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Abstract

An investigation has been carried out on the composition and thickness of the oxide films formed on the high
chromium martensitic steel MANET under various oxidation conditions (ambient, 600°C in air and in hydrogen). X-
ray diffraction methods were combined with ion beam techniques (Rutherford backscattering spectrometry (RBS) and
nuclear reaction analysis (NRA)) to study the oxide films. In all cases the oxide layers were found to be highly enriched
with Mn, a minor alloying component in the original steel. No evidence of the formation of pure Cr,O; was found even

in the samples oxidised under a low oxygen potential.

© 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

High chromium martensitic steels such as MANET
have been proposed as structural materials for fusion re-
actors such as DEMO because of their resistance to radi-
ation-induced void swelling and high temperature helium
embrittlement [1]. However, such materials are consider-
ably more permeable to tritium than austenitic steels such
as 316L [2], which could prove a drawback for their use in
fusion reactors. A number of authors have suggested the
use of oxide layers to form surface permeation barriers on
steels [3,4]. In particular, oxide layers grown under par-
ticular conditions (e.g. low oxygen potential) that pro-
mote the formation of Cr,0s, are thought to provide the
most effective barriers to tritium. Although the presence
of oxide layers is acknowledged to be important in
determining the permeation of tritium through structural
materials, little work has been carried out to determine
in detail the oxide layers that form on high chromium
martensitic steels under different oxidation conditions.

The present paper aims to investigate the chemical
composition, structure and thickness of the surface
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oxide layers formed in martensitic stainless steel at am-
bient temperature; during annealing at 600°C in air; and
during heating at 600°C in high purity hydrogen. The
latter condition (low oxygen potential) was considered
to be the most likely to form Cr,0; layers. The methods
chosen to investigate the oxide layers were X-ray dif-
fraction for analysis of the crystal structures and accel-
erator-based methods (Rutherford backscattering (RBS)
and nuclear reaction analysis (NRA)) for compositional
and thickness measurements.

2. Oxidation processes

The tendency for a metal to oxidise is defined by the
change of Gibbs free energy (AG) during oxidation. At
temperatures normally encountered, this value is nega-
tive for the majority of metals, including iron, chromium
and manganese, which results in a tendency to form
oxides under many conditions. According to standard
theories, the chromium content of the steel, because of
its more negative AG for oxide formation, oxidises
preferentially and makes the surface of the steel ‘passive’
by the formation of a surface oxide of Cr,O;, which
protects the metal from further corrosion [5]. This view
is an oversimplification and, in general, the oxide com-
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position depends on the temperature, oxygen potential
and time of exposure to the oxidising conditions. This
follows from the fact that the oxidation process is con-
trolled by the diffusion [6] of various metal ions each
with a different starting concentration and AG of oxi-
dation.

The diffusion characteristics of Cr and Fe are quite
similar [7]. As a result it could be expected that chro-
mium would form some complex (compound) surface
oxides in which some of the positions of Cr cations will
be occupied by iron and probably with other alloying
elements. The possibility of formation of compound
surface oxides in stainless steel is mentioned in Ref. [6].
One of the best known examples of such an oxide is the
spinel FeO-Cr,0; which has a cubic structure. Accord-
ing to the usual view, oxidation of stainless steels con-
tains three stages [8,9]: the nucleation stage, when all
metal atoms on the surface can oxidise, forming a pre-
dominantly iron oxide; the transient stage, when the
preferential oxidation of chromium leads to the forma-
tion of a dense, mainly chromium oxide layer at the
metal/oxide interface; and the final stage, after the Cr,03
layer has formed a passivating layer, when further oxi-
dation occurs much more slowly by cation diffusion
through this layer. It is considered that the outward
diffusion of Cr ions can lead to the formation of the
FeO-Cr,0; spinel between outer and inner oxide layers.
Of course, the exact oxidation conditions determine the
final oxide structure. In particular two parameters: ox-
ygen potential and content of other alloying elements
such as Mn are of interest in the present study. As the
oxidation potential is reduced, the formation of Fe,O3
and other iron oxides is expected to be less favoured as
compared to the growth of chromium and manganese
oxides. Also, the presence of manganese in MANET,
although at a low level may be very important. This is
because as well as its relatively more negative AG for
oxide formation, the diffusivity of Mn is very much
greater (about 2 orders of magnitude) than that of Fe or
Cr in Cr,0; [10]. Thus, at high temperature when the
diffusion process is activated, it could be expected that
the surface oxide formed in martensitic stainless steel
will be complex. For example, in Ref. [11] the formation
of compound surface oxides (Cr,Fe,Mn),O; and
MnCr,0O, spinels in various stainless steels with Cr
content between 16-17% and with varying Mn content
(0.4-1.59%) at 800-1100°C has been reported.

3. Material and experimental methods
3.1. Material
The investigated samples were discs of thickness 0.5

mm cut from a rod of 8 mm diameter. The rod is made
of MANET I stainless steel with the following chemical

Table 1
Oxidation conditions

Sample no. Temperature  Oxidising  Oxidising time (h)
°C) media

1 Ambient Air 1450 (2 months)

2 600 Hydrogen 21.0

3 600 Air 0.17

4 600 Air 0.34

5 600 Air 2.0

composition (wt%): C-0.13; Cr-10.6; Ni-0.87, Mo-0.77;
V-0.22; Nb-0.16; Si-0.37; Mn-0.82; S-0.004; P-0.005; B-
0.0085; N-0.003; Al-0.054; Co-0.01; Cu-0.015; Zr-0.053;
Fe-balance. Before cutting, the rod had been annealed to
produce a fully martensitic structure following the es-
tablished scheme: heating at 970°C for 2 h, austenizing
at 1075°C for 0.5 h, quenching to room temperature and
tempering at 750°C for 2 h. The disc-shaped samples
were mechanically polished, finishing with 1 pm abra-
sive, cleaned and degreased, and then oxidised under
various conditions as given in Table 1. All the samples
except Nos. 1 (which was only exposed to ambient air)
and 2 have been placed in a previously heated furnace,
kept for the given times and then cooled in air. Sample 2
was put in a stainless steel chamber which before the
annealing had been evacuated (to a pressure 10~* Pa)
and which was then filled with hydrogen taken from a
palladium store to a constant pressure of 10° Pa. The
annealing of this sample was carried out in three cycles.
Each cycle involved the following: the temperature was
increased to 600°C, maintained at this value for 7 h and
then allowed to cool back to ambient temperature, thus
repeating the heat treatment described in Ref. [12] after
which a drastic decrease of diffusivity of hydrogen
through MANET steel was observed, presumably due to
the growth of a surface oxide film.

3.2. Experimental techniques

X-ray diffraction qualitative phase analysis was per-
formed using CuK, and CoK, radiation with the dif-
fractometer in back reflection geometry. The spectra
have been recorded by the step method, scanning
through the 20 angle (where 0 is the Bragg angle) with
steps of 0.05° and counting times of 200 s/step.

Two accelerator-based methods, namely: RBS of al-
pha-particles and O(d,p) NRA have been applied. The
RBS method has been described in Ref. [13]. Briefly, the
technique involves directing a beam of monoenergetic
He™ ions onto the surface to be studied and measuring
the energy distribution of elastically backscattered al-
pha-particles resulting from collisions with atomic nuclei
near the surface region of the sample. The energy of the
backscattered alpha-particles depends both on masses of
the scattering nuclei (metal and oxygen in the present
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case) and also on the depth of the scattering events (since
the particles lose energy while travelling through the
material under analysis). Thus, analysis of RBS spectra
can yield both compositional and depth information on
the oxide films. The measurements were performed on
the 3 MV Dynamitron accelerator of Birmingham
University employing a 10 nA current of 2 MeV He™
ions. The ion beam was held at normal incidence to the
surface of the sample and the scattering angle was 150°.
At the energy employed in the present work it was
possible to investigate the sample to a depth of 1-2 pm
(depending on target composition). The Rutherford
scattering cross section of a target nucleus is propor-
tional to the square of its atomic number and so RBS is
a technique that is most sensitive to elements with high
atomic numbers. For elements with low atomic num-
bers, NRA is a more sensitive technique. In the present
work, a beam of deuterons was employed to induce the
160(d,p)'"0O nuclear reaction in the surface of the sam-
ples. The number density of oxygen in the oxide and the
thickness of the oxide film is obtained from the energy
distribution of nuclear reaction products (in this case
protons) resulting from the reaction between the in-
coming deuterons and the oxygen nuclei contained in
the target material [13,14]. In this particular reaction
protons are emitted at 2 discrete energies usually called
the p; and py groups (where the py proton group are
more energetic). The measurements were carried out
using the Dynamitron accelerator with a 150 nA current
of 1.1 MeV deuterons. The ion beam was held at normal
incidence to the surface of the sample and the interac-
tion angle was 150°. A computer program called SIMS
[14] available at the Radiation Centre of Birmingham
University was used to fit the experimental spectra and
thus to obtain the compositional and depth information.
The computer code produces simulated spectra for
sample compositions which are input as a series of layers
(starting at the outer surface and finishing with the
substrate) each with fixed composition and thickness.
Data analysis proceeds as follows: firstly a best estimate
of the composition and thickness of the top few microns
of the surface is made and used as input for the code.
Then by comparison of real and simulated spectra, it is
possible to make an improved estimate of the compo-
sition and layer structure and the simulation program is
run again with the new input values. Thus, by an iter-
ative process, a depth profile of the composition of the
surface layer (or layers) is reached that produces the best
fit between simulated and real spectra.

4. Results and discussion
The oxide films grown in the present experiment were

all very much less than a micron in thickness and so the
X-ray diffraction peaks corresponding to the surface film

had a low intensity. Thus, in order to obtain higher
precision in the results, all the samples were analysed by
two different X-ray wavelengths, employing CuK, and
CoK, radiation, allowing in principle two sets of data
for each sample. The values obtained showed, in general,
a good agreement, but the X-ray diffraction patterns
registered using CuK, radiation had a high background
level due to X-ray fluorescence which partially obscured
the relatively weak oxide peaks and in most cases only
the diffraction lines from the steel itself were clearly
distinguishable. The experiments performed with CoK,
radiation and an Fe filter for B lines gave much better
results regarding the recording of surface oxide peaks.
The low 2-theta angle region of the experimental X-ray
diffraction patterns are presented in Fig. 1. The investi-
gated angular region is chosen in this particular interval,
enabling the measurement of only the oxide peaks,
avoiding the possible overlapping with the set of peaks
corresponding to the steel substrate (in the figure the
only peak from the steel is the {1 1 0} line appearing at
2-theta ~52°). The intensity of the diffraction lines
covered a wide range so only the strongest lines are ev-
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Fig. 1. X-ray diffraction patterns for the investigated samples,
numbered 1-5. The identified diffraction lines are marked. The
intense line at 2-thetaa52°, which occurs in all the patterns, is
the {1 1 0} peak from the steel substrate.
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ident in Fig. 1. Observation on a smaller intensity scale
revealed the presence of more peaks, which were in-
cluded in the qualitative phase analysis. In order to
identify the existing phases, the measured diffraction
patterns were compared to standard patterns for oxides
of Fe, Cr, and Mn taken from the international powder
diffraction files. A phase was assumed to be present if the
positions of at least three lines were well matched with
the standard patterns. However, no attempt was made
to match the relative intensities of experimental and file
patterns because of the expected presence of crystallo-
graphic texture in the investigated films. Following this
method some or all of the following phases were iden-
tified in each of the samples:

('d) (Mn0‘983F€0A017)203 — diffraction file No. 24-507,

cubic symmetry;

(b) MnCrOj; — diffraction file No. 26-1235, triclinic

symmetry;

(c) MnFe,O,4 — diffraction file No. 38-430, tetrago-

nal symmetry.

As can be seen from Fig. 1, the experimental peaks
were in some cases slightly shifted from the ‘ideal’ po-
sitions corresponding to the oxides above mentioned.
This was thought to be due to the presence of a more
complicated mixture of metal ions (i.e. Fe, Cr, Mn, Mo
etc.) than is given in the above examples. However it
could also be due to the existence of lattice defects in the
grown oxide films or on the formation of residual
stresses in the surface oxides during their growth and
cooling. Thus, the surface oxides formed are complex:
type (a) could be described with a general formula
M,0;; type (b) is also of the form M,0; but with a
different crystal symmetry and type (c) is the manganese
spinel MnO-Fe,0; (M30,). In all these types, M repre-
sents a mixture of different metal atoms, which, in the
above quoted powder diffraction files are respectively
(Mn, Fe) for type (a); (Mn, Cr) for type (b) and (Mn, Fe)
for type (c).

The qualitative phase analysis showed that in all the
samples (except sample No. 2) all the three types of
oxide phases have been formed. In sample No. 2, an-
nealed in an atmosphere with a very low amount of
oxygen, only oxides of types (a) and (b) have been re-
vealed, no peaks corresponding to manganese spinel
having been found at all.

X-ray qualitative analysis gave only information
about the structural type of the oxides formed. The
precise determination of the chemical composition of the
surface oxides was carried out by the ion beam methods
RBS and NRA. The RBS and NRA spectra are pre-
sented in Fig. 2. Fig. 2(a) shows the complete RBS
spectra for samples No. 2 and No. 3 and Fig. 2(c) the
NRA spectra for the same samples. It is obvious that on
the scale of Fig. 2(a), the RBS spectra are similar in
shape, consisting of a step corresponding to backscat-
tering from surface metal atoms and a roughly level

region due to collisions from underlying atoms. When
the step region is looked at more closely as in Fig. 2(b)
differences in shape between the spectra due to differ-
ences in the composition and thickness of the oxide layer
are apparent. The greater atomic mass of Fe compared
to Mn and Cr results in the alpha particles backscattered
from surface Fe having a measurably higher energy than
those backscattered from the other two atoms. Thus,
variations in the relative amounts of metal atoms in the
oxide changes the shape of the step of the spectrum. The
energies at which the step would appear for surface Fe,
Mn and Cr are marked on Fig. 2(b). If the oxide is thick
enough and if there is a significant quantity of Fe in the
oxide, the spectra has the shape of a double step (the
higher energy one from the oxide and the other from the
substrate), as revealed in the cases of Samples 3-5. In
these spectra, the height of the first (higher energy) step
is directly related to the quantity of Fe in the oxide and
the width to the thickness of the oxide layer. The oxide
film is so thin on Sample 1 that the first step cannot be
easily distinguished and the shape of the spectrum is
almost that which would be expected for a clean steel
surface. However, the presence of an oxide on this
sample was clearly evident from the NRA and X-ray
diffraction results. In the case of Sample 2, the step ap-
pears at a lower energy than for the other samples,
showing that the iron content of the oxide is low. In fact,
the step occurs at an energy where backscattering from
Mn is expected. It is notable that there is no obvious step
at an energy corresponding to backscattering from Cr
nuclei, suggesting that none of the samples contain a
predominantly chromium-containing oxide phase.

The shapes of the NRA spectra are very similar for
all the investigated samples. This is expected from the
fact that this method is less sensitive for performing
depth profiles compared to RBS. The intensity and the
width of the peak depend on the thickness of the surface
oxide layer (the higher and the broader the peak, the
thicker the layer). Fig. 2(d) shows in one graph the
O(d,p) peaks for all the investigated samples. It is ob-
vious that the thickness of the formed surface oxide in-
creases starting from sample No. 1 to sample No. 5 in
the same sequence in which the samples have been
numbered.

For the quantitative thickness and compositional
determination the spectra have been fitted to simulated
spectra as described previously. For all the samples, the
fitting procedure started with the NRA spectra which
gives a straightforward measure for the overall thickness
of the surface oxides. As a guide for the initial estima-
tion of the composition of the layer structure two
sources were used: firstly, the phases revealed by the X-
ray diffraction and secondly, typical layer structures
from Refs. [6,8,9]. Then the parameters of chemical
composition, layered structure and thickness have been
improved by an accurate fit of the step and level region
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Fig. 3. Step regions of the experimental (solid line) and fitted (dotted line) RBS spectra: (a) for sample No. 2; (b) for sample No. 3.

of the RBS spectra. Fig. 3 presents in one graph the step
regions of the experimental and fitted RBS spectra for
sample No. 2 (Fig. 3(a)) and No. 3 (Fig. 3(b)). Similar
fits were performed for all the samples. According to the
fits, the oxides were complex (including Fe, Cr, Mn and
Mo) and the samples annealed in air could be repre-
sented by a layered structure containing three com-
pound oxide phases formed on the base of the crystal
lattices of the three above mentioned basic oxide phases
described by the formulae M,03; and M;0,. The intro-
duction of a monophase layer of pure Cr,0; did not give
satisfactory fits for any of the investigated samples. The
chemical compositions and thickness of the oxide layers

which form the total structure of the surface oxide films
are given in Table 2. The theoretical (stoichiometric)
number densities of the metal and oxygen ions in the
lattices of the base oxides whose crystallographic struc-
ture is identical to the structure of the formed complex
oxides are given in Table 3.

Thus, from the performed analyses it follows that the
overall structure of the formed surface oxides could be
represented as built-up by two or three monophase
compound oxide layers whose thickness and composi-
tion depend on the conditions of oxidation. The mac-
rostructure of the formed oxide films is schematically
represented in Fig. 4. It is interesting to compare the
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Table 2

Concentration of elements in the oxide layers and their thickness, d, as given by the RBS analysis

Sample Concentration of elements x 10? (at/cm®)

no. Layer 1 (outer)

Layer 2 (intermediate)

Layer 3 (inner)

Fe Mn Cr Mo O d, nm Fe Mn Cr Mo O d, nm Fe Mn Cr Mo O d, nm
1 229 14 02 0.02 592 3.0 24 13 025 0.03 52 45 043 28 09 0.07 63 45
2 0.1 34 0.1 004 58 32 no intermediate layer - 043 28 09 007 63 50
3 229 14 02 0.02 592 40 24 13 025 0.03 52 50 043 28 09 0.07 63 50
4 229 14 02 002 592 42 24 13 025 003 52 50 043 28 09 0.07 63 5.0
5 1.9 13 005 0.02 592 55 24 1.3 025 0.03 52 50 043 28 09 0.07 63 5.0
Table 3 both the surface layers which form the structure of the

Theoretical (stoichiometric) number densities of ions in the
lattice of the base oxides

Oxide Number density x10? (at/cm?)
Metal ions Oxygen ions

M,0; (triclinic) 4.2 6.3

M;0, 39 5.2

M,0; (cubic) 3.95 5.92

results obtained here with the standard models of oxi-
dation of stainless steels as described previously. The
obvious difference is that no pure Cr,O; layer was
formed at the metal/oxide interface. Instead, there is
evidence for a complex oxide layer in which manganese
is the predominating element. On the top of this, in the
air oxidised samples, a spinel is formed, as the standard
view predicts, but it is a Mn—Fe spinel (MnFe,O,) rather
than an Fe-Cr spinel (FeCr,04). The outermost layer
for the air oxidised samples is predominantly iron oxide
but with a substantial Mn content. In sample 2, oxidised
in hydrogen, the spinel phase has not been formed and
top layer is highly enriched with Mn but has little iron
and chromium. From the data in Table 2 it also follows
that for sample No. 2 the concentration of oxygen in

oxide film is less than the stoichiometric value (see Ta-
ble 3). This is probably due to the very low concentra-
tion of oxygen in the annealing hydrogen atmosphere,
which leads to the formation of oxygen vacancies in the
grown oxide film. Also the top layer (layer No. 1) in
sample No. 5, which has the thickest oxide film, contains
a decreased concentration of metal ions which points
out the existence of some cation vacancies in this layer.

In most of the stainless steels investigated in the pa-
pers referred to above [8,9,11], the Cr content is around
16% (or higher) and thus the formation of passivating
surface oxides is controlled by this element. However, it
appears that in MANET steel, which contains somewhat
less chromium (around 10%), it is the highly mobile Mn
atoms rather than Cr that tend to combine with iron and
oxygen to form the oxide films when oxidised in air. In
hydrogen, where the oxygen potential is low, the Mn
content completely dominates the oxide film which has
relatively small amounts of iron or chromium (the AG
for oxidation of manganese is more negative than for Fe
or Cr).

It is considered [6] that the kinetics of growth of
surface oxides in iron during annealing obey the para-
bolic law d /¢ within the interval 200-1000°C and the
logarithmic law d  In(#) when the oxidation is per-

Fig. 4. A scheme representing the layered structure of the oxide films: (a) for samples oxidised in air; (b) for samples oxidised in

hydrogen.
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Table 4

Experimental and theoretical values of the total thickness (d) of the oxide films as a function of the annealing time (7) for the samples

that were isothermally annealed at 600°C in air

Sample no. Thickness (nm) Thickness normalised with the thickness of sample No. 3
Experimental Theoretical (de</1)

3 50 1.00 1.00

4 52 1.41

5 65 1.30 3.46

formed at temperatures up to 200°C (where d is the
oxide film thickness and ¢ is the annealing time). Table 4
presents the comparison of the experimental thicknesses
of the oxide films for the samples annealed in air at
600°C with the predicted thicknesses if a parabolic law is
obeyed from #=0 (data normalised to the thickness of
Sample No. 3). It can be seen that the total thickness of
the oxide film formed in the steel has increased by a
factor of 1.3 when the annealing time has increased from
10 min to 2 h, a value that is much less than the pre-
dicted value of 3.49. Thus, from the limited amount of
data available, it appears that in the case of MANET,
the kinetics of formation do not follow a simple growth
law over the entire oxidation process observed (i.e from
time #=0). Oxidation only follows a simple parabolic
law if the diffusivity of the mobile ion species remains
almost constant during the oxidation procedure. The
existence and development of two or three monophase
layers with different structure and composition in the
oxide film will alter the diffusivity of metal ions from the
substrate to the top of the growing oxide film thus
changing the kinetics of growth. The results suggest that
during the oxidation of the investigated high chromium
martensitic steel, the diffusivity of the metallic ions that
form the oxide film decreases during the growth of the
coating.

5. Conclusions

1. During the oxidation of MANET steel in air at
ambient temperature and at 600°C a mixture of com-
pound surface oxides is formed. The structure of the
total oxide film could be described by three layers in the
following sequence starting from the steel surface: M,0;
(triclinic unit cell), M;0; (spinel), M,0O; (cubic unit cell),
where M is a mixture of Fe, Cr, Mn and Mo.

2. The annealing of the steel at 600°C in purified
hydrogen (low oxygen potential) also causes surface
oxidation and the formed film could be represented by a
two-layered structure formed by the two oxides men-
tioned in point 1 above, described by the formulae
M,0;, in which the crystal structures of the oxides

contain oxygen anion vacancies. No spinel layer was
formed in this case.

3. In all cases, the oxides formed were enriched with
Mn relative to Fe and Cr (at least with respect to the
concentration of these elements in the steel). This was
especially evident for the sample heat treated under
hydrogen where Mn was the predominant metal ion in
the oxide film.

4. The kinetics of surface oxide growth in MANET
steel annealed isothermally at 600°C in air do not follow
a simple parabolic law over the entire oxidation period,
which is probably due to the formation, by diffusion and
chemical reaction, of monophase layers, which alter the
growth characteristics of the whole film.
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