in the melt. The obtained

structure consist of two phases, which contain di�erent

Al concentrations (8±20 at.%) but have the same Cr

content.

The structural changes due to melting and rapid

solidi®cation of the GESA-treated alloys are examined

by X-ray di�raction using Cu Ka1 radiation

(k � 154:06 pm) and a Si standard. The patterns are

recorded in Fig. 5. The upper patterns represent

the structure of original OPTIFER containing the major

a-Fe peaks (ICPDS 6±696). The origin of the peak at

2H � 57� could not be resolved. The patterns in the

middle are those of the rapid solidi®ed melt layer after

electron pulse treatment. It shows the same peaks but

with some preferential orientation. The unknown peak

at 57° disappeared while another came up at 2H � 53:6�

which is also unknown. All the peaks are slightly shifted

to higher angles (2H � 44:64� for the (1 1 0) peak)

probably due to the rapid solidi®cation, resulting in a

lattice constant of 287.07 pm as compared to 287.10 pm

for Fe10Cr from the literature [12]. The lower pattern is

obtained from OPTIFER steel alloyed with Al by elec-

tron pulse melting. It contains peaks that can be as-

cribed to a-Fe(Al), aFe(Cr) and to AlFe as well. The

lattice constants are 286.63±290.9 pm (depending on the

Al concentration) [9], 287.10 and 290.9 pm [12], re-

spectively. From the data of the (1 1 0) peak a value of

289.05 pm is obtained which corresponds to an Al

concentration of about 16 at.% [9]. The small peaks at

2H � 31:0� and 81.7° are close to the angles at which

Fig. 3. Optical micrograph of the cross-section of OPTIFER

after GESA treatment. The bright region on top is the molten

layer.

Fig. 4. Concentration pro®le of Al within the alloyed surface

layer of the OPTIFER specimen F3.

Table 1

Chemical composition of OPTIFER IVc and 1.4970 in at.%

C Si Mn P S Cr V Ni Mo Ti W Ta

OPTIFER IVc 0.56 0.02 0.58 0.005 0.009 9.99 0.28 ± ± ± 0.30 0.02

1.4970 0.46 0.89 1.91 0.012 0.009 16.5 ± 13.8 0.66 0.43 ± ±
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peaks for Fe3Al are expected (30.85° and 81.3°), but the

existence of this phase can be excluded because of the

investigations in [9]. A ®t for FeAl disagrees slightly

more with 2H values of 30.71° for the (1 0 0) peak and

80.87° for the (2 1 1) peak. Thus, the determination of

the second phase is doubtful all the more the in¯uence of

the dissolved Cr is not known.

3.3. Corrosion tests

A corrosion test stand was built up with control of

the oxygen potential via the pH2
=pH2O ratio in the gas

phase as described above. Fig. 6 shows a scheme of this

equipment. The reactor is a quartz tube inside a furnace

that is controlled at 550°C. A mixture of Ar and Ar±

5%H2 allows the adjustment of the hydrogen concen-

tration in the gas. The water vapor is added by passing

the gas through water of a de®nite temperature. The

maximum hydrogen concentration that can be intro-

duced is 5%, which is high enough and well below the

lower explosion limit. In the actual experiments, the ¯ow

of Ar is 200 cm3/min and that of Ar±5%H2 is 16 cm3/min

which gives a pH2
=pH2O ratio of 0.4 at a water tempera-

ture of 7.4°C. The lead in the furnace is not ¯owing but

stagnant and contains 10 crucibles which can take 10

metal specimens. Each crucible is ®lled with 40 g of high

purity lead. The ratios of gas ¯ows are controlled and

the partial pressure of water vapor is measured before

and behind the furnace. The gas passes also through an

oxygen partial pressure measuring system after leaving

the furnace.

The maximum test time up to now is 3000 h. The

samples immerge about 1 cm deep into the liquid lead

during the test. The adherent lead is not removed from

the specimen surface after the test to conserve the oxide

scale. Specimens are examined by cutting them perpen-

dicular to the surface and looking at the cross-section by

optical microscopy and SEM combined with an EDX

(energy dispersive X-ray analysis) analyzer. The SEC

(standardless element concentration) factor for oxygen

was estimated by a reversed ZAF-calculation from pol-

ished Al2O3 and ZrO2 ceramics covered with the same

carbon coating as that on the analyzed specimens. Ex-

aminations are carried out after 800, 1500 and 3000 h of

exposure.

The oxide scale grown at the surface of the speci-

mens is also analyzed by X-ray di�raction. Because the

specimens are di�cult to clean from adhering lead, the

analysis is done with specimens which were exposed to

the controlled atmosphere in the furnace close to the

lead crucibles. These specimens show the same features

and oxide scale structure as they are observed with

those in lead. However, the growth rate of the mag-

netite scale is enhanced by a factor of 2±3 in the gas

atmosphere.

4. Results

After the corrosion test in liquid lead of 550°C in

controlled Ar±H2/H2O-atmosphere, the specimens are

taken from the test stand for metallographic examina-

tion and concentration analysis. Specimens and test data

are listed in Table 2.

The cross-section of the original OPTIFER steel

specimen F1 after exposure is presented in Fig. 7a to-

gether with the concentration pro®les that are recorded

as a function of the distance from the original specimen

surface. The micrograph of the cross-section shows the

typical corrosion attack with three di�erent zones. The

zone at the top, that ends at the original specimen

surface, consists of magnetite without appreciable Cr

concentration. It is obviously brittle, because many

defects exist caused by spallation of scale parts. The

layer in the middle contains Cr±Fe spinel that roots in

the pore belt. At some places the spinel layer is also

missing, an e�ect that is more pronounced at other

places of the specimen. In the interior, an oxygen dif-

fusion zone can be observed in which oxides precipitate

along the grain boundaries.Fig. 6. Corrosion test stand with stagnant liquid lead.

Fig. 5. X-ray di�raction patterns of OPTIFER in the original

state, after GESA treatment and after surface alloying of Al.
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The concentration pro®le in Fig. 7(a) indicates the

zone structure also. Both oxide layers are hypos-

toichiometric with O/M ratios of around 1 for the

metals that form oxides. Only at the scale surface

the O/M ratio was higher and reached a value of 1.3.

The concentration in the di�usion zone is about 10%

of that in the magnetite scale. Peaks in this zone indi-

cate spinel precipitation in a grain boundary. Within

the spinel zone, the Cr concentration reaches a maxi-

mum of twice the concentration in the bulk due to Fe

depletion caused by the magnetite scale formation.

Specimen F2 that was treated by an electron pulse

before the test shows the same features as the non-

treated specimen F1. Di�erent is the size of the mag-

netite scale which is smaller and more compact than on

the untreated surface but is also partially spalled-o�,

Fig. 7(b). Furthermore, the spinel layer is completely

retained without spallation.

For demonstration of the e�ect of Al-alloying into

the surface, specimen F3 is alloyed with Al by electron

pulse treatment only on one half of the surface. There is

no corrosion attack visible in the alloyed part at all after

1500 h exposure to liquid lead at 550°C, Fig. 8. Also, the

concentration pro®les do not give any indication of an

interaction between lead or oxygen and the alloyed

specimen part. Only the unalloyed part of the surface to

the right is covered with thick oxide scales. It is obvious

from this micrograph that the Fe±Cr spinel layer ends at

the original specimen surface.

The development of the magnetite scale is also ex-

amined by X-ray di�raction. Fig. 9(a) presents di�rac-

tion patterns of the OPTIFER specimen F1 after

exposure to the atmosphere in the test furnace for times

up to 500 h. The peaks of a-Fe disappear already after

110 h and get replaced by magnetite and/or spinel peaks

marked by ÔMÕ (magnetite). Intensity changes of those

peaks during exposure indicate a reorientation of crys-

tals in the oxide scale. Besides the magnetite peaks there

are several others marked by ÔHÕ (hematite) that only can

be ®tted by data of Fe2O3 and (Fe, Cr)2O3 (ICPDS 34-

140 and 2-1357). Those peaks are steadily increasing and

indicate a growing part of this phase on the scale sur-

face. Scale development on the electron pulse treated

OPTIFER steel specimen F2 shows essentially the same

features as observed on the original specimen F1,

Fig. 9(b). The only di�erence is in the starting material

(0 h), where a reoriented structure can be seen as

described before.

A completely di�erent behavior is visible from the X-

ray patterns of the surface of the specimen F3 alloyed

with Al at the surface, Fig. 9(c). Even after 500 h of

oxidation there exist no peaks of magnetite, spinel or

Al2O3. The alumina layer is still too small to give clear

peaks and the peaks of a-Fe(Al) are not diminished. The

only change is an intensity shift between the two major

peaks probably because of thermal restructuring.

The structure of the oxidation region on the original

1.4970 steel specimen A1 is similar to that on OPTIFER

steel with layers of magnetite and Fe±Cr spinel and an

oxygen di�usion zone in the interior. However, the Fe±

Cr spinel zone contains Pb and oxygen penetrates along

grain boundaries up to 20 lm deep into the metal ma-

trix, Fig. 10(a). Remarkable is the strong depletion of Ni

within the spinel zone, that was observed in the ®rst

inspection after 800 h of exposure. It develops probably

already in the ®rst hours and does not change any more.

The oxygen di�usion zone is much smaller in the elec-

tron pulse treated specimen A2 than in A1, because it

does not show the deep grain boundary attack,

Fig. 10(b). The Pb-containing spinel layer looks tighter

and smaller and is strongly depleted in Ni. Most of the

magnetite layer got also lost. There is no attack ob-

servable from the concentration pro®les of the Al-al-

loyed austenitic specimen A3, Fig. 11. No oxygen

penetration through the surface and no Ni-depletion

took place. The micrograph does not show any signs of

corrosion.

X-ray di�raction analysis of austenitic specimens did

not result in new ®ndings and is not presented here. The

only di�erence to the OPTIFER material is the lower

growth rate of the magnetite peaks, because after 500 h

there are still Fe peaks visible.

Table 2

Materials and test data after maximum exposure to lead at 550°C containing 8 ´ 10ÿ6 at.% oxygena

Material data Test data

Spec. No. Type Treatment ttot (h) Mag. scale (lm) Sp. zone (lm) Di�. zone (lm)

F1 OPTIFER Original 3000 20 15 10

F2 e-pulse 3000 16 15 8

F3 Al-alloyed 1500 None None None

A1 1.4970 Original 3000 10 6 12b

A2 e-pulse 3000 6 6 3b

A3 Al-alloyed 1500 None None None

a mag.�magnetite; sp.�Fe (Fe, Cr)2 O4; e-pulse� pulsed electron beam, GESA; di�.�di�usion.
b Including grain boundary penetration.

90 G. M�uller et al. / Journal of Nuclear Materials 278 (2000) 85±95



5. Discussion of results

The examination of the corrosion tests with OPT-

IFER and 1.4970 steel specimens proves that the be-

havior of these materials in liquid lead changes with the

treatment on the surface region. Large oxidation layers

are formed on the unalloyed OPTIFER steel surface.

They are thinner on 1.4970 steel. No oxidation attack

can be observed on both steel surfaces alloyed with

Al. Three distinct oxidation zones are developed on

the unalloyed steel surface, an outer magnetite scale

which is placed on top of the original surface, an

Fe2��Fe3�
1ÿxCr3�

x �2O4 spinel layer that lies beneath the

original surface and below this one, and beyond a pore

belt an oxygen di�usion zone with spinel formation

along grain boundaries, see Fig. 12. From the concen-

tration curves the Cr fraction x results in about 0.3 for

OPTIFER and in a maximum value of 0.6 for 1.4970

steel.

The strati®ed oxide layer structure agrees with de-

scriptions by Hau�e [13] and Talbot [14] for oxidation of

steels in air at temperatures below 570°C. The only

di�erence to our results obtained by experiments in

Fig. 8. SEM of the cross-section of OPTIFER specimen F3

alloyed with Al on the left surface part and EDX concentration

pro®les through the alloyed surface layer (at arrow position)

after 1500 h at 550°C.

Fig. 7. SEM of cross-sections of OPTIFER specimens and

EDX concentration pro®les (at arrow position) after 3000 h at

550°C: (a) original, F1, (b) GESA treated, F2.
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liquid lead containing 8� 10ÿ6 at.% oxygen consists in

the practically Cr-free magnetite scale that develops on

the steel±lead interface. This, however, corresponds to

the preferred strati®ed scale type described by Whittle

and Wood [15] for iron±chromium alloys with less than

18 % Cr. Since all their examinations are conducted in

Fig. 10. SEM of the cross-section of 1.4970 specimens and

EDX concentration pro®les (at arrow position) after 3000 h at

550°C: (a) original A1, (b) GESA treated A2.

Fig. 9. X-ray di�raction patterns of OPTIFER specimens after

oxidation at 550 °C in the corrosion test atmosphere with an

H2/H2O ratio of 0.4. M�magnetite, H� hematite.
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air, a small layer of hematite, Fe2O3, is formed on top of

the magnetite layer. Our X-ray di�raction analysis

shows indeed peaks that may indicate such a layer which

could be stable from thermodynamic reasons in form of

(Fe1ÿxCrx)2O3. However, only up to 2% Cr are found in

this region. Furthermore the di�raction lines are ob-

tained from a scale grown in the test atmosphere under

oxygen control and not exposed to liquid lead. Although

this could explain the increase of oxygen concentration

observed on top of the magnetite scale of OPTIFER

steel specimens (Fig. 7(a) and (b)), further experiments

and examinations are necessary to resolve the nature of

the peaks.

Analogous to the oxidation mechanism described

[13,14], anion as well as cation di�usion can be called

responsible for the formation of the oxide layers. Ox-

ygen penetrates the surface to form at ®rst the Fe±Cr

spinel that grows inwards, which agrees with investi-

gations of Kuroda et al. [16]. Fe ions migrate to the

surface, get oxidized and produce from there the

magnetite scale that grows outward. This scale starts

exactly at the surface and does not contain more than

1±2% of chromium. Oxygen migrates easily through the

magnetite scale to the specimen surface, feeds the scale

growth and partly di�uses into the spinel and solution

zones. On the other hand, iron ions migrate through

the magnetite layer and are oxidized on the surface of

the magnetite scale. By these two processes, the mag-

netite scale grows from both sides as indicated in the

scheme of the oxidation zones and migrating ions in

Fig. 12.

There is no principal di�erence between the corrosion

e�ects in lead and in the controlled furnace atmosphere

at 550°C. Specimens exposed to the atmosphere show

the same oxide structure as those in lead. Di�erent are

just the growth rate of the magnetite scale and spinel

zone, and the fact, that no Ni depletion takes place in

the spinel zone of the 1.4970 steel.

The behavior of 1.4970 steel specimens di�ers sub-

stantially from those of OPTIFER steel, although the

strati®ed scale structure is the same. The magnetite scale

is much thinner than that of OPTIFER steel, if it is

visible at all. The same concerns the spinel and the dif-

fusion zones with the exception of the deep grain

boundary penetration of oxygen in the non-treated

specimen A1 in Fig. 10(a). The low oxidation rates are

caused by the higher oxidation resistance of high-alloyed

steels [17].

As opposed to OPTIFER, the 1.4970 steel shows

Pb-inclusions in the interface region between the

magnetite scale and the spinel layer that reaches fre-

quently into the spinel, Fig. 10(a) and (b). This e�ect

depends obviously on the presence of Ni in the initial

stage of scale formation when Ni is dissolved by liquid

lead that gets trapped by the growing magnetite scale

and solidi®es with about 2 at.% Ni [5]. After this

process the Ni depletion does not change any more

with increasing exposure time. Thus, the Ni depletion

zones in Fig. 10(a) and (b) represent the state

established in the period before the ®rst examination at

800 h of exposure.

The in¯uence of electron pulse melting of a surface

layer of the steels on the corrosion behavior in liquid

lead at 550°C up to 3000 h exposure time is manifested

in the following e�ects. In OPTIFER it causes a smaller

magnetite scale and better spallation resistance of the

spinel zone while in 1.4970 steel the deep grain boundary

penetration of oxygen is avoided. The reason for this

behavior is thought to be the ®ner grain structure in the

Fig. 11. SEM of the 1.4970 specimen alloyed with aluminum

and EDX concentration pro®les (at arrow position) after 1500 h

at 550°C in liquid Pb.

Fig. 12. Scheme of oxidation zones and ion migrations.
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specimen surface layer after melting and rapid solidi®-

cation. However, whether there will be a bene®t of this

e�ect for the corrosion behavior cannot yet be said with

con®dence. Tests with much longer exposure times and

experiments in loops will be necessary to attain con®-

dential statements.

In comparison of OPTIFER and 1.4970 steels, the

austenitic material should be favored so far after 3000 h

of testing, especially when the surface is treated by

GESA. The corrosion zone consisting of the spinel

layer and the di�usion zone is much thinner after that

period. Fig. 13 shows the growth of the corrosion

zones in both steels with and without surface treat-

ment. The points represent the mean values of ®ve

measurements, each one obtained at a di�erent position

parallel to the surface. It indicates the better perfor-

mance of 1.4970 steel with advantages for the surface

treated specimen at least for the ®rst 3000 h. No visible

advantage of surface treatment can be observed for the

OPTIFER specimen. The fragile magnetite scale is not

considered in the evaluation because it constitutes a

corrosion product that lies above the original specimen

surface and is lost in the major part of the surface area.

This e�ect will be enhanced by the ¯owing lead in

loops.

The most striking e�ect is obtained with both

OPTIFER and 1.4970 steels, when Al is alloyed into the

surface layer during melting by GESA. The alumina

layer that must have been formed at the surface during

oxidation in lead with 8� 10ÿ6 at.% oxygen might be

very thin and could not be detected up to now. However,

it constitutes such an e�ective barrier against corrosion

that not even a minimum attack occurred up to now

after 1500 h. This agrees with investigations of the be-

havior of aluminized steel in liquid Pb±17Li in tests with

10 000 h exposure time [8] and with tests of the corrosion

behavior of FeAl in liquid lead at 600°C [3].

6. Conclusions

Oxide layers on steel can e�ectively prevent the steel

from leaching of alloy components by dissolution in

liquid lead. To maintain the oxide layers over long

exposure time it is necessary to control the oxygen

concentration in lead which can be done with a gas at-

mosphere of 10ÿ22±10ÿ25 bar oxygen partial pressure. By

this procedure the corrosion attack is changed from that

of liquid metal corrosion to that of oxidation. Thus, it is

needed to ®nd materials that form stable protective

oxide scales under controlled oxygen atmosphere in

liquid lead.

Considering both the OPTIFER and 1.4970 steels, the

austenite 1.4970 shows better resistance in liquid lead

under oxygen control than OPTIFER. This is a conse-

quence of the better oxidation resistance of 1.4970 steel.

Electron pulse treatment improves the behavior of 1.4970

steel because it suppresses deep grain boundary pene-

tration of oxygen due to the ®ne grained structure that

forms by melting and rapid solidi®cation. Alloying of

aluminum into the surface by pulsed electron beam sur-

face melting improves the corrosion oxidation behavior

of both examined steel types in an impressive manner. No

corrosion attack at all occurs after 1500 h of exposure.

Oxide scale formation under controlled gas atmo-

sphere obeys the same principle mechanisms as in liquid

lead with an oxygen concentration that corresponds to

the same oxygen potential. Oxygen in liquid lead loops

can be controlled by adjusted oxygen partial pressures

which are e�ected, e.g. via hydrogen/water vapor or by

electrochemical titration.

Findings in this work are just as well applicable to

Pb±Bi loops. For application of the results to Pb and

Pb±Bi loops, that run with controlled oxygen concen-

tration to improve the corrosion resistance, it can be

concluded that high alloyed oxidation resistant steels

should be employed. Their properties can be improved

by electron pulse treatment, especially when Al is al-

loyed into the surface by this process.
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