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Abstract

A homogeneous intermetallic phase with a thickness of about 20±30 lm was formed on the surface of the steel

F82H-mod. during hot dip aluminising at 700°C for 30 s. The transformation behaviour of this compound Fe2Al5 was

investigated by two di�erent heat treatment procedures: the standard heat treatment for F82H-mod. steel (1040°C/0.5

h, 750°C/1 h) and for MANET steel 1075°C/0.5 h, 750°C/2 h). The structure of the transformed coating shows an

internal and an external layer separated by a porous band independent of the heat treatment. The internal layer consists

of a-Fe(Al), the external of FeAl. On top of the coating a thin alumina layer is observed. The thickness of the internal

layer and the phase of the formed alumina layer are in¯uenced by the chosen heat treatment. Ó 1998 Elsevier Science

B.V. All rights reserved.

1. Introduction

One of the main issues in the design of blankets for a

future fusion reactor is the permeation of tritium

through the structural material into the secondary cir-

cuit [1±3]. In the case of the water-cooled liquid Pb±17Li

blanket the concentration of tritium in the cooling water

has to be minimised for safety and economical reasons.

A martensitic steel at present foreseen as structural

material cannot be used without any further protection

to reduce the tritium permeation. One of the most

promising methods entails the use of coatings which

have low di�usion rates and/or low hydrogen recombi-

nation and adsorption constants.

It is well known that thin alumina layers can reduce

the tritium permeation rate by several orders of magni-

tude [4±6]. Hence, the development of alumina layers as

a TPB (tritium permeation barrier) on a martensitic steel

is the main e�ort. The requirements raised up to the

permeation barrier fabrication technique are the fol-

lowing:

· formation of a permeation barrier on a structural

material in the required metallurgical state at the

end of the fabrication process;

· supply of a coating with acceptable properties, e.g. a

tritium permeation reduction factor PRF P 100 un-

der reactor conditions;

· compatibility with the ITER test module geometry

and fabrication sequence.

In this paper the complete characterisation of alum-

inised coatings by means of the hot dip procedure on the

structural material F82H-mod. will be presented. The

e�ect of two di�erent heat treatments ± the two standard

heat treatments of the martensitic steels F82H-mod. and

MANET ± on aluminised samples will be discussed.

2. Preparation of the coating

2.1. Materials

The substrate material to be aluminised was the fully

martensitic steel F82H-mod. The material was produced

by JAERI/NKK Corporation, Japan with the following

nominal composition (wt%); C, 0.09; Mn, 0.156; Cr,
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8.36; Ni, 0.021; Mo < 0.0003; V, 0.162; Nb, 0.01 and the

balance being Fe. Al used for the melt has an initial

purity of 99.5% with the main impurities being Fe and

Si. The melt became enriched in the main steel compo-

nents Fe and Cr with increasing immersion time.

2.2. Sample preparation

The material was delivered as 20 mm thick sheets

(F82H-mod.) in a tempered condition. Sheet specimens

of 50 ´ 15 ´ 1 mm3 were machined by erosion. Each

sample had a small hole on one side for ®xing during the

aluminising process. After machining the samples were

degreased in acetone and ®nally cleaned ultrasonically in

ethanol. As a ®nal surface preparation the cleaned

specimens were dipped into a ¯ux solution (solution of

KCl, NaCl and Na3AlF6 (mass ratio 5:4:1) in water) and

dried.

2.3. Aluminising process

Aluminising has been carried out by using a special

facility developed in FZK [7]. A heated alumina crucible

is connected gas-tight to the bottom of a glove box. A

reducing Ar±5%H2 gas mixture was used as working

atmosphere since oxidation of the Al melt had to be

avoided. The alumina crucible was ®lled with small Al

pieces and heated up to 700°C. The temperature was

measured by a NiCr±Ni thermocouple which was pro-

tected by an alumina tube and placed directly in the Al

melt. The samples were ®xed by a hook and a stainless

steel wire to a crane system and were dipped into the

melt. They were pulled out of the melt after 30 s of ex-

posure. Cooling down took place in the glove box by

natural cooling rate.

2.4. Heat treatment

In order to optimise the coating structure in view of

the demands of a tritium permeation barrier a suitable

heat treatment has to be carried out after aluminising.

The goal of a successful heat treatment process should

include:

· complete incorporation of solidi®ed aluminium on

the sample surface into the steel matrix by di�usion;

· transformation of the brittle intermetallic Fe2Al5 lay-

er which formed during the aluminising process, into

more ductile phases (preferable FeAl and/or a-

Fe(Al)) by di�usion of aluminium into the steel ma-

trix;

· formation of a thin alumina layer on top of the coat-

ing as a very e�cient tritium permeation barrier with

the potential for self-healing;

· the formed alumina layer has to be compatible with

Pb±17Li or water under the particular conditions re-

quired which is dependent of the location of the coat-

ing (inside or outside of the tubes);

· the preparation process of the coating has to be com-

patible with the heat treatments admissible for the

steel to guarantee the original mechanical properties

of the structural material under working conditions

after coating;

· the whole coating system should be kept as thin as

possible since aluminium is an activating element

and is not desired in the matrix of low activation

steels.

The heat treatment was carried out in a horizontal

quartz rig. The aluminised samples were cleaned ultra-

sonically in ethanol, dried and placed in alumina cruci-

bles which were positioned in the hot zone of the

furnace. The working rig was ¯ushed with argon (im-

purities 6 10ÿ4%) and ®nally a ¯ow rate of 5 l/h and a

pressure of 1.25 bar were set. The heating rate was about

25 K/min. After the required holding time the crucibles

were removed from the hot zone of the furnace and

cooled down in air. Time and temperature regimes of the

chosen heat treatments are listed in Table 1.

Extended investigations have shown that the ful®ll-

ment of the demands listed above requires reausteniti-

sation and subsequent tempering of the aluminised

samples. Type A is the standard heat treatment of steel

F82H-mod. Type B heat treatment corresponds to the

standard heat treatment for MANET steel. Additional-

ly, an aluminised F82H-mod. sheet was austenised and

tempered under MANET conditions (Type B) for better

comparison with the results obtained previously [8,9].

Table 1

Time and temperature regimes of the heat treatments after aluminising

Type/material Aluminising conditions Heat treatment

A/F82H-mod. 700°C/30 s 1040°C/0.5 h/air cooling

750°C/1 h/air cooling

B/F82H-mod. 700°C/30 s 1075°C/0.5 h/air cooling

750°C/2 h/air cooling
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3. Basic characterisation of the coating

3.1. Aluminised samples

3.1.1. Metallographic examination

After aluminising the samples were homogeneously

covered by an overlayer of the solidi®ed Al melt. The

thickness of this layer varies strongly. A drop of Al so-

lidi®ed on the bottom side of each sample during the

cooling phase since no tools were used to remove the

melt drop. An intermetallic layer formed mainly beneath

the Al overlayer at about 20±30 lm thick by Al di�usion

into the steel substrate. The interface between the sub-

strate and the intermetallic layer is smooth although the

layer grew somewhat tongue-like into the substrate. The

interface between the Al overlayer and the intermetallic

layer appears very inhomogeneous. This pattern is a

good indication for two alternative processes: Crystal

growth and dissolution of the crystals formed and were

transported into the Al melt. Some cracks could be

observed across the intermetallic layer.

3.1.2. Analytical examination

SEM/EDX point analyses of hot dip aluminised

samples have shown that the main part of the layer

corresponds to the Fe2Al5 phase. The interface of the

intermetallic layer shows just beneath the solidi®ed Al a

higher Al concentration compared to the rest of the

layer indicating the existence of the FeAl3 phase. The

striation like precipitates in the Al melt were found to be

FeAl3 phase as well.

EPMA line scans of an aluminised F82H-mod. sheet

are given in Fig. 1. The Al content decreases continu-

ously from nearly 100 at.% down to around 71 at.% in

the ®rst few microns. The values of the measured iron

content show the opposite trend: from 0 at.% at the near

surface region up to around 28 at.% in the depth of 5

lm. The concentration of all elements measured are

rather constant in a depth range of about 5±25 lm. This

composition conforms to Fe2Al5 phase as well. On the

transition zone from Fe2Al5 phase to the steel matrix,

the concentration of the elements rapidly changes.

3.1.3. Vickers microhardness

The microhardness of the formed intermetallic layer

after the aluminising process was about 800±1100 HV

0.05, independent of the composition of the structural

material. This is in good agreement with microhardness

values for the compound Fe2Al5 reported in the litera-

ture (1125 HV 0.05 [10], 835 HV 0.2 [11]). The micro-

hardness of the substrate remained unchanged

compared to the virgin material.

3.2. Aluminised and subsequent heat-treated samples

3.2.1. Surface investigation

In the XPS spectra of type A and B samples the el-

ements Al and O can be clearly detected. No photopeaks

of the steel elements Fe or Cr were detected in the

spectra. The detection limit for this method is 0.1±1.0

wt%. In Fig. 2 the Al 2p photopeaks of each sample

investigated are shown. An increase of the binding en-

ergy of the Al 2p peak from 72.9 eV (type A) to 73.3 eV

(type B) can be observed. Additionally, the FWHM

decreases from around 2.5 eV down to 2.2 eV. The

conclusion of these observations can be summarised as

follows: The surface exists of pure alumina. The heat

treatment of type A samples leads to di�erent alumina

compounds but is not su�cient to form a-Al2O3. In

contrast to these results type B heat-treated samples

exist mainly of a-Al2O3 on the surface [12].

The aluminised and subsequently heat-treated F82H-

mod. samples were analysed with low angle XRD in

order to get information on the compounds existing on

the surface. The di�ractogram for type A sample is given

in Fig. 3. The main re¯ex comes either from FeAl or

Fe3Al phases or from both. These two compounds

cannot be exactly identi®ed by this method. The spec-

trum for type B samples is given as well in Fig. 3. In

comparison with the type A di�ractogram more addi-

tional re¯exes can be observed for type B. These peaks

can be clearly related to a-Al2O3. For better comparison

the signals for this compound were added to the dif-

fractogram as lines. It can be easily seen that a-Al2O3 is

formed at 1075°C within 30 min., but not at 1040°C. It is

known that a-Al2O3 is also formed at 1040°C but un-

fortunately at this temperature the transformation re-

quires longer times. This result is in agreement with the

XPS measurements discussed above.

EDX measurements with working voltages from 10

to 30 keV were carried out on type A and B samples.

The measurements on both samples show the same

results. The high Al content measured in the near sur-

face (up to a thickness of �0.7 lm) indicates that an
Fig. 1. EPMA line scans carried out on the cross section of an

aluminised F82H-mod. sheet.
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oxidation process has occurred which is in agreement

with the results obtained with XPS and low angle XRD.

Beneath this enriched Al layer, the Al content is found

to be reduced.

In contrast to the EDX results, SEM investigations

have shown that the morphology of the sample surfaces

appears di�erent for type A (1040°C/0.5 h, 750°C/ 1h)

and B (1075°C/0.5 h, 750°C/2 h). The surface structure

Fig. 3. Low angle XRD di�ractogram of aluminised F82H-mod. (a) type A and (b) type B samples. The signals for a-Al2O3 were added

to the spectra as lines.

Fig. 2. Al 2p photopeak of (a) type A heat treated sample (1040°C, 30 s and 750°C, 1 h) and (b) type B heat treated sample (1075°C, 30 s

and 750°C, 2 h).
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of type A samples is ®ne-grained and homogenous at

any point on the samples. No cracks or voids and even

no corrosion products can be observed all over the

samples.

The surface morphology of type B samples is more

structured than the surface obtained for type A. The

layer covers the whole surface homogeneously with a

pronounced texture. Additionally, some cracks revealed

in the surface layer and corrosion products with a size

up to about 50 lm were formed during the heat treat-

ment. EDX point analysis showed that these crystals on

top of the surface are mainly composed of Al with a low

content of Fe and Cr. From this observation it can be

concluded that crack generation took place during

quenching from the austenising temperature (1075°C) to

room temperature. During the subsequent tempering

procedure at 750°C small corrosion products formed on

the fresh crack surfaces.

3.2.2. Metallographical examination

The samples look similar in the cross sections con-

cerning the formed layers, the adherence and the struc-

ture of the substrate independent of the heat treatment.

Cross sectional views of the layer after heat treatment

are shown for type A samples (1040°C/0.5 h + 750°C/

1h) in Fig. 4(a) and for type B samples (1075°C/0.5

Fig. 4. (a) Cross section of a heat-treated F82H-mod. sample sheet (type A: 1040°C/0.5 h, 750°C/1 h). (b) Cross section of a heat-

treated F82H-mod. sample sheet (type B: 1075°C/0.5 h, 750°C/2 h).
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h + 750°C/ 2h) in Fig. 4(b). In the following the results

of the metallographical examination will be discussed

for types A and B.

In general, the layer can be subdivided into a external

layer, an intermediate band of high porosity and an

internal layer, which is directly in contact with the

substrate. The interface to the substrate beneath the

internal layer is indicated as a sharp boundary. The

sample surface appears to be rather rough. In the ex-

ternal layer, near the sample surface, a few pores were

formed. Additionally, cracks starting from the surface

are observed. In most cases they were stopped in the

porous zone, in some seldom cases also in the middle of

the layer. A crack growth into the internal layer was

never recognised. The structure of the layer is charac-

terised by grains oriented perpendicular to the surface.

Small needles like precipitations can be observed in the

internal layer which are homogeneously distributed. The

grain structure beneath the layer has the typical ap-

pearance of martensitic substrate.

The thickness of the external layer is dependent on

the amount of solidi®ed Al which adheres on the surface

after the hot dip aluminising process. On the other hand,

the thickness of the internal layer depends on time and

temperature used for the heat treatment. Type A sam-

ples result in an internal 70 lm is thick layer, type B

samples reveal a 90 lm thick layer. Equal values are

obtained on MANET sheets treated in the same manner

(aluminised and heat treated). This indicates that the

di�usion process for the internal layer formation is in-

dependent of the ferritic steel used as base material.

3.2.3. Analytical examination

EMPA line scans with a step width of 2 lm were

performed on polished cross sections of type A and B

samples. The results are shown in Fig. 5(a) and (b). The

compositions found for the di�erent layers are identical

for both heat treatments A and B. Therefore, the results

obtained will be discussed without di�erentiation be-

tween type A and B samples in the following. It can be

seen that the intermetallic phase Fe2Al5 has completely

transformed after the heat treatment. On top there is a

high concentration of Al and O on the surface which

indicates the formation of an alumina layer (see

Fig. 5(b)). Just beneath the surface a strati®ed FeAl

phase is recognised. According to the binary Fe±Al

phase diagram [13] (which has been used here rather

than the ternary Fe±Cr±Al phase diagram) this phase is

stable between 29±54 at.% Al at 1040°C and 30±54.5

at.% at 1075°C, respectively. As already mentioned

above, the extension of this zone, the external layer, is

dependent on the amount of solidi®ed Al which re-

mained on the surface after the hot-dip aluminising

process. The strong scatter of the concentration gradi-

ents beneath the FeAl phase results from interactions of

the electron beam with pores of the intermediate layer.

A correct quantitative analysis is not possible. The Al

concentration decreases more rapidly in the internal

layer than in the external layer. The Al concentration

decreases from 30 to 0 at.% within 70 lm (type A) and

90 lm (type B), respectively. The Fe and Cr contents

show the opposite trend. The composition corresponds

to the compound a-Fe(Al) according to the binary phase

diagram.

Therefore both types of heat treatments, A and B are

suitable to transform the brittle Fe2Al5 compound into

softer, more ductile phases (FeAl and a-Fe(Al)). The

same results were obtained for aluminised MANET

sheets subsequently heat-treated like type A and B

samples [8,9,14].

3.2.4. Vickers microhardness

The observations made for types A and B are the

same. Hence, the results obtained for both kinds of

samples will be discussed together in the following. The

transformation of the brittle Fe2Al5 phase into softer,

Fig. 5. (a) EPMA line scan of a heat-treated aluminised F82H-

mod. sample sheet (type A: 1040°C/0.5 h, 750°C/1 h); A, FeAl;

B, band of pores, C, a-Fe(Al), M, matrix. (b) EPMA line scan

of a heat-treated aluminised F82H-mod. sample sheet (type B:

1075°C/0.5 h, 750°C/2 h); A, FeAl; B, band of pores; C, a-

Fe(Al); M, matrix.
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more ductile phases can be observed by microhardness

measurements. The results are summarised in Table 2.

The microhardness of FeAl (external layer) is con-

stant over the whole area. This is in agreement with

EDX measurements which showed a uniform composi-

tion of Fe an Al in this region. In the internal layer the

Al content changes from around 30 to 0 at.%. This

corresponds with the change of the microhardness val-

ues in this layer: with decreasing Al content the micro-

hardness decreases as well. The hardness of the substrate

remained unchanged compared to the virgin material.

4. Discussion and conclusions

It could be shown, that hot dip aluminising is a

suitable method to cover a ferritic steel e.g. F82H-mod.

with a homogenous intermetallic layer which adheres

well to the steel surface. The 20±30 lm thick Fe2Al5

phase has been formed mainly by Al di�usion into the

steel substrate. The results of aluminised samples after

di�erent heat treatments (type A: 1040°C/0.5 h 750°C/ 1

h and type B: 1075°C/0.5 h, 750°C/2 h) can be summa-

rised as follows:

· The formation of the structure of the coating pro-

duced ± an internal and external layer separated by

a porous band ± is independent of the heat applied

treatment.

· The heat treatments of types A and B did not in¯u-

ence the composition of the two layers formed. In

both cases, the external layer consists of an FeAl

phase, the internal one of an a-Fe(Al) phase.

· The thickness of the internal layer is dependent on

the heat treatment chosen. In the case of type A

(1040°C) this layer is thinner (around 70 lm) than

in the case of using type B heat treatment (1075°C)

which leads to about 90 lm thick layers. The faster

di�usion process at higher temperature is responsible

for the increase in thickness of around 20 lm.

· The formation of a-Al2O3 was only observed at

1075°C (heat treatment type B) but not at 1040°C

(type A). Although a-Al2O3 is already thermodynam-

ically stable at this temperature, the heat treatment

time was not su�cient to transform the produced

alumina into this form.

Further results should be mentioned:

· The layers produced by this manner are compatible

with ¯owing Pb±17Li at 450°C up to 10 000 h [15].

· Self-healing of the alumina layer in the case of crack-

ing or spalling-o� should occur as the thermodynam-

ic calculations done under the assumption of an

oxygen saturated environment revealed [16,17]. The

Al content in the FeAl layer is su�cient.

· The reduction in deuterium permeation rate of up to

two orders of magnitude were achieved for alum-

inised and heat treated samples [18].

· The ITER test module fabrication sequence is not

completely clear as yet. Until now, two di�erent ways

are under discussion [19] which are both compatible

with the coating procedure (hot dip technique and

subsequent heat treatment) presented in this paper.

In general, both standard heat treatments, type A

(F82H-mod.: 1040°C/0.5 h, 750°C/1 h) and B (MANET:

1075°C/0.5 h, 750°C/2 h), ful®ll the goals required for

this procedure like complete incorporation of solidi®ed

Al, transformation of the brittle Fe2Al5 phase into more

ductile phases, the formation of a thin alumina layer on

the top of the coating, the guarantee of maintaining the

original mechanical properties of the steel remains un-

changed and the compatibility with the ITM fabrication

sequence.
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