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(54) Title: METHOD FOR THE FABRICATION OF A STEEL PRODUCT COMPRISING A STEP OF CHARACTERIZATION
OF A LAYER OF OXIDES ON A RUNNING STEEL SUBSTRATE
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(57) Abstract: Method for the fabrication of a steel product comprising a step of characterization of a layer of oxides (22) present on
a running steel substrate (21), the characterization comprising the steps of: - providing a portion of the steel substrate comprising a
layer of oxides wherein the portion defines an oxide surface, - collecting light (Lr) from said oxide surface using a hyperspectral
camera (20) in order to obtain intensity values (Irm) respectively representative of an intensity of a part (Lram) of the collected light,
wherein each part is respectively collected from one of a plurality of points (M) located on said oxide surface and respectively has a
wavelength (1) from a plurality of wavelengths, - comparing the obtained intensity values with reference intensity values obtained
for reference oxides, and - calculating amounts of reference oxides in the layer.
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Method for the fabrication of a steel product comprising a step of

characterization of a layer of oxides on a running steel substrate

The present invention relates to a method for the fabrication of a steel product
comprising a step of characterization of a layer of oxides present on a steel substrate,
comprising the steps of collecting light from an oxide surface formed by the layer, and
using the collected light in order to obtain the composition of this layer and optionally its
thickness.

The invention also relates to an installation for treating a surface of a ferrous alloy
strip, like a steel strip, for example in view of a galvanization treatment, comprising a
device adapted to perform the method.

Such oxides layer thickness for example ranges from ten to a few hundreds
nanometers.

The heating of the steel strip during an annealing step, for example prior to a coating
by galvanization, usually takes place in a direct-fired annealing furnace or a radiant tube
annealing furnace. However, the use of these furnaces to heat the strip may lead to the
formation of oxides on the surfaces of the strip, which are usually eliminated by additional
pickling and/or shot blasting steps before coating. If not, the wettability of the liquid metal
to be applied on the steel sheet surface may be too low, inducing bare spots on the steel
surface.

This drawback is particularly met when the strip composition includes significant
amounts of easily oxidized elements such as Si, Mn, Al, Cr, B, P and so on.

The contents over which this drawback may occur are about 0.5% in weight for Si,
Mn, Al, P and Cr, and 5 ppm for B, if these elements are taken alone. But these limits may
be sensibly lower when several of these elements are present in the steel. For example,
an interstitial-free bake-hardenable steel with 0.2% of Mn, 0.02% of Si and 5 ppm of B
may already undergo such wetting problems, due to the presence of B which rapidly
diffuses up to the strip surface and makes Mn and Si oxides precipitate as continuous
films.

Generally speaking, this risk of bad wetting by liquid metal is also met on all high
strength steels, since they comprise at least one of said elements, like dual-phase steels,
TRIP (TRansformation Induced Plasticity) steels, TWIP (TWining-Induced Plasticity)
steels, electric steels and so on. For dual phase steels, the amount of Mn is generally
lower than 3% by weight, with addition of Cr, Si or Al in an amount generally lower than

1% by weight. For TRIP steels, the Mn amount is generally lower than 2% by weight
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associated with maximum 2% by weight Si or Al. For TWIP steel, the Mn amount can be
as high as 25% by weight, associated with Al or Si (max 3% by weight).

Low density steels containing notably Al and/or Si in large amounts (up to 10% by
weight) are also sensitive to this phenomenon, as well as, for example, high Cr stainless
steels for thermal treatments.

As a consequence, the detection and identification of an oxide layer on a steel strip
is an important issue. Nowadays, the most commonly used technique to determine the
type of oxide present on the surface of a steel substrate is infrared spectrometry, more
precisely IRRAS (Infrared Reflection Absorption Spectrometry). It has the advantage of
being nondestructive.

With such a technique, it is also possible to assess the thickness of the oxide layer.
However, a preferred nondestructive optical technique for determining the thickness of a
layer is nanometer ellipsometry.

Unfortunately, both infrared spectrometry and ellipsometry require a relatively long
acquisition time, ranging from seconds to minutes, which does not allow implementing
them on-line at a production facility.

Moreover most of the commonly known technics do not allow to work either on a hot
product, such as a product inside an annealing furnace, or on a cold product, such as a
product at the exit of a pickling line.

An embodiment of the invention seeks to provide a method of characterizing a layer
of oxides present on a steel substrate that solves or reduces at least some of the above
mentioned issues, in particular that is faster and that can be implemented on-line at a
production facility.

Alternatively or additionally, an embodiment of the invention seeks to at least provide
the public with a useful choice.

The invention provides a method for the fabrication of a steel product comprising a
step of characterization of layer of oxides formed on a running steel substrate, this step of
characterization comprising the steps of:

- providing a portion of the steel substrate comprising a layer of oxides wherein the
portion defines an oxide surface,

- collecting light (Lr) from said oxide surface using a hyperspectral camera in order
to obtain intensity values (I, m) respectively representative of an intensity of a part (Lr,.m) of
the collected light (Lr), wherein each part (Lr.m) is respectively collected from one of a

plurality of points (M) located on said oxide surface and respectively has a wavelength ()

from a plurality of wavelengths (A1, A2, ...),
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- comparing the obtained intensity values (I, m) with reference intensity values (Rym)
obtained for reference oxides, and

— - calculating amounts of reference oxides in the layer,

wherein the step of calculating amounts of reference oxides includes the following
sub steps of:

— calculating reference absorbance values (OA; m), reference surface reflectance
values (OReym) or reference surface transmittance values (OT,m) using the reference
intensity values (Rym), @ noise of the hyperspectral camera (D, y), and a white value of
the hyperspectral camera (W, m), and
calculating absorbance values (A m), surface reflectance values (Rexwm ) or surface
transmittance values (T, m) using the intensity values (l.,m), the noise of the hyperspectral
camera (D, v) and the white value of the hyperspectral camera (W m).

In other embodiments, the method comprises one or several of the following
features, taken in isolation or any technical feasible combination:
- the step of calculating the reference absorbance values (OA, M) and the

absorbance values (A, ) includes expressing the reference absorbance values (OAjm)

and the absorbance values (Awm) respectively as —logw(M) and
WiM=Dim
IxmM—Dam .
~log1o (W}\,M_DA,M),

- the method comprises a calibration step to determine the noise D, \ of the

hyperspectral camera (20) and the white value W, v;

- the step of calculating amounts of reference oxides includes a baseline correction
step;

- the method comprises :

- a step of calculating a parameter (B) representative of a surface of an area
located under a curve, wherein said curve is obtained by plotting the absorbance values
(Awm) versus the plurality of wavelengths (A1, A2, ...), and

- a step of calculating a thickness (E) of said layer of oxides, wherein said

thickness (E) is obtained as a function of at least said parameter (B);

- said function is linear;

- the method described hereabove comprises a step of determining said function for
at least one of the reference oxides by using a plurality of reference oxide samples,
wherein the plurality of reference oxide samples respectively comprise a substrate made
of said steel and a layer of said at least one reference oxide deposited on the substrate,

wherein said layers respectively have a plurality of thicknesses;
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- the incident light (Li) defines an angle (o) with a direction (D) that is perpendicular
to the oxide surface, and wherein the angle (a) is comprised between 40° and 80°,
preferably between 50° and 70°, and more preferably between 55° and 65°;

- the collected light (Lr) and the reference collected light (Lrr) are obtained by
spontaneous emission of light respectively by the oxide surface and by said surface made
of said steel;

- the plurality of wavelengths (A1, 12...) comprises wavelengths ranging from 8 um to
12 um;

- all the wavelengths of the plurality of wavelengths (A1, A2...) are comprised
between 8 ymto 12 um;

- the reference oxides include one or several of SiO,, SiO«CHy, and amorphous
TiOg;

— - the method further comprises: after completion of the step of characterization
of the oxide layer, a step of comparison of the obtained characterization of the oxide layer
with one or several parameters representative of a specification of the oxide layer in order
to obtain at least a comparison result; and if the comparison result is outside a
predetermined range of allowance, an additional step of correction of the oxide layer;

- the method is performed at the exit of a pickling line;

- the method is performed at the exit of an annealing line; and

- the additional step of correction is a pickling of the steel substrate.

A targeted oxidation layer of the steel substrate may comprise targets in terms of
thickness and/or composition of the oxide layer and may depend on the grade of the steel.

The invention also provides a device for characterizing a layer of oxides present on
a steel substrate, comprising:

- a hyperspectral camera adapted for collecting light (Lr) from an oxide surface of a
portion of the steel substrate having a layer of oxides in order to obtain intensity values
(l.m) respectively representative of an intensity of a part (Lr.m) of the collected light (Lr),
wherein each part (Lr.m) is respectively collected from one of a plurality of points (M)
located on said oxide surface and respectively has a wavelength (1) from a plurality of
wavelengths (A1, A2, ...),

- means for comparing the obtained intensity values (I, m) with reference intensity
values (R m) obtained for reference oxides, and

— - means for calculating amounts of reference oxides in the layer,

wherein the means for calculating amounts of reference oxides are adapted for:
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— calculating reference absorbance values (OA, m), reference surface reflectance
values (OReym) or reference surface transmittance values (OT,.m) using the reference
intensity values (R.m), a noise of the hyperspectral camera (D, y), and a white value of
the hyperspectral camera (W, m), and
calculating absorbance values (A m), surface reflectance values (Rexwm ) or surface
transmittance values (T, m) using the intensity values (l.,m), the noise of the hyperspectral
camera (D, v) and the white value of the hyperspectral camera (W m).

In other embodiments, the device comprises one or several of the following features,
taken in isolation or any technical feasible combination:

- the device comprises a light source, the light source being adapted to produce an
infrared light; and

- the hyperspectral camera is a LWIR hyperspectral camera.

In other embodiments, the device comprises one or several of the following features,
taken in isolation or any technical feasible combination:

- the installation is a continuous galvanizing line; and

- the installation is a pickling line.

The invention also provides an installation for treating a surface of a steel strip
adapted to perform a method as described hereabove, and comprising a device adapted
to perform the step of characterization as described above, the steel strip having a steel
substrate and a layer of oxides present on the steel substrate.

Other features and advantages of the invention will appear upon reading the
following description, given by way of example and with reference to the accompanying
drawings, in which:

- Fig. 1 is a schematic view of an installation according to the invention, for treating
a steel strip,

- Fig. 2 is a schematic view of a device shown in Fig. 1 for performing a method
according to the invention on the steel strip shown in Fig. 1

- Fig. 3A is a schematic view of a device for performing a method according to the
invention on a reference oxide sample,

- Fig. 3B is a schematic enlarged view of the reference oxide sample,

- Fig. 4 is a diagram showing the main steps of an embodiment of a method
according to the invention,

- Fig. 5 to 7 are three graphs showing absorbance values obtained with the device

shown in Fig. 3 and three reference oxide samples respectively having thin layers of SiOz,
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SiO.CHy, and amorphous TiO2, and also showing absorbance values obtained with the
same samples using a Fourier Transform Infrared (FTIR) spectrometer,

- Fig. 8 is a graph showing several absorbance curves obtained with the device
shown in Fig. 3 and a reference oxide sample having a thin layer of SiO2, each curve
corresponding to a different incidence angle of the incident light,

- Fig. 9 to 11 are three graphs showing a parameter obtained using the device
shown in Fig. 3 and reference oxide samples, versus the thickness of the oxide layers, the
oxide being respectively SiO,, SiOxCHy, and amorphous TiO», and

- Fig. 12 and 13 are graphs showing absorbance curves obtained with a method
according to the invention.

With reference to Fig. 1 and 2, an installation 1 according to the invention will be
described. The installation 1 is adapted for continuously treating a surface of a steel strip
2.

The installation 1 comprises an oven 3 for performing an annealing of the steel
strip 2, and advantageously a cooling module 4. The installation 1 also comprises a
coating module 5, such as a galvanization module, where the steel strip 2 is immersed
into a bath 6 of molten zinc or zinc alloy. At the exit of the coating module 5, the strip 2
goes through a wiping module 7 and a cooling module 8.

The steel strip 2 is for example of the above described type. The steel strip 2 runs
along a direction F and passes through the installation 1, advantageously in a continuous
manner. The steel strip 2 usually has a speed comprised between 150m/min and
800m/min. The steel strip 2 is subject to surface oxidation, particularly during the
annealing process. During or after the annealing, the steel strip 2 comprises a steel
substrate 21, and a layer 22 of oxides formed on the steel substrate 21.

The installation 1 also includes a device 10 for performing a characterization of the
layer 22.

The layer 22 defines an oxide surface 22A directed at the device 10.

The layer 22 has a thickness for example ranging from ten to five hundreds
nanometers.

According to several embodiments, the device 10 is located in the oven 3, or at an
outlet of the oven 3 (as shown in Fig. 1). In another embodiment, not illustrated, the
device 10 is located at the entrance or at the exit of a pickling line (not shown).

With reference to Fig. 2 and 3, there is described a device 10 for performing a
method according to the invention. The device 10 is advantageously adapted to deal on-
line with the steel strip 2 (Fig. 2), or with reference oxide samples 11 outside of the

installation 1 (Fig. 3).
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The device 10 comprises a hyperspectral camera 20, a light source 15 and a
computer 25. In another embodiment the device 10 does not comprise a light source 15.
When the device 10 is used with reference oxides samples, such as illustrated in figure 3,
it further comprises a sample holding system 12.

The sample holding system 12 is adapted to hold the samples 11 and move them
one by one with respect to the hyperspectral camera 20 to a work position represented in
Fig. 3.

In both variants, as illustrated in fig. 2 and 3, the light source 15 is advantageously
an infrared light source, for example comprising nickel / chromium shielded electric
resistances. The light source 15 is advantageously focalized with gold mirrors. The light
source 15 is suitable for directing an incident light Li towards a portion of the layer of oxide
22 with an incidence angle o with respect to direction D.

The portion receiving the incident light Li defines an oxide surface 22A, 122A.

The incidence angle o is advantageously comprised between 20° and 80°,
preferably between 40° and 70°, and more preferably between 55° and 65°.

The hyperspectral camera 20 is adapted to collect a collected light Lr reflected by
the oxide surface 22A, 122A at an observation angle  with respect to direction D on the
other side of direction D with respect to the light source 15, and to produce intensity
values I, m respectively representative of an intensity of a part Lr, m of the collected light Lr.

Each part Lr.m of the collected light Lr is respectively collected from a plurality of
points M (of which only one is shown in Fig. 2 and 3) located on the oxide surface 22A
and respectively has a wavelength A from a plurality of wavelengths A1, A2, ...

The intensity values I, form a hyperspectral image of the oxide surface 22A
obtained in a single step of collecting light.According to a variant (not shown), there is no
light source 15 and the collected light Lr is obtained by spontaneous emission of light by
the oxide surface 22A, for example when the steel strip 2 has a temperature above 350°C.
This variant will be referred to as “emission mode”, as opposed to a ‘“reflection mode”
wherein a light source is used.

Advantageously, the points M are to be understood as surfaces, for example of few
square millimeters. The size of this surface will depend on the optical means used.

For example, the device 10 may be mainly placed at the outside of the furnace but
have an optical fiber placed inside the furnace to collect the light emitted by the strip. The
size of the surface is then dependent on the optical fiber diameter.

If the device 10 is located inside the furnace 3, the temperature of the steel strip 2 is
around 800°C. So the steel strip 2 spontaneously emits light without requiring a light

source such as the light source 15.
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In the emission mode, the device 10 is adapted to collect the collected Lr from the
emitted light at an observation angle B with respect to direction D, and to produce the
intensity values I m.

By “hyperspectral’, it is meant that the camera 20 is suitable for taking pictures of
the samples or of the steel strip 2 at several distinct wavelengths at the same time. In
other words, each picture taken by the camera 20 contains the plurality of wavelengths
AL A2, ...

In both modes, the hyperspectral camera 20 is advantageously a LWIR (Long Wave
Infrared) hyperspectral camera, for example a Specim one.

The hyperspectral camera 20 for example has a spectral sensitivity at least from 8
pmto 12 um.

The hyperspectral camera 20 comprises a digital sensor (not shown), installed
behind a collection optics and a prism, or a spectrograph.

The sensor for example has a size of 380*50 pixels, respectively for the plurality of
points M and the plurality of wavelengths A1, A2, ....

The frame rate of the hyperspectral camera 20 is for example 60 Hz.

In reflection mode, the observation angle  is advantageously comprised between
20° and 80°, preferably between 40° and 70°, and more preferably between 55° and 65°.
Advantageously the observation angle B is approximately equal to the incidence angle a,
so that the collected light Lr is actually obtained by specular reflection of the incident light
Li.

The plurality of points M is advantageously regularly spaced along the strip width
and for example has 380 points.

The plurality of wavelengths A1, A2... comprises wavelengths ranging from 8 um to
12 um. Advantageously said wavelengths are all comprised between 8 um to 12 um.

The plurality of wavelengths Al, A2... advantageously comprises values regularly
distributed between 8 pm and 12 um, for example thirty values.

The computer 25 is adapted to receive the intensity values Iym from the
hyperspectral camera 20, to store them, and to perform calculations. The computer 25
also has means for human—computer interaction (not shown), for example to display

results.

With reference to Fig. 1 to 12, a method 200 according to the invention will now be
described. The method 200 aims at characterizing a layer 22 of oxide formed at the

surface of the steel strip 2 by identifying its composition and optionally its thickness.
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Depending on the constituent steel grade of the substrate and the coating to be
deposited on the substrate, the skilled person establishes a specification for the oxide
layer allowing it to form a coating having desired properties, such as coating thickness or
coating adhesive properties required.

The skilled person can therefore determine target values for the parameters
characterizing the oxide layer. Target values may be representative of a specification.

The target values may relate to the composition of the oxide layer, for example
with a maximum weight percentage in a given reference oxide.

The target values may relate to the coating thickness. The thickness may depend
on the composition.

A tolerance range around the target values can also be established.

In a reflection mode the incident light Li from the light source 15 is directed towards
the portion of the layer 22 forming the oxide surface 22A.

In a first acquisition step 202 the collected light Lr is collected using the
hyperspectral camera 20.

Only one acquisition is needed to obtain data at the plurality of wavelengths
AL A2, ...

The hyperspectral camera 20 delivers the intensity values Ilym forming the
hyperspectral image of the oxide surface 22A which are then sent to the computer 25.

Once the intensity values I, m acquired, the computer 25 performs a calculation step
204. This calculation step 204 consist in calculating absorbance values A, v respectively

Ixam—Dyxm )
Wym=Dim/’

as Awm = —logy (
wherein D, m represents a noise of the hyperspectral camera 20, also named dark
reference value and W, mis a white reference value.

These dark Dy m and white Wj m reference values may be obtained in a dedicated
calibration step 203.

This calibration step 203 includes a sub-step of periodic acquisition of a set of dark
reference value D, m and white reference value W, . The dark reference value D, n is for
example obtained from an image captured when the optical lens is covered. The white
reference value W, u is obtained from a captured image of the steel substrate itself,
without the layer of oxides.

This calibration step 203 may be performed once at the beginning of the
production campaign or, in a preferred embodiment, it maybe regularly performed to

update the reference values.
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As a consequence, (lim - Dim)/(Wim - Diw) is equal to 10**M (ten power minus the
opposite of the absorbance value).

As a variant (not shown), the absorbance values A,m are expressed using an
analogous mathematical formula. For example, a different logarithm is used.

In a different embodiment, instead of the absorbance values A,m, surface
reflectance values Re; m or surface transmittance values T,y may be calculated during the
calculation step 204 and used in the next steps.

Then the absorbance values A, v are compared, advantageously by the computer 25
itself, in a comparison step 206, with a plurality of reference oxide absorbance values
OA, v in order to determine which of the reference oxides are present in the layer 22, and
in which amounts.

These reference oxide absorbance values OA, v are expressed with the same
formula as for the absorbance values, using reference intensity values Rj minstead of the
intensity values I, m.

If surface reflectance values Re;m or surface transmittance values T,m are used
instead of absorbance values A, nthey would respectively be compared with reference
surface reflectance values ORe; mang surface transmittance values OT, u.

The intensity reference values R m, are obtained in the same manner as the
intensity values I, v, except that the incident light Li is directed towards reference oxide
samples 11 instead of steel strip 2. The hyperspectral camera 20 then collects the
reference collected light Lrr from the steel surface and provides the reference values Ry m.

The obtained reference values Ry m, are stored in the memory of the computer 25.

As shown in Fig. 3B, each reference oxide sample 11 comprises a steel substrate
121 and a layer of oxide 122.

The steel substrate 121 is for example a DWI steel used for packaging applications.
The steel substrate 121 defines a steel surface 131 on which the layer of oxide 122 has
been deposited, advantageously by physical vapor deposition (PVD).

The oxide constituting the oxide layer 122 is known.

Known types of oxide, here after reference oxides, for example include CaO, SiO,,
MgO, Al203, Fe203+FeO, MnO,TiO», NaxO, Cr.03, BaO, SrO, P,0s, K20, ZrO,, ZnO, CuO,
SiOxCH.

To perform the comparison step 206, the computer 25 for example identifies which
curve (C2, C4 and C6 in Figs. 5 to 7) obtained by plotting the reference absorbance
values OA,m as a function of the plurality of wavelengths A1, A2, .... has similarities with

the curve obtained by plotting the absorbance values A, v as a function of the plurality of
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wavelengths Al, A2, .... in terms of shape and/or maximum and minimum absorbance
values. It is also possible to compare an absorbance value A; v at a given wavelength .

For example, if the shape of the curve representative of the absorbance values A, m
matches with curve C2, the oxide in point M is identified as SiO-. If the shape of the curve
representative of the absorbance values A,y matches with curve C4, the oxide at point M
is identified as SiO«CHy. If it matches with curve C6, the oxide at point M is identified as
amorphous TiOx.

The identification of the oxides in each point M allows determining which oxides are
present in the layer 22 of oxide and in which amount.

This comparison step 206 can also be performed using known algorithms, such as
for example algorithms developed for source separation in spectroscopy.

Optionally, prior to the comparison step 206, the curve representative of the
absorbance values A, is submitted to a step 205 of base line correction. Indeed, the
signal may be disrupted by a deviation of intensities in function of the wavelength, this
phenomenon is known as baseline. This baseline correction step maybe performed
manually or automatically using algorithms known by the skilled man, such as the one
described in the document from V.Mazet et al.in Chemometrics and Intelligent Laboratory
Systems, 2005, vol. 76, pp. 121-133.

Optionally, prior to the comparison, the curve representative of the absorbance
values A, v is submitted to a step of un-mixing. This step is preferably used to determine
the amount of oxides in the layer 22 of oxides.

The absorbance values A; v are the sum of the absorbance values of each type of
pure oxide A m(n) weighted by the quantity p, of this type of oxide in point M:

Aim=Aim(n1).pnt + Aim(n2).pn2 + Aim(N3).pns...

Knowing the composition of the steel grade, it is possible to know which oxides are
more likely to be present on the surface of the steel strip and so to know the absorbance
values of each type of pure oxide A, m(n). The computer is then able to solve previous
equation so as to determine the quantity p, of each type of oxide n at point M.

Other analytic methods which are known by the skilled person may be used to
perform this un-mixing step, such as a Principal Component analysis (PCA), Vertex
Component analysis (VCA) or Partial Least Square regression (PLS).

Optionally, in a further step 207, the thickness of the oxide layer 22 is determined.
To do so, the computer 25 calculates the parameter B (figure 6) representative of the
surface of the area located under the curve obtained by plotting the absorbance values

Aim as a function of the plurality of wavelengths A1, A2, ....
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The computer 25 then calculates the thickness E of the layer 22 using the parameter
B and the thickness function (one of the curves C12, C13 and C14 in Figs. 9 to 11)
corresponding to the type of oxide that has been identified.

The thickness function for each reference oxide is either known from abaqus or has
been determined using several reference oxide samples 11 with the same oxide type but
with different oxide layer thickness E.

In another embodiment of the method, corresponding to the emission mode, in order
to determine the presence and composition of the oxides in the layer 22, the signal
representative of the surface state is isolated in the intensity values I, m using a known
model, for example Sy m = km.Pli vy + Ti.m, wherein:

Twm is the temperature of the steel strip 2 provided by an external device, such as a
pyrometer, at point M,

Pl , rwy is Planck’s law at wavelength 4 and temperature T,

kw is a coefficient pseudo-emissivity coefficient obtained by fitting Planck’s law to the
signal, and

frmis the value representative of the steel strip surface state.

fimis obtained by fitting the model ku.Pl. row) + fim to the measured intensity values
I M.

Then the values f,m are compared, advantageously by the computer 25, with
reference oxide emission values Of; v in order to determine which ones of the reference
oxides are present in the thin layer 22, and in which amounts.

Each of the reference oxide emission values Of, v is obtained in a similar manner as
the reference oxide absorbance values OA; v, using the reference oxide samples 11.

In the case where the device according to the invention is located in an annealing
furnace, or at the outlet of the furnace, the characterization step of the invention allows
determining the characteristics of the oxide layer present on the surface of the steel
substrate.

These characteristics can then be compared with the previously determined target
values. According to the result of this comparison and tolerance ranges, the steel
substrate can then be sent directly to the galvanizing installation to be coated, be sentto a
pickling facility in order to eliminate or reduce this oxide layer, or be discarded.

The method avoids obtaining coated steel products with defects, such as lack of

coating or poor adhesion of the coating, thus enabling productivity gains.

Reference samples
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Twelve oxide reference samples with three different reference oxides, SiO;,
SiOxCH,, (x being comprised between 1 and 2 and y between 0 and 3) and amorphous
TiO2 and four different thicknesses E have been prepared. The steel constituting the
substrate was a commercial DWI steel for packaging.

The thin layers of oxides have been deposited on the steel substrate by PVD.

The layer thicknesses and the oxide types have been controlled during manufacture.

In order to validate these parameters, different reference analyses have been
performed in order to characterize the surface state of each oxide reference sample.

Then the oxide types have been confirmed by infrared spectrometry, for example
using Nicolet 8700 spectrometer equipped with a variable angle accessory from Eurolab.
The observation angle  was 80°.

50 spectrums with a 4 cm™ resolution have been acquired for each sample.

The reference sample providing the reference values Ry m was of the same type of
steel without oxide on the surface.

In order to confirm the oxide layer thicknesses, ellipsometric measurements have
been carried out using a Horiba Jobin Yvon UVISEL. The angle of observation was 70°, in
standard merge mode (I: M=0°; A=+45° - |Il: M=-45°;, A=+45°) with 300 ms by point. The
spectral range of analysis and of modelling was 500-800 nm (Delta = 10 nm). The
dispersion formula used for the thickness calculation was a classical model.

Information concerning the oxide reference samples is summarized in table 1.

Thick
Sample Type of |cEness

number oxide

nm
25
40
52
96
41

82
132
194

35

70
110
180

Sio2

SiOCH,

TiO2

Tlale|eNola | sw =

—_
N
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Table 1 - Oxide reference samples

Figs. 5 to 7 show the absorbance values A obtained by the method according to the
invention versus the plurality of wavelengths Al, A2, ... in um, between 8 um and 12 pm.
The observation angle B was 60°, in specular reflection.

Curve C2 relates to sample 4 (SiO2, 96 nm). Curve C4 relates to sample 6 (SiOxCHy,
82 nm). Curve C6 relates to sample 10 (amorphous TiO2, 70 nm).

The graphs in Figs. 5 to 7 also show absorbance curves C1, C3, C5 obtained with
the same samples 4, 6, 10 using a classical FTIR spectrometry. Curve C1 relates to SiO..
Curve C3 relates to SiOxCHy. Curve C5 relates to amorphous TiO..

The curves C1 to C6 relating to the same samples approximately have the same
shape and the same maximum value. The minor differences between the curves are
caused by different spectral resolutions (respectively 6 nm and 200 nm for FTIR
spectrometer and the hyper spectral camera 20). Furthermore, the light source 15 was
less focused than the FTIR spectrometer one.

The similarity of curves C2 with C1, C4 with C3, and C6 with C5 demonstrate the
accuracy of the absorbance curves used by the method according to the invention.

Fig. 8 shows the influence of the observation angle 3, between 40° and 60°, on the
absorbance values A obtained with sample 4 (SiO,, 96 nm). Curve C7 was obtained with
a 40° incidence, curve C8 with 45°, curve C9 with 50°, curve C10 with 55°, and curve C11
with 60°. The larger the observation angle B, the higher the absorbance values A at the
same wavelength A.

This is due to the fact that the larger the incidence angle o, the longer the path of
light within the layer of oxide 122 as shown in Fig. 4. With an incident light Li1 having a
larger incidence angle a1, the path from the incident light Li1 to a collected light Lr1 is
longer than the path between an incident light Li2 and a collected light Lr2, the incident
light Li 2 having a smaller incidence angle o.2.

The observation angle B of 60° has been found optimal as it provides large
absorbance values A, while being easy to implement in the device 10 shown in Fig. 3.

The area under the curve C11 (B equal to 60°) between 8 um and 12 um has
provided the parameter B of sample 4 (SiO2, 96 nm).

The parameters B of all the samples 1 to 12 have been calculated using the same
60° incidence angle o and are represented in Figs. 9 to 11.

In Fig. 9, curve C12 is a linear regression performed on the B parameters of

samples 1 to 4 (SiO) versus thickness E in nm.
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In Fig. 10, curve C13 is a linear regression performed on the B parameters of
samples 5 to 8 (SiO«CHy) versus thickness E in nm.

In Fig. 11, curve C14 is a linear regression performed on the B parameters of
samples 9 to 12 (amorphous TiOz2) versus thickness E in nm.

The correlation coefficient obtained with curves C12 to C14 are respectively 0.9951,
0.991 and 0.9802. This shows that the linear functions corresponding to curves C12 to
C14 allows assessing the thickness E based on the parameter B.

The computer 25, having the experimental points, performs these linear regressions
in order to obtain linear functions for calculating the thickness E based on the parameter B

in a very accurate manner.

Trial 1

A device 10, as previously described, composed of a hyperspectral camera and an
optical fiber and linked to a computer was implemented on an industrial galvanizing line
such as illustrated in figure 1. The hyperspectral camera was placed at the outside of the
annealing furnace 3 inside a protective housing and an optical fiber linked to the
hyperspectral camera was placed inside the annealing furnace 3. More specifically the
optical fiber was placed at the end of the soaking area of the annealing furnace 3.

The method was so used in emission mode.

The strip being annealed was a TRIP 780 as commercialized by ArcelorMittal. This
grade has a high content in Manganese which is easily oxidized.

The atmosphere in the annealing furnace was controlled so as to reach a Dew Point
(DP) likely to imply external oxidation of the strip.

The absorbance curves C15 and C16 obtained with the method according to the
invention are represented in figure 12. In both case, the identified oxide is MnAl>Oa.

Samples of the strip were then taken at the exit of the annealing furnace and
analyzed to determine the composition of the oxide layers. The chemical analysis

confirmed that the oxide layer at the strip surface was composed of MnAl2O4.
Trial 2
A device 10, as previously described, composed of a hyperspectral camera linked to

a computer was implemented on an industrial galvanizing line such as illustrated in figure

1. The hyperspectral camera was placed at the end of the soaking area of the annealing
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furnace 3 inside a protective housing. The hyperspectral camera observes the moving
steel strip.
The method was so used in emission mode. The strip being annealed was a TRIP
780 as commercialized by ArcelorMittal. This grade has a high content in manganese and
silicon which are easily oxidized. The atmosphere in the annealing furnace was controlled
so as to reach a Dew Point (DP) likely to imply external oxidation of the strip. The
absorbance curves C17 and C18 obtained with the method according to the invention are
represented in figure 13.
In both cases, two types of oxides are identified: SiO, at 8 ym and Mn,SiO, at 10-11
pm. Samples of the strip were then taken at the exit of the annealing furnace and
analyzed to determine the composition of the oxide layers. The chemical analysis

confirmed that the oxide layer at the strip surface was composed of SiO, and Mn,SiO,.

Thanks to the above described features, the method according to the invention is
fast and is easily implemented at a production site. The characterization can be
implemented on-line at a production site. The characterization provides accurate
identification of the oxide layer 122 among several reference oxides and a composition of
the layer 22 of the steel strip 2. Optionally, the characterization also provides an accurate
evaluation of the thickness E of the layer 22.

It the device 10 is implemented in the oven or at the exit of the annealing furnace it
allows to determine if the amount and thickness of oxides present on the surface of the
steel strip 2 may induce wettability issues and so to take necessary steps such as
downgrading of the strip.

It the device 10 is installed at the exit of a pickling line it allows to determine if the
pickling step has been efficient to remove all oxides or if an additional pickling step is
necessary.

The characterization step allows working either on a hot product, such as a
product inside an annealing furnace, or on a cold product, such as a product at the exit of
a pickling line.

While various embodiments of the present invention have been described above, it
should be understood that they have been presented by way of example only, and not by
way of limitation. It will be apparent to a person skilled in the relevant art that various
changes in form and detail can be made therein without departing from the spirit and
scope of the invention. Thus, the present invention should not be limited by any of the

above described exemplary embodiments.
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The reference in this specification to any prior publication (or information derived
from it), or to any matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that that prior publication (or
information derived from it) or known matter forms part of the common general knowledge
in the field of endeavor to which this specification relates.

Throughout this specification and the claims which follow, unless the context
requires otherwise, the word "comprise", and variations such as "comprises" and
"comprising”, will be understood to imply the inclusion of a stated integer or step or group
of integers or steps but not the exclusion of any other integer or step or group of integers

or steps.
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CLAIMS

1. Method for the fabrication of a steel product comprising a step of
characterization of a layer of oxides present on a running steel substrate, this step of
characterization comprising the steps of:

— providing a portion of the steel substrate comprising a layer of oxides wherein
the portion defines an oxide surface,

— collecting light (Lr) from said oxide surface using a hyperspectral camera in
order to obtain intensity values (l.m) respectively representative of an intensity of a part
(Lrym) of the collected light (Lr), wherein each part (Lr.m) is respectively collected from
one of a plurality of points (M) located on said oxide surface and respectively has a
wavelength (1) from a plurality of wavelengths (A1, A2, ...),

— comparing the obtained intensity values (l.m) with reference intensity values
(Rx.m) obtained for reference oxides, and

— calculating amounts of reference oxides in the layer,

wherein the step of calculating amounts of reference oxides includes the following
sub steps of:

— calculating reference absorbance values (OA, m), reference surface reflectance
values (OReym) or reference surface transmittance values (OT,m) using the reference
intensity values (R.m), a noise of the hyperspectral camera (D, y), and a white value of
the hyperspectral camera (W, m), and

— calculating absorbance values (A, M), surface reflectance values (Rexm ) or
surface transmittance values (Txwm) using the intensity values (l,m), the noise of the

hyperspectral camera (D, ) and the white value of the hyperspectral camera (W, m).

2. Method according to claim 1, wherein the step of calculating the reference
absorbance values (OA, ) and the absorbance values (Aywm) includes expressing the

reference absorbance values (OA; m) and the absorbance values (Aym) respectively as

—logyg (—R*'M_D*'M) and —log;, (—IA'M_D*'M )

Wim—Dim Wim—Dim

3. Method according to claim 1 or claim 2, comprising a calibration step to

determine the noise D, \ of the hyperspectral camera and the white value W; u.

4. Method according to any one of claims 1 to 3, wherein the step of calculating

amounts of reference oxides includes a baseline correction step.



12 Jul 2019

W

2016333018

10

15

30

35

19

5. Method according to any one of claims 1 to 4, further comprising :

— a step of calculating a parameter representative of a surface of an area located
under a curve, wherein said curve is obtained by plotting the absorbance values (A m)
versus the plurality of wavelengths (A1, A2, ...), and

— a step of calculating a thickness of said layer of oxides, wherein said thickness

is obtained as a function of at least said parameter.

6. Method according to claim 5, wherein said function is linear.

7. Method according to claim 5 or claim 6, further comprising a step of determining
said function for at least one of the reference oxides by using a plurality of reference oxide
samples, wherein the plurality of reference oxide samples respectively comprise a
substrate made of said steel and a layer of said at least one reference oxide deposited on

the substrate, wherein said layers respectively have a plurality of thicknesses.

8. Method according to claim 7, wherein the incident light defines an angle (a) with
a direction that is perpendicular to the oxide surface, and wherein the angle (o) is

comprised between 40° and 80°.

9. Method according to claim 1, wherein the collected light (Lr) and the reference
collected light (Lrr) are obtained by spontaneous emission of light respectively by the

oxide surface and by said surface made of said steel.

10. Method according to any one of claims 1 to 9, wherein the plurality of

wavelengths (A1, A2...) comprises wavelengths ranging from 8 um to 12 um.

11. Method according to any one of claims 1 to 10, wherein all the wavelengths of

the plurality of wavelengths (A1, A2...) are comprised between 8 um to 12 um.

12. Method according to any one of claims 1 to 11, wherein the reference oxides

include one or several of SiO2, SiOxCHy, and amorphous TiO-.

13. Method according to any one of claims 1 to 12, further comprising:

— after completion of the step of characterization of the oxide layer, a step of
comparison of the obtained characterization of the oxide layer with one or several
parameters representative of a specification of the oxide layer in order to obtain at least a

comparison result; and
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— if the comparison result is outside a predetermined range of allowance, an

additional step of correction of the oxide layer.

14. Method according to claim 13, wherein the method is performed at the exit of a

pickling line or an annealing line.

15. Method according to claim 13 or claim 14, wherein the additional step of

correction is a pickling of the steel substrate.

16. A device for characterizing a layer of oxides present on a steel substrate,
comprising:

— a hyperspectral camera adapted for collecting light (Lr) from an oxide surface of
a portion of the steel substrate having a layer of oxides in order to obtain intensity values
(l.m) respectively representative of an intensity of a part (Lr.m) of the collected light (Lr),
wherein each part (Lr.m) is respectively collected from one of a plurality of points (M)
located on said oxide surface and respectively has a wavelength (1) from a plurality of
wavelengths (A1, A2, ...),

— means for comparing the obtained intensity values (I, m) with reference intensity
values (R m) obtained for reference oxides, and

— means for calculating amounts of reference oxides in the layer,

wherein the means for calculating amounts of reference oxides are adapted for:

— calculating reference absorbance values (OA; m), reference surface reflectance
values (OReywm) or reference surface transmittance values (OT,m) using the reference
intensity values (R.m), a noise of the hyperspectral camera (D, v), and a white value of
the hyperspectral camera (W, m), and

— calculating absorbance values (A, M), surface reflectance values (Reym ) or
surface transmittance values (Txwm) using the intensity values (l,m), the noise of the

hyperspectral camera (D, ) and the white value of the hyperspectral camera (W m).

17. The device according to claim 16, further comprising a light source, the light

source being adapted to produce an infrared light.

18. The device according to claim 16 or claim 17, wherein the hyperspectral

camera is a LWIR hyperspectral camera.
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19. Installation for treating a surface of a steel strip, adapted to perform a method
according to any one of claims 1 to 15, and comprising a device adapted to perform the
step of characterization, the steel strip having a steel substrate and a layer of oxides

present on the steel substrate.

20. Installation according to claim 19, the installation being a continuous

galvanizing line or a pickling line.
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