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DESCRIPTION

Field of the invention

[0001] The present invention is related to the electrodeposition of metals on a substrate, wherein an ionic liquid is used as the
electrolyte.

State of the art

[0002] Electrodeposition of metal layers from ionic liquids is known in the art. Document EP1322591 describes for example the
deposition of chrome on steel from an electrolyte composition of CrCI3.6H20-choline chloride (2:1). The adhesion of the Cr layer,
as mentioned in document EP132259, can be unsatisfactory.

[0003] Pretreatment of a substrate before applying a metal coating by means of electrodeposition is known in the art.
Pretreatment can for example be done by etching in an acid, e.g. a dilute sulphuric acid, or by electrochemical etching in an ionic
liquid.

[0004] US2011/0000793 discloses the cleaning of the surface of the substrate by means of electrochemical etching prior to the
deposition process. The cleaning is carried out to remove microscopic bumps, contamination and/or oxide layers from the surface
of the substrate. According to US2011/0000793, the electrochemical etching can be carried out in the same ionic liquid that is
used for coating. This pretreatment can be carried out in a separate bath or in the same bath as in which the deposition of the
metal layer takes place. However, according to US2011/0000793, contamination of the bath in which the deposition takes place
by substances removed from the substrate must be avoided.

Summary of the invention

[0005] The invention is related to a method as disclosed in the appended claims, which provides electrodeposited layers from
ionic liquids and to a metal substrate provided with a metal coating, produced by the method according to at least one of the
claims.

[0006] The invention is in particular related to a method for electrochemical deposition of a metal coating on a metal substrate,
using an ionic liquid as the electrolyte, comprising the steps of :

s Pre-treating the substrate surface by subjecting the substrate to etching in a bath (1) of a suitable etching liquid,
o Depositing said coating by electrochemical deposition in a bath of said ionic liquid.

[0007] The invention aims to provide a method for producing a metal coating.

[0008] When using the method according to claim 1, generally a good adhesion of the coating to the substrate is obtained. It is
likely that the good adhesion of the coating to the substrate as acquired by the process according to the invention is due to the
presence of the transition layer that is formed between the substrate and the metal coating. This transition layer is a co-deposited
layer. The transition layer comprises chemical elements originating from the substrate material (in particular the first metallic
element, Fe) as well as elements of the coating material (in particular the second metallic element, G). The formation of the
transition layer is believed to be due primarily to metal ions of the first metallic element of the substrate that are released into the
ionic liquid in which the pretreatment by etching took place during this pretreatment by etching, a mixture consisting of or
comprising choline chloride and CrCl3 - 6HO . In accordance with the invention, metal ions of the first metallic element remain in
this ionic liquid, preferably in the vicinity of the substrate, after the step of pretreatment by etching. Then the deposition of the
transition layer starts (e.g. by reversing the electrical current), with the metal ions of the first metallic element being incorporated
in the transition layer, together with metal ions of the second element that originate from the ionic liquid.

[0009] So, contrary to what is taught by the prior art, in the method according to the invention the metal ions of the first metallic
element that are removed from the substrate during the pretreatment by etching are not contaminating the ionic liquid in which the
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pretreatment by etching took place, but instead form a useful part of it when this ionic liquid is used for the deposition of a
transition layer.

[0010] In known methods often measures are taken in order to move metal ions that are removed from the substrate during
pretreatment away from the substrate before the electrodeposition of any layer starts. Such measures are for example:
performing the electrodeposition of such a layer in a different bath of ionic liquid than the pretreatment, by rinsing the substrate
after the pretreatment by etching, by generating a strong flow in the ionic liquid over the surface of the substrate after the
pretreatment by etching and/or by creating turbulence in the ionic liquid after the pretreatment by etching. In the method
according to the invention however, metal ions of the first metallic element that are removed from the substrate during
pretreatment by etching remain in the ionic liquid that is used for the pretreatment by etching and for the subsequent deposition
of the transition layer, preferably in the vicinity of the substrate, so that these metal ions of the first metallic element are
incorporated into the transition layer that is deposited before the actual coating that is made of the coating material is depasited.

[0011] So, in the method according to the invention, a method step is present between the pretreatment in which metal ions of
the first metallic element from the surface of the substrate are removed by etching and the electrodeposition of the actual coating,
which coating is mainly composed of the coating material that comprises the second metallic element. This step is the deposition
of the transition layer which contains both the first metallic element and the second metallic element.

[0012] Optionally, the second metallic element is a main component of the coating material, which means that the second metallic
element makes up at least 40wt% of the coating material.

[0013] In accordance with the invention, the pretreatment by etching and the deposition of the transition layer take place in the
same ionic liquid, so, in the ionic liquid that receives the metal ions of the first metallic element that are removed from the
substrate during the pretreatment by etching and from which these metal ions of the first metallic element are used in the
deposition of the transition layer. It is advantageous if at least a number of these metal ions of the first element remain in the
vicinity of the substrate after they have been removed from the substrate during the pretreatment by etching, because this makes
that the transition layer (that contains at least both the first and the second metallic element) is formed in a reliable way and has a
good quality.

[0014] Probably the easiest way of making sure that the metal ions of the first metallic element remain in the vicinity of the
substrate, is to accommodate the ionic liquid in a bath and to carry out both the pretreatment by etching and the deposition of the
transition layer in this bath of ionic liquid. The ionic liquid is preferably not removed from this bath between the pretreatment by
etching and the deposition of the transition layer. Preferably, the substrate is kept in this bath of ionic liquid between the
pretreatment by etching and the deposition of the transition layer. Alternatively, if the substrate is removed from the bath of ionic
liquid between the pretreatment by etching and deposition of the transition layer, the substrate is preferably not rinsed between
the pretreatment by etching and deposition of the transition layer.

[0015] Optionally, the substrate maintains the same position inside the bath of ionic liquid between the pretreatment by etching
and the deposition of the transition layer.

[0016] There is a small flow of ionic liquid over the surface of the substrate during the deposition of the transition layer and
during the deposition of the coating. The flow rate of the ionic liquid over the surface of the substrate is chosen such that it is
small enough to prevent rinsing the ions of the first metallic element from the surface of the substrate, thus ensuring that a
sufficient amount of ions of the first metallic element remain present in the vicinity of the surface of the substrate for the
incorporation into the transition layer. However, the flow rate is large enough to prevent an undesired level of heating of the
substrate and large enough to make sure that a sufficient amount of ions of the second metallic element are provided to the
surface of the substrate for being incorporated into the transition layer or the coating. This means that in general the flow rate will
be selected from the lowest part of the range of the flow rates that are typically used in electrodeposition from ionic liquids, or
even that values will be chosen that are below the lowest part of the range of the flow rates that are typically used in
electrodeposition from ionic liquids. The velocity of the flow relative to the surface of the substrate will be less than 1 m/s.

[0017] The pretreatment by etching takes place by means of electrochemical etching, which a voltage difference is present
between the substrate and a counter electrode. In an embodiment not being part of the invention, the pretreatment by etching is
carried out by chemical etching. In that case, for example the ionic liquid itself functions as a chemical etchant, or additives have
been added to the ionic liquid which cause chemical etching.

[0018] Optionally, the substrate is degreased and/or cleaned before the pretreatment by etching.
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[0019] After the deposition of the transition layer, the coating is deposited onto the transition layer by electrochemical deposition.
The deposition of the coating takes place in a bath of ionic liquid, which ionic liquid contains metal ions of the second metallic
element.

[0020] The deposition of the coating layer can take place in the same bath of ionic liquid as the pretreatment and the deposition
of the transition layer, a mixture consisting of or comprising choline chloride and CrCl3 . 6 HyO , or in a different bath.

[0021] When the deposition of the coating takes place in a different bath of ionic liquid, preferably the same type of ionic liquid is
used for the deposition of the coating as for the pretreatment by etching and the deposition of the transition layer. It is even
conceivable that the ionic liquid that is used in the pretreatment by etching and the deposition of the transition layer is transferred
to the bath in which the deposition of the coating takes place. This transfer is likely to introduce some flow and/or turbulence in
the ionic liquid, making any ions other than those of the coating material become more evenly distributed in the ionic liquid,
reducing their concentration close the substrate, and therewith minimizing the effect of such ions on the composition of the
coating.

[0022] When the deposition of the coating takes place in the same bath as in which the pretreatment by etching and the
deposition of the transition layer have taken place, the ionic liquid that has been used for the pretreatment by etching and the
deposition of the transition layer can be removed from the bath and replaced with fresh ionic liquid before the deposition of the
coating. The fresh ionic liquid can be of the same type as the ionic liquid used in the pretreatment by etching and the deposition
of the transition layer or of a different type. However, in case a different type of ionic liquid is used, it is noted that both the ionic
liquid that is used for pretreatment by etching and deposition of the transition layer and the ionic liquid that is used for depositing
the coating contain metal ions of the second metallic element.

[0023] When the deposition of the coating takes place in the same bath as in which the pretreatment by etching and the
deposition of the transition layer have taken place, the ionic liquid that has been used for the pretreatment by etching and the
deposition of the transition layer can be used for the deposition of the coating as well. Optionally, the flow rate of the ionic liquid
over the surface of the substrate is increased after the deposition of the transition layer, making that during the deposition of the
coating any ions other than those of the coating material are more evenly distributed in the ionic liquid, which reduces their
concentration close to the substrate. This minimizes the effect of such ions on the composition of the coating.

[0024] Experiments have shown that the method according to the invention is suitable for providing a steel substrate, with Fe
being the first metallic element, with a coating with chrome and/or an alloy of chrome and/or chrome in combination with a further
element (e.g. silica or graphite) for example in the form of particles as the coating material, wherein the coating material has
chrome (Cr) as the second metallic element. Optionally, the coating is deposited from an ionic liquid containing ions of chrome(lll).
Optionally, the coating comprises at least 40 wt% of chrome (Cr).

[0025] Optionally, the ionic liquid from which the coating is deposited does not only contain metal ions of the second metallic
element, but also one or more further elements. A further element can be for example present in the form of particles or in the
form of ions. Examples of further elements are silica, e.g. amorphous silica, graphite or for example a third metallic element. Such
a third metallic element optionally is a different element than the first metallic element. Optionally, one or more further element is
incorporated into the coating. For example, the third metallic element is part of the composition of an alloy which is the coating
material. Or, in another example, particles of the further element are incorporated in the coating (e.g. silica particles in a chrome
coating or graphite particles in a chrome coating).

[0026] The effect of improved adhesion of the coating is most prominent when the transition layer has some thickness. For
example, in the situation of the substrate being made of steel and the coating material being or comprising chrome or a chrome
alloy or chrome with a further element, the thickness of the transition layer is preferably at least about 0.15 pm. Generally,
preferably, the thickness of the transition layer is between about 0.15 pm and 5 pm, and more preferably, the thickness of the
transition layer is about 0.3 pm to about 2.5 ym. Thicker transition layers are possible as well. Transition layers of such
thicknesses have shown good results with respect to the adherence of the coating to the substrate.

[0027] By the method according to the invention a transition layer can be obtained which has a composition that changes,
preferably gradually changes, over its thickness. In that case, close to the substrate, the percentage of the first metallic element
in the composition of the transition layer can be rather high, while the percentage of the second metallic element in the
composition of the transition layer is rather low. For example, close to the substrate the first element could be about 80% and the
second element could be about 20% of the composition. On the outside of the transition layer, close to where the actual coating
will be present after its deposition, it can be the other way around: the percentage of the first metallic element in the composition
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of the transition layer could be rather low, while the percentage of the second metallic element in the composition of the transition
layer is rather high. For example, the first element could be about 20% and the second element could be about 80% of the
composition. The ratio between the percentage of the first metallic element and the second metallic element preferably gradually
changes over the thickness of the transition layer.

[0028] It has been found that the electrochemical etching, in which a voltage difference is present between the substrate and a
counter electrode, at least two process parameters of the pretreatment have an influence on the thickness of the transition layer.
These two parameters are the etch time and the current density that is applied during this kind of pretreatment by electrochemical
etching. Besides those two, the deposition time for the transition layer and/or of the transition layer and the coating layer together
can influence the results that are obtained in the method according to the invention. The etch time is the duration of the
pretreatment by etching. The deposition time for the transition layer is the duration of the step of the electrochemical deposition of
the transition layer. The deposition time for the transition layer and the coating layer together is the duration of the method steps
of the electrochemical deposition of the transition layer and the electrochemical deposition of the coating together.

[0029] In general, it has been found that the thickness of the transition layer increases when the etch time increases. The longer
the etch time, the more metal ions of the first metallic element will be released from the substrate, making more of those ions
available for incorporation in the transition layer.

[0030] Experiments have shown that etch times of 5 to 240 seconds result in a transition layer that provides a good adherence
for the coating.

[0031] In general, initially the thickness of the transition layer increases when the level of the current density that is applied
during the pretreatment by electrochemical etching increases. However, after exceeding a certain value of the etch current
density, the thickness of the transition layer seems to decrease again.

[0032] In general, the thickness of the transition layer also increases with the deposition time, although in practice there will be a
maximum, for example depending on the amount of metal ions of the first metallic element that are available for incorporation into
the transition layer.

[0033] In general, the combined thickness of the transition layer and the coating increases when the deposition time for the
transition layer and the coating layer together increases. The thickness of the coating can be increased by increasing the
deposition time for the coating.

[0034] Process parameters of the pretreatment by etching and the deposition of the transition layer may influence the quality of
the coating that is obtained. Process parameters of the pretreatment by etching and the deposition of the transition layer can for
example have an influence on the amount of pitting (in size and in the number of pits in the coating surface) of the coating.

[0035] Experiments have indicated that there seems to be an optimum for the process parameters of the electrochemical
pretreatment, in which a voltage difference is present between the substrate and a counter electrode, in which and the deposition
of the transition layer, in particular for the process parameters etch time and etch current density. The etch time and current
density should be high enough to make sure that enough metal ions of the first metallic element are released from the surface of
the substrate into the ionic liquid to obtain a transition layer with sufficient thickness, and to make sure that any metal oxide skin
on the surface of the substrate is removed to a sufficient extent (too much metal oxide remaining on the surface of the substrate,
over the entire surface or locally, may prevent good adhesion of the coating). On the other hand, the etch time and etfch current
density should not be so high that pitting of the coating occurs beyond an acceptable level, e.g due to locally increased etching of
the surface of the substrate.

[0036] For example, it has been observed that where etch times of 5 to 240 seconds generally result in a good adherence for
the coating layer, pitting of the surface of the coating already starts to occur when etch times of 60 seconds or more are used in
the pretreatment of the substrate by electrochemical etching. At an etch time of 60 seconds up to at least 90 seconds, the pitting
was however still at an acceptable level.

[0037] The etch time and the current density during the pretreatment by electrochemical etching, in which a voltage difference is
present between the substrate and a counter electrode, together influence the intensity of the etching. The longer the etch time,
the more intense the etching process. Also, the higher the current density during the pretreatment by electrochemical etching, the
more intense the etching process. Experiments have shown that pitting of the coating may occur when the pretreatment by
electrochemical etching has been too intense. So, in order to prevent pitting of the coating, either the etch time or the current
density during the pretreatment by etching needs to be limited.
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[0038] The table below indicates a relation between the etch time and a suitable range for the current density in an embodiment

of the invention as was found during experiments:

Etch time Current density range
5 to 20 seconds 7 to 40 A/dm2
40 seconds 7 to 30 A/dm2
45 seconds 510 27 A/dm2
60 seconds 51022 A/dm2
75 seconds 510 15 A/dm2

[0039] In a possible embodiment of the invention, the etch current density of the pretreatment by electrochemical etching is

between 5 Aldm?2 and 22 A/dm?2, the etch time of the pretreatment by electrochemical etching is between 20 seconds and 80
seconds, preferably between 40-60 seconds. In an experiment, this embodiment was carried out with a deposition time for the
electrochemical deposition of the transition layer and the coating together of between 8 and 12 minutes, optionally 10 minutes.
This deposition time however depends on the thickness of the coating that is desired.

[0040] According to the invention, the pretreatment step is an electrochemical etching, in which a voltage difference is present
between the substrate and a counter electrode, and the etching liquid is an ionic liquid, a mixture consisting of or comprising
choline chloride and CrCl3.6h20.

[0041] In an embodiment of the invention, the ionic liquid that is used for the pretreatment by etching may be of the same type as
the ionic liquid used for the deposition of the coating. In the latter case, said pretreatment by etching and the deposition of the
coating may be performed in the same bath of said ionic liquid with the substrate not being removed from said bath between the
pretreatment by etching and the deposition of the coating. The pretreatment by etching and the deposition of the transition layer
take place in the same ionic liquid.

[0042] According to another embodiment, the pretreatment by etching is performed in another bath of ionic liquid than the
deposition of the coating.

[0043] In an embodiment of the invention, the etch current density applied during the pretreatment by electrochemical etching is

between 5 A/ldm? and 150 A/dm? and the etch time is between 5 seconds and 500 seconds in case the electrochemical etching is
of the type where a voltage difference is present between the substrate and a counter electrode.

[0044] According to a more specific embadiment, the etch current density is between 5 Adm? and 100 A/dm? and/or the etch
time is between 5 seconds and 400 seconds. According to a further embodiment, the etch current density is between 5 Aldm? and
50 A/dm? andfor the etch time is between 5 seconds and 250 seconds. According to a further embodiment, the etch current

density is between 5 A/dm? and 40 A/dm2, optionally between 5 Aidm? and 35 Aldm2.

[0045] According to an embodiment, at least in a portion of the range for the etch time, the etch current density is between 5

A/dm? and a value that is decreasing, optionally linearly decreasing, as a function of increasing etch times.
[0046] According to an embodiment, the substrate is not rinsed in between the etching step and the deposition step.

[0047] According to the invention, the metal coating applied in the method of the invention is a chrome coating or a chrome alloy
coating or a coating comprising chrome and at least one further element. In particular, the coating material may be deposited from
an ionic liquid containing ions of chrome(lll). In an embodiment, the said ionic liquid that is used is a mixture consisting of or
comprising choline chloride and CrCI3.6H20, which ionic liquid may be used for etching and for deposition of the coating.
Optionally, such an ionic liquid contains further additives.

[0048] Alternatively, an ionic liquid as described in WO2007/093574 or in W0O2009/016189 may be used in embodiments of the
invention, for example an ionic liquid in the form of a mixture of choline chloride and choline saccharinate.

[0049] In the method of the invention, the substrate onto which a coating is applied is a steel substrate.
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[0050] Also described is a metal substrate provided with a metal coating, produced by the method according to the invention, the
substrate comprising a first metallic element being the main component of said substrate, and the coating comprising a second
metallic element, said second metallic element preferably being the main component of the coating, wherein a transition layer is
present between the substrate and the coating, said transition layer having a thickness, and wherein the concentration of the first
metallic element changes from a high value to a low value, preferably according to a gradually decreasing profile, from the
substrate towards the coating, and wherein the concentration of the second metallic element changes from a high value to a low
value, preferably according to a gradually decreasing profile, from the coating towards the substrate.

Brief description of the figures

[0051]
Figure 1 is a schematic representation of the tools required in the method of the invention.

Figure 2 is a SEM (Scanning Electron Microscope) picture showing the combination of the formed transition layer, together with
the EDX (Energy-dispersive X-ray spectroscopy) profile, showing the quantitative analysis of several elements (like Fe, Cr, O,
etc.), in the method of the invention applied for depositing a chrome coating.

Figure 3 is a graph representing the thickness of the transition layer as a function of the efch time, for various etch current
densities, in the method of the invention applied for depositing a chrome coating.

Figure 4 is a graph representing the thickness of the transition layer as a function of the etch current density for various values of
the etch time, in the method of the invention applied for depositing a chrome coating.

Figure 5 shows a suitable combination of parameters in terms of the etch time and etch current density, in which good adhesion is
combined with good surface quality of a Cr coating obtained by the method of the invention.

Detailed description of the invention

[0052] According to the invention, an etching step is performed as a pretreatment on a steel substrate to be coated, before the
deposition of a metal coating on said substrate. At least the deposition step is executed by submerging the substrate in a bath of
an ionic liquid, said ionic liquid being the source or at least one of the sources of the metal that forms the coating. The etching
step is performed by submerging the substrate in an ionic liquid, a mixture consisting of or comprising choline chloride and CrCl3.
B8H20, to thereby dissolve a portion of at least one metallic element, Fe, contained in the substrate. The liquid is an electrolytic

liquid, and the etching is an electrochemical etching.

[0053] The electrochemical etching takes place by applying a voltage difference between the substrate and a counter-electrode,
being submerged together with the substrate in a bath of the electrolyte.

[0054] For the electrochemical deposition.

[0055] The substrate is submerged together with a counterelectrode in said ionic liquid and an external voltage is applied
between the substrate and the counter-electrode, resulting in the electrodeposition of a metal coating, the main constituent
element and/or an other element of said coating originating from the metal ions present in the ionic liquid (or possibly,
alternatively or in addition to the ionic liquid, from a soluble counter-electrode).

[0056] According to a preferred embodiment, the pretreatment by etching and deposition of the transition layer on the one hand,
and deposition of the coating on the other hand take place in the same type of ionic liquid. This means for example one of the
following options :

e pretreatment by etching and deposition of the transition layer as well as deposition of the coating are performed in the
same bath of ionic liquid, without removing the substrate from the bath in between etching and deposition of the transition
layer and also not between the deposition of the transition layer and the deposition of the coating,

o pretreatment by etching and deposition of the transition layer are performed in a different bath of an ionic liquid than the
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deposition of the coating, the ionic liquid in the first and second bath being the same,

s pretreatment by etching and depasition of the transition layer are performed in a different bath of an ionic liquid than the
deposition of the coating, the major components (i.e. components present above impurity level) of the ionic liquid in the first
and second bath being the same, but the concentration of said major components being different,

[0057] The ionic liquid consists of or comprises a mixture of choline chloride and CrCI3.6H20 and the steel substrate may be a
steel sheet or strip, or any other substrate, such as a steel roll. The aim is then to form a chrome coating on the steel substrate,
by electrodeposition from a bath of said mixture. In the present description, the term ‘chrome coating' is to be understood as a
coating comprising Cr, optionally as a main component, including pure Cr coatings as well as Cr-alloy coatings and coatings
comprising Cr in combination with a further element, e.g. comprising Cr and silica and/or Cr and graphite.

[0058] Figure 1 shows a schematic view of the required elements for performing an electrochemical etching and deposition
according to the invention. A bath 1 filled with the ionic liquid 2 is provided. The substrate 3 to be coated is inserted in the liquid
bath, and a counterelectrode 4 is equally inserted in the bath. In the case of a Cr-deposition on steel, the counterelectrode may
be a chrome or chrome alloy electrode or an inert anode, such as a so-called Dimensionally Stable Anode (DSA) as known in the
art or a combination of both. A power source 5 is connected to the substrate and to the counterelectrode, and is configured to be
able to apply a positive or negative voltage difference between the two. For depositing the coating on a metal substrate, the
substrate is connected to the negative terminal of the power source and the counter electrode is connected to the positive
terminal. For etching the steel, i.e. removing Fe and/or oxides from the surface of the steel substrate, the connections are
reversed. The electrochemical reactions that are at the basis of these phenomena are known to any person skilled in the art, and
will not be described in detail here. Both the etching and deposition steps are preferably taking place in the same type of ionic
liquid, optionally in the same bath, and preferably without removing the substrate from the bath in between the method steps.
When the substrate is removed in between the steps, it is preferably not rinsed between said steps. It was found that with the
method according to the invention, it is possible to obtain a good adhesion of the coating.

[0059] Current density and efch time are relevant parameters in the pretreatment by electrochemical etching of the type in which
a voltage difference is present between the substrate and the counter electrode. The etch current density is preferably between 5

and 150 A/dm?2. According to another embodiment, the current density is between 5 and 100 Aldm?. According to further

embodiments, the current density is between 5 and 50 A/dmz, between 5 and 40 A/dm2, optionally between 5 and 35 Aldm?2. The
etch time is preferably between 5 seconds and 500 seconds, or according to further embodiments: between 5 seconds and 400
seconds or between 5 seconds and 250 seconds.

[0060] By the method of the invention, generally metal coatings with good adhesion are obtained, as can be demonstrated by
tests wherein the coating remains adherent to the substrate or not when a strip-shaped substrate is subjected to a bending test
(described in more detail further in this description). It is clear to the skilled person that the above-described ranges for the
current density may also be expressed in an equivalent way as ranges for the voltage difference between the substrate and the
counter-electrode. It is also clear that the preferred conditions in terms of the current density can be applied by a potentiostatic
setup (constant voltage difference) as well as by a galvanostatic setup (constant current). In the first case, a constant potential is
maintained so that the current density may change during the etching or deposition. It can be easily verified however whether or
not the current density, while not remaining constant, does remain within the boundaries given above.

[0061] It is likely that the improved adhesion is due to the presence of a transition layer, which is a co-deposited layer that is
formed between the substrate and the metal coating. The transition layer comprises chemical elements originating from the
substrate material (the first metallic element) as well as elements of the coating material (the second metallic element), as can be
seen on the SEM picture in Figure 2 in the case of Cr-coating deposited on a steel substrate : the Fe signal is slowly decreasing
from the substrate into the Cr layer, while the Cr signal is increasing. In fig. 2, the Cr layer is the coating that is deposited after the
deposition of the transition layer. As tested by the inventors in the case of Cr-deposition on a steel substrate electrodeposited
from a mixture comprising choline chloride and CrCI3.6H20 : when the substrate is taken out of the bath and thoroughly rinsed
after the pretreatment and before performing the deposition in another ionic liquid bath, no transition layer is formed. When the
substrate is not rinsed after etching and the deposition is again performed in another liquid, a transition layer does form. The
formation of the transition layer is believed to be due primarily to the metal ions of the substrate remaining in the ionic liquid in
which the pretreatment by etching took place, in particular in the vicinity of the substrate after the pretreatment by etching. It is
therefore preferable not to rinse the substrate in between the etching and deposition steps, when the substrate is taken out of the
etching bath and reintroduced into the same or another bath for the deposition step.
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[0062] It was found that the thickness of the transition layer depends on the etch time and on the etch current density of the
pretreatment by electrochemical etching. As a function of the etch current density and for a fixed etch time, the thickness of the
transition layer reaches a maximum value above which the quality of the metal coating may deteriorate through the formation of
pits in the surface. Therefore, within the larger boundaries for the etch time and the current density as defined above, there may
be preferred ranges for these parameters that ensure good adhesion as well as good coating surface quality.

[0063] The above findings are hereafter illustrated for the case of a chrome coating deposited on a steel substrate from a
mixture comprising choline chloride and CrCI3.6H20 (at a molar ratio of 2:1). The deposition time of the transition layer and
coating together was 10 minutes or 5 minutes. The temperature during the pretreatment was 40°C (in general said temperature is
preferably between 30 and 60°C). The counter-electrode was a chrome electrode. In a first experiment, the etch time was varied,
for a number of fixed values of the current density during etching. In between the etching and the deposition step, the substrate
remained in the ionic liquid bath. The adhesion of the resulting layer was tested by bending a coated sample up to 180°,
according to the known 0T bending test (according to Standard NBN EN 13523-7). After bending, the surface on the top of the
bend was inspected in order to see if the coating was still present and well-adhering. Also the surface appearance of the coating
was assessed.

[0064] As can be seen in Figure 3, the thickness of the transition layer increases as a function of the etch time. Without the
pretreatment, the bending test is not passed successfully, in that the coating becomes detached from the substrate at the bend,
even at 90° bending angle. The coating is thus not adherent. For etch times between about 5 seconds and about 240 seconds,
the coating adheres well to the substrate, however above 60 seconds the quality of the coating begins to deteriorate, with pits
forming in the coating surface. The size and/or the amount of the pits increases with the etch time. The pits are not formed during
the bending of the sample but are already present on the complete coated surface after the coating process. The adhesion of the
coating remains good above 60 seconds etch time in the pretreatment by etching.

[0065] A further experiment was conducted, wherein the etch current density was varied in the pretreatment by electrochemical
etching, for a number of constant etch times. The results are summarized in figure 4.

[0066] In this experiment, the thickness of the transition layer reached a maximum at a current density value that is dependent on
the etch time and the deposition time: for an etch time of 60 seconds and a deposition time of 10 minutes for the transition layer

and coating together, the maximum current density is at about 22A/dm2, and this maximum shifts to higher current density values
for lower etch times and for lower deposition times (as seen from the curve corresponding to 5 minutes deposition time, for
transition layer and coating together). Which deposition time for the coating will be chosen when the method according to the
invention is used will however in practice depend on the thickness of the coating layer that is desired. The desired coating
thickness will depend on the type of part that is to be provided with the coating and the envisaged use of that part. For some
parts, a coating thickness of a few micrometers will be sufficient, while for other parts for example a coating thickness of about 30
um or about 50 pm will be desired. Generally, the longer the deposition time for the coating, the thicker the coating will be.

[0067] Figure 5 is a graph that summarizes the coating quality data for the Cr-coated samples of the experiments mentioned
above, wherein the deposition time was 10 minutes for transition layer and coating together. The quality of the coating was
evaluated by visual and microscopic inspection. The number of observed pits was counted and the average size of them was
measured. The product of these two factors is depicted as the bubble size in Figure 5, i.e. the larger the bubble, the worse the
quality. The samples where no pits or cracks were observed received also a small value in this graph, since otherwise they would
be invisible. These values are marked as the full gray circles (with legend "Coating OK"). In this graph the quality of the bended
coating is shown as a function of the applied etch time and etch current density.

[0068] It can be seen in Figure 5 that for these experiments a process window is existing where an acceptable quality is reached.
According to this window, the etch time must be lower than about 80 to 90 seconds, with the maximum etch time becoming lower
for increasing current densities. If the etch time and the etch current density are too low, the surface may be not pretreated well
enough (e.g. not all oxides removed) and/or not enough ions of the first metallic element are released into the ionic liquid, which
leads to locations with less adhesion (which can for example be observed as pits or small cracks) and/or the transition layer being
too thin. At higher etch times and/or etch current densities (i.e. outside the allowable area), the substrate is locally etched, which
leads to formation of pits, while the adhesion still remains acceptable.

[0069] Numerically, the allowable area may be described as follows: each etch time has a minimum and maximum current density.
For etch times between 5 seconds and 20 seconds, the minimum current density is 7 A/dm? and the maximum current density is
40A/dm?2. At 40 seconds, the minimum current density is 7 Aldm? and the maximum current density is 30A/dm2. At efch times

between 20 seconds and 40 seconds, the maximum current density decreases from 40 to 30 A/dm2. At etch times over 40
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seconds up to about 90 seconds, the minimum current density becomes about 5 A/dm2. At 45 seconds etch time, the maximum
current density is about 27A/dm2; at 60 seconds etch time the maximum current density is about 22A/dm? and at 75 seconds, the

maximum current density is about 15 A/dm?2. At etch times between 40 seconds and about 80 to 90 seconds, the value for the
maximum current density may be estimated by linear interpolation between the abovenamed values.

[0070] Several experiments have been conducted to demonstrate the effects of the invention. Two of these experiments and
their results will be described below:

Experiment 1

[0071] In this experiment, the influence of the etch time during the pretreatment by electrochemical etching has been
investigated.

[0072] A steel substrate was subjected to the method according to the invention, so the first metallic element was Fe (iron). A
chrome coating was deposited on the steel substrate from Cr(lll)-ions, so Cr was the second metallic element.

[0073] The same ionic liquid was used for pretreatment by electrochemical etching, for depositing the transition layer and for
deposition of the coating. The ionic liquid was a mixture comprising choline chloride and CrCI3.6H20. The substrate was not
removed from the bath between pretreatment by electrochemical etching and deposition of the transition layer, and also not
between the deposition of the transition layer and deposition of the coating. No rinsing of the substrate took place between any of
the method steps according to the invention.

[0074] After the deposition of the coating, the substrate was subjected to a 0T-bending test (according to Standard NBN EN
13523-7), in which the substrate was bent up to 180°. The coating and its adherence to the substrate were inspected after this
bending.

[0075] In this experiment, the following values for the process parameters have been used:

o FEtch time: varied between 0 seconds (no etching) to 240 seconds
¢ Etch current density: 11 Aldm?

e Current density during deposition of the transitional layer and the coating: 20 Adm?
¢ Deposition time of transition layer and coating together: 5 minutes.

[0076] The following results were obtained:

Etchtime Thickness of transition  §Thickness of transition layer +  {Results of bending test / adhesion of

(seconds) layer (um) coating (um) coating

0 0 5.5 coating has broken away completely;
no coating left after bending

10 04 55 coating OK, adhesion OK

30 0.61 55 coating OK, adhesion OK

60 0.82 55 coating OK, adhesion OK

120 1.21 55 small pits in coating, adhesion OK

240 2.24 55 larger pits in coating, adhesion OK

Experiment 2:

[0077] In this experiment, the influence of the etch time during the pretreatment by electrochemical etching has been
investigated.
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[0078] A steel substrate was subjected to the method according to the invention, so the first metallic element was Fe (iron). A
chrome coating was deposited on the steel substrate from Cr(lll)-ions, so Cr was the second metallic element.

[0079] The same ionic liquid was used for pretreatment by electrochemical etching, for depositing the transition layer and for
deposition of the coating. The ionic liquid was a mixture comprising choline chloride and CrCI3.6H20. The substrate was not
removed from the bath between pretreatment by electrochemical etching and deposition of the transition layer, and also not
between the deposition of the transition layer and deposition of the coating. No rinsing of the substrate took place between any of
the method steps according to the invention.

[0080] After the deposition of the coating, the substrate was subjected to a 0T-bending test (according to Standard NBN EN
13523-7), in which the substrate was bent up to 180°. The coating and its adherence to the substrate were inspected after this
bending.

[0081] In this experiment, the following values for the process parameters have been used:

e Etch time: 60 seconds
e Efch current density: varied between 0 Adm? (no etching) and 33 Adm?

¢ Current density during deposition of the transitional layer and the coating: 20 Adm?
s Deposition time of transition layer and coating together: 5 minutes.

[0082] The following results were obtained:

Etch current density { Thickness of transition {Thickness of transition layer +  {Results of bending test / adhesion of

(A/dmz2) layer (um) coating (M) coating

0 0 5.5 coating has broken away completely;
no coating left after bending

6 0.7 6.7 coating OK, adhesion OK

11 0.82 55 coating OK, adhesion OK

17 15 6.5 coating OK, adhesion OK

22 1.8 6.1 coating OK, adhesion OK

28 22 7.64 small pits in coating, adhesion OK

33 1.1 6.8 larger pits in coating, adhesion OK

[0083] Also described are a method and metal substrate as defined by the following clauses:

Clauses:

[0084]

1. 1. A method for electrochemical deposition of a metal coating on a metal substrate (3), using an ionic liquid (2) as the
electrolyte, comprising the steps of:
o Pre-treating the substrate surface by subjecting the substrate to etching in a bath (1) of a suitable etching liquid,
o Depositing said coating by electrochemical deposition in a bath of said ionic liquid,
2. 2. The method according to clause 1, wherein said etching step is an electrochemical etching step and wherein said
etching liquid is an ionic liquid.
3. 3. The method according to clause 2, wherein the etching liquid is an ionic liquid of the same type as the ionic liquid used in
the deposition step.
4. 4. The method according to clause 3, wherein said etching and said deposition steps are performed in the same bath of
said ionic liquid and wherein the substrate is not removed from said bath between the etching step and the deposition step.
5. 5. The method according to clause 2 or 3, wherein the etching step is performed in another bath of ionic liquid than the
deposition step.
6. 6. The method according to any one of clauses 2 to 5, wherein the etch current density applied during said pretreatment

10



DK/EP 2859138 T3

step is between 5 A/dm? and 150 A/dm? and the etch time is between 5s and 500s.

7. 7. The method according to clause 6, wherein the etch current density is between 5 A/dm2 and 100 A/dm?2 and/or the etch
time is between 5s and 400s.

8. 8. The method according to clause 6, wherein the etch current density is between 5 A/dm? and 50 A/dm? and/or the etch
time is between 5s and 250s.

9. 9. The method according to clause 8, wherein the etch current density is between 5 Adm? and 35 A/dm?.
10. 10. The method according to any one of clauses 6 to 9, wherein at least in a portion of the range for the etch time, the etch

current density is between 5 Adm? and a value that is linearly decreasing as a function of increasing etch times.

11. 11. The method according to any one of the preceding clauses, wherein the substrate is not rinsed in between the etching
step and the deposition step.

12. 12. The method according to any one of clauses 1 to 11, wherein said metal coating is a chrome coating or a chrome alloy
coating.

13. 13. The method according to clause 12, wherein the same ionic liquid is used for etching and for deposition, said ionic
liquid being a mixture consisting of or comprising choline chloride and CrCI3.6H20.

14. 14. The method according to any one of the preceding clauses, wherein said substrate is a steel substrate.

15. 15. A metal substrate provided with a metal coating, produced by the method according to any one of the preceding
clauses, the substrate comprising a first metallic element being the main component of said substrate, and the coating
comprising a second metallic element being the main component of the coating, wherein a transition layer is present
between the substrate and the coating, said transition layer having a thickness, and wherein the concentration of the first
metallic element changes from a high value to a low value according to a gradually decreasing profile from the substrate
towards the coating, and wherein the concentration of the second metallic element changes from a high value to a low
value according to a gradually decreasing profile from the coating towards the substrate.
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Patentkrav

1. Fremgangsmade til elektrokemisk aflejring af en metalbeleegning pa et me-
talsubstrat (3) ved brug af en ionisk veeske som elektrolytten, hvilket substrat om-
fatter et farste metallisk element, som er substratets hovedkomponent, og hvilken
belaegning er hovedsagelig sammensat af et belaegningsmateriale, hvilket be-
laegningsmateriale omfatter et andet metallisk element, hvorved substratet er et
stalsubstrat, og det farste metalliske element er jern (Fe), og

hvorved det andet metalliske element er chrom (Cr),

hvilken fremgangsmade omfatter falgende trin:

- forbehandling af substratoverfladen ved at udseaette substratet for en elek-
trokemisk aetsning i en ionisk vaeske, hvilken ioniske vaeske indeholder det
andet metalliske elements metalioner, under hvilken aetsning der fiernes det
forste metalliske elements metalioner fra substratet, hvilket fgrste metalliske
elements metalioner modtages af den ioniske vaeske, hvilken ioniske vaeske
er en blanding bestaende af eller omfattende cholinchlorid og CrCI3.6H20,
hvorved den elektrokemiske aetsning foregéar ved at pafere en spaendings-
differens imellem substratet og en modelektrode, som sammen er neddyp-
pet med substratet i et bad af elektrolytten,

- aflejring af et overgangslag pa substratet ved elektrokemisk aflejring fra
den ioniske veeske, hvilken ioniske vaeske indeholder det fgrste metalliske
element metalioner, som blev fiernet fra substratet under aetsningen, og det
andet metalliske elements metalioner, hvor bade metalionerne fra det forste
metalliske element og metalionerne fra det andet metalliske element er in-
korporeret i det overgangslag, som er aflejret pa substratet, hvorved sub-
stratet neddyppes sammen med en modelektrode i den ioniske vaeske, og
der pafgres en ekstern spaending imellem substratet og modelektroden re-
sulterende i elektroaflejring af en metalbelaegning,

- aflejring af belaegningen pa overgangslaget ved hjaelp af elektrokemisk af-
lejring af en ionisk vaeske, som indeholder det andet metalliske elements

elektroner, hvorved substratet neddyppes sammen med en modelektrode i
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2

den ioniske veeske, og der paferes en ekstern spaending imellem substratet

og modelektroden medferende elektroaflejringen af en metalbelaegning,

hvorved der tilvejebringes en stregm af ionisk vaeske hen over substratets over-
flade under aflejringen af overgangslaget og under aflejringen af belaegningen,
hvorved strammens hastighed i forhold til substratets overflade er mindre end 1

m/s.

2. Fremgangsmade ifglge ethvert af de foregaende krav,

hvorved den ioniske veeske, der anvendes til forbehandling og til aflejring af over-
gangslaget, er til stede i et bad (1), og hvorved forbehandlingstrinnet og trinnet
med hensyn til aflejring af overgangslaget foregar i den ioniske vaeskes bad.

3. Fremgangsmade ifglge krav 2,
hvorved substratet forbliver i badet (1) imellem forbehandlingen og trinnet med
hensyn til aflejring af overgangslaget.

4. Fremgangsmade ifelge ethvert af de foregaende krav,
hvorved substratet ikke skylles imellem forbehandlingstrinnet og trinnet med hen-
syn til aflejring af overgangslaget.

5. Fremgangsmade ifglge krav 2,

hvorved trinnet med hensyn til aflejring af belaegning foregar i et andet bad af
ionisk vaeske end det bad, hvori forbehandlingen og aflejringen af overgangslaget
er blevet foretaget.

6. Fremgangsmade ifglge ethvert af de foregaende krav,

hvorved trinnet med hensyn til aflejring af belaegningen foregar i samme ioniske
vaeske som den, hvori forbehandlingen og aflejringen af overgangslaget er blevet
udfert.

7. Fremgangsmade ifglge ethvert af de foregaende krav,
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hvorved det andet metalliske element er til stede i den ioniske veeske i form af
chrom(l11) (Cr(lll)).

8. Fremgangsmade ifelge krav 7,

hvorved den ioniske veeske omfatter additiver.

9. Fremgangsmade ifglge ethvert af de foregaende krav,
hvorved det aflejrede overgangslag har en tykkelse pa imellem ca. 0,15 um og
ca. 5 ym, fortrinsvis imellem ca. 0,3 yum og 2,5 pm.

10. Fremgangsmade ifglge ethvert af de foregaende krav,
hvorved en procesparameter i forbindelse med forbehandlingen ved aetsning er
getstiden, hvilken aetstid er imellem 5 sekunder og 240 sekunder.

11. Fremgangsmade ifglge ethvert af de foregaende krav,

hvorved en procesparameter i forbindelse med forbehandlingen ved elektroke-
misk aetsning er aetsstrgmstaetheden, hvilken aetsstrgmstaethed er imellem 5
A/dm? og 22 A/dm?, og hvorved en anden procesparameter i forbindelse med
forbehandlingen ved elektrokemisk aetsning er aetstiden, hvilke aetstid er imellem
20 sekunder og 80 sekunder, fortrinsvis imellem 40 sekunder og 60 sekunder.

12. Fremgangsmade ifglge ethvert af de foregaende krav,
hvorved aetsstremstaetheden ved forbehandlingen ved hjeelp af elektrokemisk
aetsning er imellem 5 A/dm? og 40 A/dm?, eventuelt imellem 5 A/dm? og 35 A/dm?.

13. Fremgangsmade ifglge ethvert af de foregaende krav,

hvorved i det mindste i en del af intervallet for aetstiden ved forbehandlingen ved
hjeelp af elektrokemisk aetsning er aetsstremstaetheden imellem 5 A/dm? og en
veerdi, som er aftagende, eventuelt lineaert aftagende, som funktion af tiltagende

tstider.

14. Fremgangsmade ifalge krav 1,
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hvorved eetsstremsteetheden har en veerdi i et interval imellem en minimum
stremtaethed og en maksimum stremteethed, og

hvorved, for eetstider over 40 sekunder og op til ca. 90 sekunder, er minimum
stremteetheden ca. 5 A/dm?,

hvorved, for aetstider imellem ca. 5 sekunder og op til 40 sekunder, er minimum
strgmtaetheden ca. 7 A/dm?, og

hvorved, for aetstider imellem ca. 5 sekunder og ca. 20 sekunder, er maksimum
stremteetheden ca. 40 A/dm?,

hvorved, for en aetstid pa ca. 40 sekunder, er maksimum strgmteetheden ca. 30
A/dm?,

hvorved, for en getstid pa ca. 45 sekunder, er maksimum strgmteetheden ca. 27
A/dm?,

hvorved, for en getstid pa ca. 60 sekunder, er maksimum stremteetheden ca. 22
A/dm?,

hvorved, for en aetstid pa ca. 75 sekunder, er maksimum strgmteetheden ca. 15
A/dm?.
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FIG. 1
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FIG. 2
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