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(57) ABSTRACT

The invention relates to a method for forming a layer of
single-phase oxide (30) (Fe, Cr),O; with a rhombohedral
structure on a steel or super alloy substrate (10), comprising
the following successive steps:

a) supplying a steel or super alloy substrate (10) covered
with a surface layer, the steel comprising at least 2
wt.-% chromium;

b) removing the surface layer in an atomsphere containing
at least 0.2 atm dioxygen, creating a level of micro-
deformation in the crystal lattice of the steel or super
alloy that is greater than 1.0.107>, and a heating at a
heating rate higher than 400° C./s, such as to form a
layer of rhombohedral oxide (30) (Fe, Cr),O;,

¢) carrying out a thermal treatment, in the presence of air,
at a water partial pressure of less than 10.000 ppm, and
at a temperature varying between 400° C. and 1000° C.,
such as to grow the layer of rhombohedral oxide
formed in step (b) to a thickness from 70 nm to 150 nm.
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METHOD FOR FORMING A LAYER OF
SINGLE-PHASE OXIDE (FE, CR)203 WITH A
RHOMBOHEDRAL STRUCTURE ON A
STEEL OR SUPER ALLOY SUBSTRATE

TECHNICAL FIELD AND STATE OF PRIOR
ART

[0001] This invention relates to a method for forming a
layer of single-phase oxide (Fe, Cr),0O; with a rhombohedral
structure on a steel or super alloy substrate.

[0002] Applications of the invention are found particularly
in the field of solar thermal absorbers for Concentrating
Solar Power Plants (CSPs).

[0003] A concentrating solar power plant is a power plant
designed to concentrate sun rays using mirrors to heat a heat
transporting fluid. The heat transporting fluid then acts as a
heat source in a thermodynamic cycle in order to produce
electricity or for direct use of this heat source. The concen-
tration of sun rays makes it possible to reach higher tem-
peratures and to benefit from a high thermodynamic con-
version.

[0004] One of the essential elements of a concentrating
solar power plant is the solar radiation absorber element that
has the function of absorbing incident solar radiation to
convert it into heat. In order to maximise the efficiency of the
absorber, it generally comprises a coating, called a selective
coating or selective treatment. The selective coating enables
maximum absorption of incident solar energy while reemit-
ting the least possible infrared radiation (black body prin-
ciple). In particular, such a selective coating is considered to
be perfect if it absorbs all wavelengths shorter than a cutoff
wavelength and reflects all wavelengths longer than this
same cutoff wavelength.

[0005] Classically, the selective coating is obtained by
depositing a metallic layer acting as an infrared reflector,
then one or several ceramic/metal (cermet) layers as
absorber, and finally one or several antireflection layers.
However, these layers are generally obtained by vacuum
deposition, which is a relatively expensive deposition tech-
nique, which increases the manufacturing costs of the solar
absorber. Furthermore, these materials do not have good
resistance to oxidation under air at high temperature, which
limits their use under air at temperatures of the order of
(~300° C.) or use under a vacuum. In general, deposition
methods can be used to obtain layers that have the required
optical properties but not necessarily temperature stability
nor a protective nature with regard to the substrate.

[0006] Another solution consists of using a substrate made
of steel containing chromium and oxidising it so as to form
an intrinsically selective oxide layer, in other words the
oxide layer is capable of absorbing a maximum of incident
solar energy and reemitting a minimum of infrared radiation.
Absorbing a maximum of energy means that the thin surface
layer can absorb at least 75% of the solar radiation. Reemit-
ting a minimum of infrared radiation means that the emis-
sivity of the thin surface layer is less than 25%. Such a layer
must be a layer of single phase (Fe, Cr),0O; oxide, conform-
ing, and its thickness must be <150 nm. Absorption in the
solar radiation range will be better as the oxide is thicker, but
the emissivity of the selective treatment will increase in the
infrared range. Furthermore, the layer must have good
thermal stability. The stability of the oxide layer is also
dependent on its thickness, and it worsens as the thickness
of the layer increases.
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[0007] In the article by Greef et al. (“The oxidation of
industrial FeCrMo steel”, Corrosion Science 42 (2000)
1725-1740), a study is made of the influence of different
parameters, and particularly the influence of the heat treat-
ment on the formation of the oxidation layer. The oxidation
is made on an industrial FeCrMo steel at a temperature of
157° C. to 758° C., under controlled partial pressure of
dioxygen. For temperatures of less than 400° C., an oxide
layer is formed, comprising principally Fe,O, and a small
quantity of Cr,0;. From 400° C. to 600° C., a layer of oxide
is obtained comprising a mixture of FeO, Fe,O;, and Cr,0O,.
For temperatures higher than 600° C., a layer of Cr,0O; is
obtained.

[0008] Different surface preparations of the substrate can
be made before the oxidation step.

[0009] For example, studies have been carried out since
the 1980s on obtaining a selective optical layer to form a
solar absorber by polishing and then thermal oxidation of a
stainless steel. The paper by V. C Sharma et al. (“4 com-
parison of thermal performance of austenitic stainless steel
solar absorber plates coloured by chemical and thermal
oxidation techniques”, Energy Vol. 6. pp. 133-138, 1981)
describes a steel rich in chromium (18/8 Cr/Ni), polished,
then subjected to a heat treatment at 770° C., for 30 minutes.
The best performances obtained are a solar absorbance of
84% and an emittance of 22%.

[0010] B. Karlsson et al. (“Optical constants and spectral
selectivity of stainless steel and its oxides”, J. Appl. Phys.
53(9), 6340-6346, 1982) studies the optical properties of
different stainless steels, previously polished, then subjected
to a heat treatment. The oxide layer obtained is a mixed
oxide layer of Cr,O; and Fe,O;.

[0011] In document WO-A-2015/087021, the solar
absorber is obtained from a steel substrate with a content by
mass of chromium equal to between 6% and 12.5%. Thermal
oxidation, at a temperature varying from 400° C. to 900° C.,
is done on the previously polished or stretched substrate.
The polishing step can form low roughness substrates while
limiting the formation of microstrains within the substrate.
The layer obtained is an iron and chromium oxide with a
thickness of between 10 nm and 1000 nm, and preferably
between 20 nm and 500 nm.

[0012] In document EP-A-2784172, a selective solar
absorber is obtained by oxidation of a steel with a content by
mass of chromium equal to between 7.5% and 14%, at
between 500° C. and 1150° C. The substrate can be cold
rolled or cold stretched before the oxidation step. The oxide
formed contains Cr,0O; and spinel type oxides. Lower tem-
perature conditions are also proposed, but it is specified that
in this case the formation of Fe,O; oxide is preferred to the
detriment of Cr,O5. However, the oxide obtained is different
from the oxide searched for and therefore the optical and/or
thermal stability performances are also different.

[0013] The steel substrate can also be prepared by a
Surface Mechanical Attrition Treatment (SMAT) method.
This method consists of sending balls onto the surface of the
substrate with an extremely high mechanical energy, to
destructure the intrinsic structure of the substrate over a
depth of several hundred microns. During implementation of
the SMAT method, the temperature of the substrate remains
relatively close to the operating temperature. Performing a
heat treatment under air, on a substrate thus prepared, leads
to the formation of a chromium rich oxide layer. The
presence of a large number of defects in the substrate
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structure is conducive to the migration of chromium during
the oxidation heat treatment. However, the layer formed has
a nanocrystalline structure due to the high level of mechani-
cal strains introduced into the structure of the substrate itself,
and an important variation of the structure is observed. The
oxide layers formed are very specific to the SMAT method.
In general, the first thing observed is generally the appear-
ance of a bi-layer (Fe;O,/FeCr,0,) that then transforms
over the heat treatment time into a tri-layer Fe;O,/FeCr,O,/
(Fe,Cr),0O; with a total thickness of more than a micron, as
described in the article by Xia et al. (“Improve oxidation
resistance at high temperature by nanocrystalline surface
layer”, Scientific Reports, 5:13027, DOIL: 10.1038/
srep13027, 2015).

[0014] Oxidation methods conventionally used in prior art
generally lead to thicker oxide layers (thickness more than
150 nm), made of Cr,O; and/or polyphase layers.

[0015] However, a layer of Cr,Oj,, a layer of (Fe, Cr),0,
or a polyphase (for example biphase or triphase) oxide
containing a rhombohedral (Fe, Cr),0; phase cannot give all
the required properties. The only way to obtain such prop-
erties is to use a single-phase layer of (Fe, Cr),0;.

[0016] None of these documents describes a method that
can be used to obtain a single-phase rhombohedral layer of
(Fe, Cr),0; oxide, with a thickness less than or equal to 150
nm bonding to a steel substrate.

PRESENTATION OF THE INVENTION

[0017] Consequently, one purpose of this invention is to
disclose a method that can be used to form an oxide layer
with a controlled crystallographic structure (a single-phase
(Fe, Cr),0,) oxide and a controlled thickness (70-150 nm),
on the surface of a steel or super alloy substrate.

[0018] This purpose is achieved by using a method for
forming a layer of (Fe, Cr),0; oxide with a rhombohedral
structure on a steel or super alloy substrate comprising the
following successive steps:

[0019] a) supply of a steel or super alloy substrate covered
by a surface layer, the steel comprising at least 2% by weight
of chromium,

[0020] b) removal of the surface layer to reach the steel or
super alloy substrate, using a subtraction step, advanta-
geously a mechanical subtraction step, under an atmosphere
containing at least 0.2 atm of dioxygen, the subtraction step
generating a level of microstrains in the steel or super alloy
crystalline lattice larger than 1.0x1073 and local heating at a
rate of more than 400° C./s, so as to form a single-phase
rhombohedral layer of oxide (Fe, Cr),O,,

[0021] c¢) performance of a heat treatment under air at a
partial water pressure of less than 10,000 ppm, and at a
temperature varying from 400° C. to 1000° C., so as to make
the single-phase rhombohedral oxide layer formed in step b)
grow to a thickness of between 70 nm and 150 nm.

[0022] The fundamental difference between the invention
and prior art is in a particular substrate surface preparation
step, that leads to the formation of a single-phase rhombo-
hedral oxide layer (Fe, Cr),0;, adhering to the steel or super
alloy substrate. The heat treatment makes the oxide layer
grow. The layer obtained is a thin layer (less than or equal
to 150 nm). This oxide layer confers optical properties at the
substrate that are interesting for the thermal solar applica-
tion, with strong solar absorbance (typically more than 75%)
and a low emittance (typically less than 20% at 100° C.),
good resistance to oxidation and corrosion, good tempera-
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ture stability at temperatures up to 600° C., under air, for
concentrating thermodynamic solar power station applica-
tions, particularly for a thermal solar absorber application.
[0023] The subtraction step is a material subtractive step
to expose the steel or super alloy by removing the surface
layer. The surface layer may for example contain pollutants,
oxides and/or carbides. This subtraction step may simulta-
neously lead to:

[0024] strains on the surface of the steel or super alloy
substrate and therefore lead to the creation of high
mechanical stresses in the steel or the super alloy, by
friction, tearing and/or shear

[0025] a strong temperature gradient of several hundred
degrees per second is generated at the material/subtrac-
tion means interface.

[0026] This step is done under an oxidising atmosphere
(i.e. containing at least 0.2 atm of dioxygen), preferably
under air, which makes it possible to instantaneously create
a thin oxide layer. Atmosphere means a gaseous atmosphere,
for example ambient air, air enriched in dioxygen, or air
enriched in water vapour. The oxidising atmosphere con-
tains at least 5% by volume of an oxygen precursor, for
example, O,, H,0, or O,.

[0027] The joint occurrence of surface strains and the
temperature increase at the surface of the substrate during
removal of the surface layer under an oxidising atmosphere,
leads to obtaining a single-phase mixed layer of iron and
chromium oxide (Fe,Cr),O; with a rhombohedral structure.
[0028] The oxide is single-phase, in other words it com-
prises at least 90% by mass of rhombohedral phase, pref-
erably at least 95% and even more preferably 100% by mass
of rhombohedral phase. The oxide does not contain other
oxide layers such as the spinel form (Fe,Cr), forms rich in
iron of the Fe O, type that occur with methods according to
prior art such as polishing, SMAT, etc.

[0029] Containing 100% by mass of rhombohedral phase
means that the oxide layer contains either the rhombohedral
phase only, or the rhombohedral phase and a negligible
quantity of one or several other phases. A quantity is said to
be negligible if it cannot be detected, for example if it cannot
be detected by X-ray diffraction.

[0030] Optical measurements clearly establish different
properties that are systematically more selective than oxides
formed according to prior art.

[0031] Advantageously, the subtraction step is followed
by fast cooling (typically with a cooling gradient greater
than or equal to 100° C./s over the 900° C./400° C. range)
to stress the oxide formed in compression. This improves the
mechanical behaviour of the oxide layer, and limits the
possibilities of elements migrating within the oxide.
[0032] Step c) grows the oxide to a thickness varying from
70 nm to 150 nm. The atmosphere used for the growth heat
treatment will be a dry air atmosphere or an atmosphere with
a partial H,O pressure equal to between 1 ppm and 10,000
ppm.

[0033] The oxide layer formed is thin (thickness less than
or equal to 150 nm), dense, continuous and conforming. It
has good mechanical behaviour on the substrate, because the
oxide formed is in compression.

[0034] With such a method, the chemical nature and/or the
mechanical properties of the substrate are only slightly
modified.

[0035] Advantageously, the subtraction step in step b) is
done at a temperature from -10° C. to 400° C.
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[0036] Advantageously, the subtraction step in step b) is
done at a temperature from -10° C. to 100° C.

[0037] Advantageously, the water content during step b) is
less than 20000 ppm, preferably less than 500 ppm, and even
more preferably less than 3 ppm.

[0038] Advantageously, the level of microstrains gener-
ated in the steel or super alloy crystalline lattice in step b) is
more than 1.5x107>, and preferably more than 3x10~>.
[0039] Advantageously, the local heating rate during the
subtraction step is between 400° C./s and 900° C./s and more
advantageously between 400° C. and 800° C.

[0040] Advantageously, the heat treatment is applied for a
duration of from 5 s to 2 h, and preferably from 1 minute to
60 minutes.

[0041] The heat treatment duration and temperature will
be chosen by the man skilled in the art as a function of the
geometry of the substrate.

[0042] Advantageously, the partial water pressure during
step ¢) is less than 600 ppm, and preferably less than 500
ppm.

[0043] Advantageously, the thickness of the rhombohedral
oxide layer obtained in step c¢) varies from 70 to 150 nm.
[0044] Advantageously, the percentage of chromium in
the steel varies between 2 and 25% by weight, and prefer-
ably between 5 and 16% by weight.

[0045] The invention also relates to a method for fabrica-
tion of a solar absorber comprising the following steps in
sequence:

[0046] formation of a layer of single-phase oxide (Fe,
Cr),0; with a rhombohedral structure on a steel or
super alloy substrate according to steps a) to c) as
defined in the method to form a layer of a single-phase
oxide (Fe, Cr),0; with a rhombohedral structure on a
steel or super alloy substrate according to the invention,

[0047] application of an anti-reflection layer on the
oxide layer.

[0048] The invention also relates to a solar absorber
obtained by the previously defined method, comprising a
steel or super alloy substrate covered by a layer of single-
phase rhombohedral oxide (Fe, Cr),0O; with a thickness of
between 70 nm and 150 nm, and an anti-reflection layer, in
sequence.

[0049] Advantageously, the thickness of the oxide layer is
between 80 nm and 120 nm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] This invention will be better understood after read-
ing the following description and the appended drawings on
which:

[0051] FIGS. 1A, 1B, 2 and 3 represent different steps in
the method for formation of a layer of rhombohedral oxide
(Fe, Cr),0;, according to one embodiment of the invention,
[0052] FIGS. 4A and 4B are X-ray diffractograms
obtained along the axis and on the circumference of a steel
tube respectively, and on which a material subtraction step
has been performed according to one particular embodiment
of the invention,

[0053] FIG. 5 is a three-dimensional schematic view rep-
resenting a substrate covered by an intrinsically selective
oxide layer obtained by the method according to the inven-
tion, and by an anti-reflection layer according to one par-
ticular embodiment,

[0054] FIG. 6 is a graphic representation of the spectral
performances of a selective solar absorber, particularly
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curve B is a graphic representation of the absorbance or the
emittance (left vertical axis, in arbitrary units) and the
irradiance (right vertical axis, in arbitrary units) as a function
of'the wavelength (horizontal axis in um) of a selective solar
absorber, curve A represents the solar spectrum and curve C
the radiation from a black body at 450° C.,

[0055] FIG. 7 is a graphic representation of the spectral
performances of a type T91 absorber polished and oxidised
according to the method described in document [4] men-
tioned at the end of the description, in particular curve D
represents the reflectance of said absorber (vertical axis, in
arbitrary units) as a function of the wavelength, and curves
A and C are the same as those in FIG. 6,

[0056] FIG. 8 is a graphic representation of the spectral
performances of a type T91 absorber polished and oxidised
according to the method according to this invention, in
particular curve E represents the reflectance of said absorber
(vertical axis, in arbitrary units) as a function of the wave-
length, and curves A and C are the same as those in FIG. 6,
[0057] FIG. 9 represents diffractograms obtained on a
sample prepared according to the method according to this
invention, before exposure (diffractogram “R”), after 3000
hours of exposure at 500° C. and under air, respectively, in
part I (diffractogram “I”’), and in part II (diffractogram “II”),
[0058] FIGS. 10a and 1056 are graphic representations of
the variation of solar absorbance and emittance at 450° C.
respectively (vertical axis in percent) as a function of the
exposure time (horizontal axis in hours) of an oxide sub-
strate using the method according to this invention.

[0059] The different parts represented on the figures are
not necessarily all at the same scale, to make the figures
more easily understandable.

[0060] The different possibilities (variants and embodi-
ments) must be understood as not being mutually exclusive
and possibly being combined with each other.

DETAILED PRESENTATION OF PARTICULAR
EMBODIMENTS

[0061] The method for forming a layer of single-phase
oxide (Fe, Cr),0; with a rhombohedral structure on a steel
substrate 10 comprises the following successive steps:
[0062] a) supply of a steel or super alloy substrate 10
covered by a surface layer 20, the steel comprising at least
2% by weight of chromium (FIGS. 1A and 1B),

[0063] b) removal of the surface layer 20 to reach the steel
or super alloy substrate 10, using a subtraction step, under an
atmosphere containing at least 0.2 atm of dioxygen, the
subtraction step generating a level of microstrains in the
crystalline lattice of the steel more than 1.0x10~> and local
heating at a rate of more than 400° C./s, so as to form a
rhombohedral oxide layer 30 (Fe, Cr),0; (FIGS. 2 and 3),
[0064] c) performance of a heat treatment under air at a
partial water pressure of less than 10,000 ppm, and at a
temperature varying from 400° C. to 1000° C., so as to make
the rhombohedral oxide layer 30 formed in step b) grow to
a thickness of between 70 nm and 150 nm.

[0065] The substrate 10:

[0066] The substrate 10 supplied in step a) is a steel or
super alloy substrate.

[0067] The steel substrate 10 comprises at least 2% by
weight of chromium.

[0068] A man skilled in the art may for example choose a
very slightly alloyed, slightly alloyed or strongly alloyed
steel. Preferably, the steel or the super alloy comprises from
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2% to 25% by weight of chromium, and preferably from 2%
to 20% by weight of chromium, and even more preferably
5 to 16% by weight.

[0069] Steels can be steels conventionally used in the
energy field for example such as steels according to Euro-
pean standard EN10216, American standard ASTM A213,
the ASME construction code or others, containing more than
2% of chromium such as 10CrMo9-10 (T22) (1.7380),
11CrMo9-10 (T22) (1.7383), 20CrMoV13-5-5 (1.7779),
7CrWVMOoNb9-6 (T23) (1.8201), 7CrMoVTiB10-10 (T24)
(1.7378), X11CrMo5 (T5) (1.7362), X11CrMo9-1 (T9)
(1.7386), X10CrMoVNDB9-1 (T91) (1.4903),
X10CrWMoVNbB9-2 (T92) (1.4901), X11CrMoWVNB9-1-1
(E911) (1.4905), X12CrCoWMoVNb12-2-2 (1.4915),
X20CrMoV11-1 (1.4922)

[0070] The steels used can also be Cr—Ni stainless steels
chosen from among standards EN10088, AISI, X7Crl3
(1.4003), X10Cr13 (1.4006), X12CrS13 (1.4005), X20Cr13
(1.4021), X30Cr13 (1.4028).

[0071] Advantageously, a nickel-based super alloy and/or
a cobalt-based super alloy will be chosen. The super alloy
may for example be an Inconel® type super alloy marketed
by the Special Metals Corporation or an ASTM-A-494 (625)
super alloy.

[0072] The substrate 10 may have many geometric shapes.
For example, it can be plane, concave or convex, tubular,
etc. Any form in which the surface layer 20 can be removed
by material subtraction can be chosen by the expert in the
field.

[0073] The part may comprise a through hole or a blind
hole, a shoulder, a throat, a groove, or it may have several
elementary surfaces by the association of a sphere and a
cylinder, a plane and/or a cone.

[0074] As represented on FIGS. 1A and 1B, the substrate
10 is covered by a surface layer 20. A surface layer 20 means
that the substrate 10 is covered by a layer that can be
partially or completely oxidised and/or carburized/decarbur-
ized and/or that can contain pollutants. Furthermore, accord-
ing to this invention, the surface layer 20 can have the same
chemical nature as the volume of the substrate 10.

[0075] The surface layer 20 covering the substrate 10
supplied in step a) does not require a particular surface
condition and/or a particular preparation step. A standard
state of cleanliness is sufficient, and similarly for oxidation,
a standard state without pitting is sufficient

[0076] The surface of the surface layer 20 can be rough or
smooth. The substrate 10 can be directly derived from an
as-cast, hot or cold rolled, stretched, hot or cold forged
material or it may have been subjected to a surface prepa-
ration step, for example it may have been chemically or
mechanically polished. These preliminary forming or prepa-
ration methods are not exhaustive.

[0077] From a general point of view, the surface layer 20
may be in any state because this layer will be removed in
step b).

[0078] Subtraction of the Thin Surface Layer from the
Substrate 10:
[0079] The surface layer 20 covering the substrate 10 is

removed during step b) (FIG. 2).

[0080] Part of the substrate 10 can also be removed, in
addition to the surface layer 20 (for example, by removing
the surface layer and the external part of the substrate,
represented by the dashed lines on FIG. 1B).
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[0081] The subtraction step can remove pollutants, oxides
and/or carbides that can cover the substrate 10.

[0082] The quantity of material to be removed to reach the
native material of the substrate 10 will depend on the surface
condition of the substrate 10. It will preferably be between
0.05 mm and 3 mm, and even more preferably between 0.1
mm and 1 mm.

[0083] The thickness of removed material is advanta-
geously identical or substantially identical at all points on
the substrate 10.

[0084] Subtraction of material may be mechanical and
obtained by friction, shear, tearing, etc.

[0085] An man skilled in the art will choose a subtraction
method capable of simultaneously:

[0086] 1i. removing the surface layer 20 from the surface
until reaching the native material of the substrate 10,
[0087] 1ii. reaching a level of microstrains (Lorentz
approximation) of more than 1.0x107>, preferably more than
1.5x107* and even more preferably more than 3.0x1073; for
example, the level of microstrains can be as high as 6.6x107>
or even higher values depending on the chosen subtraction
method and/or the yield strength of the steel or the super
alloy. The level of microstrains is sufficient to enable the
creation of a lattice of dislocations sufficient for the fast
diffusion of the chromium element towards the surface of the
substrate 10;

[0088] iii. reaching a minimum temperature at the surface
of the substrate 10, for example equal to 400° C. and
preferably between 500° C. and 900° C., the temperature
necessarily being reached instantaneously or at least sub-
stantially instantaneously by local heating at a heating rate
greater than or equal to 400° C./s, and preferably between
400° C./s and 900° C./s.

[0089] “Local heating” means heating at the location at
which the surface layer is removed, and substantially instan-
taneously with said removal.

[0090] Conditions 1), ii), iii) can be combined to obtain the
required single-phase oxide layer 30 (FIG. 3).

[0091] Concerning point ii), depending on the composi-
tion of the substrate 10, the chromium element will be more
or less present in the matrix and therefore the density of the
necessary dislocations lattice will not be the same. The man
skilled in the art will choose the dislocation level as a
function of the percentage by mass of chromium in the
substrate 10.

[0092] The microstrain level can be determined by X-ray
diffraction (XRD). FIGS. 4A and 4B represent diffracto-
grams (Co-Ka) of a T91 steel tube (X10CrMoVNDb9-1)
prepared by a method according to one embodiment of the
invention, at the axis of the tube and the circumference of the
tube, respectively.

[0093] The substrate 10 obtained after step b), is in biaxial
tension. It has an axial stress 011=270 MPa, a circumfer-
ential stress 022=320 MPa and an average microstrain
(Lorentz approximation) equal to: <¢>=3.1x107>. A widen-
ing of the peak is observed related to the formation of
microstrains at the surface of the substrate 10. The
microstrains were measured on depths varying from 2 to 17
um, perpendicular to the surface of the substrate 10.
[0094] Concerning point iii), the chosen subtraction
method performed under air delivers a high strain power
locally on the surface that is converted into heat and causes
large temperature variations. These are both variations rela-
tive to time (very fast heating under the subtraction means
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and very fast cooling after passage of the tool) and gradients
relative to the space (hot surface on cold substrate 10). This
fast passage at high surface temperature enables nucleation
of'the oxide. The cooling temperature gradient shall be equal
to or more than 100° C./s over the 900° C./400° C. range.
[0095] The method is applied under a dry atmosphere.
[0096] The temperature at the substrate/subtraction means
interface could possibly be regulated by means of dry air at
a low partial H,O pressure less than 20,000 ppm, preferably
less than 500 ppm and even more preferably less than 3ppm.
It has been observed that the use of a water-based cooling
fluid will have a negative effect on formation of the oxide.
[0097] Preferably, the subtraction step is done at a tem-
perature less than 400° C.

[0098] The material subtraction step is done under an
oxidising atmosphere (under air or under any other atmo-
sphere containing at least 0.2 atm of dioxygen) to instanta-
neously create on the surface of the substrate 10 a thin layer
of'a rhombohedral oxide rich in Cr (Cr, Fe,_,),O; (in which
x is between 0 and 0.2; for example x=0.1) with nanometric
thickness. This oxide is also denoted (Cr, Fe),O;.

[0099] The oxide formed is in compression. The volume
of the oxide is larger than the substrate 10 from which it is
formed. Since its lateral extension is restricted by the
substrate 10, it is in compression. This point contributes to
the protective nature of the layer by reducing diffusion
coeflicients within it.

[0100] The surface of the substrate 10 on which the
material subtraction step was performed satisfying criteria i,
i1) and iii), under a dry oxidising atmosphere, is in a residual
tension stresses condition. Schematically, this corresponds
to the formation of a hot “skin” formed during subtraction of
material, contracting in contact with a substrate 10 that
remained cold in depth.

[0101] On the contrary, surfaces subjected to a polishing
step are subject to residual compression stresses and the
required oxide cannot be formed in them. Similarly, a hot or
cold rolling, grinding, electro polishing or electroerosion
step, or a SMAT method cannot simultaneously obtain the
required microstrain and heating levels. The oxide obtained
with such methods will not be a mixed iron and chromium
oxide and/or will not be a single-phase oxide and/or will not
have the required final thickness. Therefore it will not have
the required optical and/or thermal stability properties.

[0102] The material subtraction step may be chosen by a
man skilled in the art, for example from among abrasive
machining, drilling, milling, turning or any other means of
obtaining the three simultaneous conditions i, ii), iii).

[0103] For example, depending on the application, the
man skilled in the art can start from a plane substrate made
of X10CrMoVNbB9-1 type steel in any state. He can use an
electric or pneumatic disc grinder and choose the nature of
the preferably continuous disc, compatible with the substrate
for example using a corundum or diamond base. The disc
rotation speed, the contact pressure and the longitudinal and
transverse movements to be applied will be chosen to be able
to satisfy criteria i, ii), iii). The application may be such that
continuity is achieved on the surface of the substrate.
Furthermore, to satisfy oxidation conditions, implementa-
tion will take place under a controlled atmosphere satistying
the requirements defined above. The application of an arbi-
trary tool movement in an arbitrary atmosphere cannot result
in a thin, continuous and conforming oxide
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[0104] As a non-limitative example, the subtraction step
respecting criteria 1), ii) and iii), can be implemented on an
X,oCrtMoVNb,_, type steel substrate, particularly in the
form of a piece of flat steel. The initial state of the steel
substrate is not very important. In other words, the steel
substrate can be as is following hot or cold transformations,
or it may have been subjected to at least one preparation. The
subtraction step then comprises the application of a contact
pressure on the steel substrate by means of an electric or
pneumatic disc grinder (for example a portable electric disc
grinder). The man skilled in the art is capable of choosing
the disc of the disc grinder. The chosen disc is preferably
continuous (in other words it has no notches) and is com-
patible with the nature of the steel substrate. In particular, the
disc can be diamond-based or preferably corundum-based.
[0105] The maximum peripheral speed of the disc can be
determined as a function of the diameter, the nature and the
rotation speed of said disc. For example, a maximum
peripheral speed of 80 m-s~' may be imposed on a 125 mm
diameter AS 30 S INOX BF type disc.

[0106] During the subtraction step, the pressure and the
contact angle of the disc relative to the surface of the steel
substrate are adapted to be able to satisfy safety require-
ments and to be conforming with standard practice regarding
general use of this equipment.

[0107] Finally, to satisfy oxidation conditions, implemen-
tation may be done under a controlled atmosphere satisfying
the previously defined requirements (for example dry air
with low H,O partial pressure less than 20,000 ppm, pref-
erably less than 500 ppm and even more preferably less than
3 ppm).

[0108] Growth of the Oxide Layer 30 (Cr, Fe),O;:
[0109] During step ¢), a heat treatment is performed to
force growth of the oxide layer 30 previously formed in step
b). The heat treatment temperature is between 400° C. and
1000° C., and preferably between 400° C. and 850° C. The
man skilled in the art will choose the temperature as a
function of the composition of the substrate 10. The duration
of the heat treatment depends on the geometry of the
substrate 10 and the thickness of the oxide layer 30 formed
during step b). The duration may for example be between 5
s and 2 h, and preferably between 1 minute and 60 minutes.
[0110] The heat treatment is done under a dry air atmo-
sphere or an atmosphere containing a partial H,O pressure
of less than 10,000 ppm, for example between 1 ppm and
10,000 ppm, and preferably less than 600 ppm, for example
between 1 ppm and 600 ppm, even more preferably less than
500 ppm, for example between 1 ppm and 500 ppm.
[0111] Atthe end of step c), the thickness of the mixed iron
and chromium oxide layer 30 of the (Fe,Cr),O, type of
rhombohedral type is from 70 nm to 150 nm, and preferably
from 80 nm to 120 nm, for example of the order of 100 nm.
[0112] It has been observed that the thickness of single-
phase oxide formed at the end of step c), tended towards a
maximum of the order of 150 nm independently of the heat
treatment duration and temperature. On the contrary, the
thicknesses of non-single-phase oxide layers can be up to
more than 400 nm.

[0113] Mechanical stresses in the material can be relaxed
in step ).
[0114] The substrate 10 obtained by the previously

described method will be covered by a stable oxide layer 30.
There are no layers intercalated between the steel substrate
10 and the oxide layer 30. The oxide layer 30 has intrinsic
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optical selectivity properties, in other words high solar
absorbance and low emittance.

[0115] The substrate 10 obtained by the previously
described method can for example be used to make a solar
absorber that has improved selectivity properties compared
with solar absorbers obtained by techniques known in prior
art.

[0116] In particular and for comparison purposes, the
inventors have determined the properties of an absorber
obtained using a method known in prior art and an absorber
obtained using the method according to this invention.
[0117] In both cases, the surface of a substrate made of
T91 (X10CrMoVNb9-1) type steel was oxidised.

[0118] In this regard, FIG. 7 reproduces a curve showing
hemispherical  reflectance of a T91  substrate
(X10CrMoVNDB9-1) (called the “known sample”) polished
and oxidised at 600° C. for 1 h prepared according to the
method described in document [4] mentioned at the end of
the description.

[0119] FIG. 8 represents the hemispherical reflectance
curve for a T91 substrate (X10CrMoVNDb9-1) (called the
“inventive sample” prepared according to the invention and
oxidised under the same conditions.

[0120] The reflectance curves obtained for the known
sample and for the inventive sample can be used to calculate
values of the solar absorbance () and emittance (g) at 100°
C., 300° C. and 450° C. for each of the two samples. The
method used for these calculations is presented in the
“Appendix” section of this invention.

[0121] Thus, table 1 contains the absorbance and emit-
tance properties for the known sample, and table 2 contains
the properties for the inventive sample.

TABLE 1
a & (100° C.) € (300° C.) € (450° C.)
73.17 6.47 9.50 11.91
TABLE 2
a & (100° C.) € (300° C.) € (450° C.)
77.70 230 3.42 6.89
[0122] Comparing the values in the two tables, it can be

seen that for the same type of sample, in this case T91
(X10CrMoVNDB9-1), the method according to the invention
can obtain a tube with a higher level of solar absorbance
equal to 77.70% instead of 73.17% while having a lower
emittance level of 6.89% at 450° C. compared with 11.91%.
[0123] The selectivity of the absorber can be improved by
adding one or several anti-reflection layers 40 deposited a
posteriori on the oxide layer 30 (FIG. 5), or even absorbent
layers. The thickness and the nature of the layer or of the
layers will depend on the required anti-reflection properties
and can easily be calculated using an optical simulation tool.
The SCOUT optical simulation program (downloadable
from the internet site www.mtheiss.com) used by research
teams working on the multi-layer deposition of selective
solar absorbers, can be mentioned for illustrative purposes.
[0124] The solar absorber fabricated using the method
according to the invention is oriented particularly for
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medium or even high temperatures (thermodynamic con-
centrating solar power station).

[0125] The substrate 10 can also be used to make the
sensitive part of a flux sensor, or a temperature sensor under
irradiation.

[0126] The substrate 10 can also be used for temperature
applications under air (lower than the working temperature
of the substrate 10), or for applications requiring increased
protection against hot oxidation.

[0127] For example, the working temperature of a T91
(X10CrMoVNDB9-1) steel is about 650° C.

[0128] Illustrative and Non-Limitative Examples of One
Embodiment:
[0129] The method was used on a steel substrate 10

containing about 9.5% of Cr (T91 (X10CrMoVNb9-1)). In
particular, the substrate 10 was oxidised at 650° C. for an
hour under dry air so as to form the protective layer 30 on
the surface of the substrate 10. The layer 30 thus formed is
a 90 nm thick layer of (Fe, Cr),0; . An SiO, anti-reflection
layer was also deposited on a part of the substrate 10 (called
part “T””) leaving another part of the sample (called part “II”")
without an anti-reflection layer.

[0130] The single-phase nature of the oxide layer is veri-
fied by X-ray diffraction. The equipment used is a Bruker
diffractometer (model: D8 Advance) equipped with a Cu
source and a LynxEye type linear detector. The power
supply voltage and current of the X-ray type are 40 kV and
40 mA respectively. The beam width is 12 mm, and its
divergence is 0.45°. Under these conditions, the only phase
detected in the oxide is rhombohedral (Fe,Cr),O;, confirm-
ing the single-phase nature of the oxide layer.

[0131] A substrate 10 and its protective oxide layer 30
obtained by the method according to the invention was
tested under working conditions (500° C. in air), and in
particular was subjected to an exposure of 3000 hours at
500° C. under air. In this regard, FIG. 9 represents diffrac-
tograms obtained on the sample before exposure (diffracto-
gram “R”), after 3000 hours of exposure at 500° C. and
under air, respectively, in part I (diffractogram “I”’), and in
part II (diffractogram “II”).

[0132] On each of these three diffractograms, the arrows
indicate representative peaks of the oxide layer (Fe, Cr),0;.
No significant variation of these peaks is detected, thus
confirming an excellent stability of the oxide layer. There-
fore these results confirm that the substrate 10 is protected
from oxidation.

[0133] The inventors have also measured the variation of
optical properties, particularly the solar absorbance and
emittance at 450° C., during 3000 hours of ageing at 500° C.
under air.

[0134] The results obtained are assembled on FIGS. 10a
and 105 that represent the variation of the solar absorbance
and emittance at 450° C. respectively (vertical axis in
percent) as a function of the exposure time (horizontal axis
in hours). These two magnitudes remain relatively constant
during exposure, this demonstrating an excellent stability of
the optical properties of the samples thus tested.

[0135] The stability of the optical properties and the oxide
layer measured by X-ray diffraction shows the excellent
resistance to oxidation under air at 500° C. of the samples
relative to the samples in documents [5] and [6] mentioned
at the end of the description.
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Appendix

[0136] “Absorbance” means a coeflicient of absorption of
an electromagnetic wave by a body. In this case, the solar
absorbance corresponds to the absorption coefficient of the
solar spectrum by the material, and particularly the oxide
layer 30. It is calculated from the measured reflectance
spectrum of a spectrophotometer and the solar spectrum.
[0137] “Emittance” means the percentage of radiation flux
emitted in all directions by a material, particularly the oxide
layer 30, at a given temperature T relative to the radiation
flux in all directions from the black body at this same
temperature (it is understood that a black body has an
emittance of 100%).

[0138] “Reflectance” or “total reflectance” means the pro-
portion of light flux reflected by a surface as a function of an
incident flux on said surface. Reflectance is total when it is
measured in all directions using an integration sphere. The
reflectance spectrum gives the reflectance as a function of
the wavelength.

[0139] The measurement of the total reflectance spectrum
can be used to calculate the solar absorbance o and the
emittance €, at a temperature T. In this description, it is
assumed that Kirchhoft’s law is applicable since the material
is opaque (The man skilled in the art can consult documents
[1] and [2] mentioned at the end of the description), such that
e(A; 0.0)=a(r; 6,¢) (1.

[0140] If the total measurement (on the entire space) and
for an opaque material without any non-linear effect (that is
generally accepted for solar absorbers), the total emittance
and the total reflectance are related by the relation & (A)=1-
p() ).

[0141] Thus, the solar absorptance and the emittance at
temperature T are defined by the following relations:

2500nm (3)
f prX S
SR
/\:280nms(k)dA
16000 nm o)
f 7 (0 X Br (VA
S(T) = | — 2A280m _
/\1:62(;(())0nm Br()di
wherein:
[0142] o total solar absorptance
[0143] &(T): emittance at temperature T
[0144] p(A): total reflectance at wavelength A
[0145] B (\): Irradiance of the black body at temperature

T and at wavelength A

[0146] S(}): Solar irradiance at wavelength A

[0147] A: wavelength

[0148] The measurement procedure is described in the
paper by J. Braillon et al. [3] mentioned at the end of the
description.

[0149] A solar absorber is said to be selective if it has

strong solar absorbance and low emittance at the working
temperature. The ideal curve for such a material is given in
the paper by C. Kennedy [1] mentioned at the end of the
description, and reproduced in FIG. 6.
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14. A method for forming a layer of single-phase oxide
(Fe, Cr),0; with a rhombohedral structure on a steel or super
alloy substrate, the method comprising:

a) supplying a steel or super alloy substrate covered by a
surface layer, the steel comprising at least 2% by
weight of chromium;

b) removing the surface to reach the substrate, using a
subtraction step, under an atmosphere containing at
least 0.2 atm of dioxygen, the subtraction step gener-
ating a level of microstrains in the steel or super alloy
crystalline lattice larger than 1.0x10~> and local heating
at a rate of more than 400° C./s, so as to form a
single-phase rhombohedral oxide (Fe, Cr),O; layer;
and

¢) performing a heat treatment under air at a partial water
pressure of less than 10,000 ppm, and at a temperature
varying from 400° C. to 1000° C., so as to make the
single-phase rhombohedral oxide layer formed in the
removing b) grow to a thickness from 70 nm to 150 nm.

15. The method according to claim 14, wherein the
subtraction step in step b) is a mechanical subtraction done
at a temperature from -10° C. to 400° C.

16. The method according to claim 14, wherein the
subtraction step in step b) is a mechanical subtraction done
at a temperature from -10° C. to 100° C.

17. The method according to claim 14, wherein a water
content during step b) is less than 20,000 ppm.

18. The method according to claim 14, wherein a water
content during step b) is less than 500 ppm.

19. The method according to claim 14, wherein a water
content during step b) is less than 3 ppm.

20. The method according to claim 14, wherein the level
of microstrains generated in the steel or super alloy crystal-
line lattice in step b) is more than 1.5x107>.

21. The method according to claim 14, wherein the level
of microstrains generated in the steel or super alloy crystal-
line lattice in step b) is more than 3x1073,

22. The method according to claim 14, wherein the
heating rate is between 400° C./s and 900° C./s.

23. The method according to claim 14, wherein the heat
treatment is applied for a duration from 5 s to 2 h.

24. The method according to claim 14, wherein the heat
treatment is applied for a duration from 1 minute to 60
minutes.

25. The method according to claim 14, wherein the partial
water pressure during step ¢) is less than 600 ppm.
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26. The method according to claim 14, wherein the partial
water pressure during step c) is less than 500 ppm.
27. The method according to claim 14, wherein the
thickness of the rhombohedral oxide layer obtained in step
¢) varies from 80 to 120 nm.
28. The method according to claim 14, wherein the
percentage of chromium in the steel varies from 2 to 25% by
weight.
29. The method according to claim 14, wherein the
percentage of chromium in the steel varies from 5 to 16% by
weight.
30. A method for fabrication of a solar absorber, the
method comprising:
forming a layer of single-phase oxide (Fe, Cr),0; with a
rhombohedral structure on a steel or super alloy sub-
strate, according to the method of claim 1; and

applying an anti-reflection layer on the single-phase oxide
layer.

31. A solar absorber obtained according to the method of
claim 30, comprising a steel or super alloy substrate covered
by a layer of single-phase rhombohedral oxide (Fe, Cr),O,
with a thickness from 70 nm to 150 nm, and an anti-
reflection layer, in sequence.

32. The solar absorber according to claim 31, wherein a
thickness of the oxide layer is from 80 nm to 120 nm.
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