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(57) The invention relates to a method for applying
a multifunctional layer on a substrate. Accordingly said
layer is applied by means of a process by using an aque-
ous solution that comprises a POM and/or a crack-heal-
ing agent, which POM and/or a crack healing agent is/are
incorporated in said layer during said process to obtain
a self-healing layer. Generally, said substrate comprises
a metallic substrate, preferably a non-ferrous metallic
substrate, and most preferably Al, Mg, Ti and alloys there-
of. Said POMs are heteropolyanions of the type (Xn-
MmOy)x-, in which X=Si, P, Ce, B, Mn and in which M=Mo,
W or V and y>1, m>1 and n≤m and x indicates the valence
of the polyanion. A Keggin-type POM is preferred. Said

crack-healing agent is selected from particles of mixed
oxides, clay particles, metallic oxide/epoxy resin micro-
spheres, or a mixture thereof. Preferably said POMs are
supported by media selected from insoluble micro- or
nanoparticles (e.g. SiO2) or polymer capsules. The ap-
plication of said layer occurs by means of conventional
anodising, hard anodising, plasma electrolytic oxidation,
or electro(less) deposition. Further the invention relates
to said POM and/or a crack-healing agent. Finally, the
present invention relates to a coated substrate, obtained
by the method according to the invention.
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Description

[0001] The present invention relates to a method for
applying a multifunctional layer on a substrate. The in-
vention also relates to an aqueous solution comprising
a polyoxometalate (POM) and/or a crack-healing agent.
The invention further relates to a coated non-ferrous sub-
strate, preferably a coated non-ferrous metallic substrate
obtained by the method according to the invention.
[0002] Methods to produce multifunctional layers (i.e.
layers with at least two engineering properties) are known
in the state of the art and include hard anodising (HA),
plasma electrolytic oxidation (PEO), electro(less)depo-
sition. The layers obtained are amorphous/crystalline ox-
ides (HA/PEO) or metallic layers (electro(less)deposi-
tion) and have very good properties of hardness, wear
(abrasive and adhesive), non-stick properties, etc. Extra
treatment steps are often applied to further enhance the
corrosion resistance or lubrication properties. For exam-
ple, a method to apply a multifunctional layer is known
from US patent 3622473. In this patent, a process is de-
scribed for anodic oxidation of aluminium in an electrolyte
to produce a durable oxide film thereon from 1-20 Pm,
followed by application of a resin coating by electrodepo-
sition and curing of this resin coating.
[0003] A disadvantage of the method of the state of
the art is that in case of cracking of the resulting multi-
functional layer, the underlying metal substrate may be-
come exposed to the outer environment, in this way lead-
ing to local corrosion. This can be catastrophic for the
product as is the case of coated magnesium alloys when
severe galvanic corrosion occurs. Another disadvantage
of the method of the state of the art is that in case of a
crack of the resulting layer, this cannot be healed and
remains as a weak area in the layer. The layers men-
tioned above from the state of the art are prone to crack-
ing due to their brittleness, internal stresses, different co-
efficient of thermal expansion relative to the substrate,
service conditions.
[0004] The aim of the invention is to provide a method
for applying a multifunctional layer on a substrate that
overcomes at least one of the problems mentioned
above. This aim is reached by a method according to
claim 1. This method is characterised in that the layer is
applied by means of a process by using an aqueous so-
lution that comprises a POM and/or a crack-healing
agent, which POM and/or a crack healing agent is/are
incorporated in said layer during said process to obtain
a self-healing layer.
[0005] The invention proposes the incorporation of two
types of healing agents during layer growth/deposition.
For corrosion, POMs are proposed as healing agents.
For cracking, several types of crack-healing agents are
provided. According to the invention, protecting layers
can result that comprise only POMs or only crack-healing
agent or both POMs and crack-healing agents as healing
agents.
[0006] POMs represent a distinct class of complex

metal oxygen anions with general formulae [MmOy]p- or
[XnMmOy]x- (n ≤ m, m and n >1) in which M (addenda
atom) is a transition metal from the group Mo, V, W, and
more rarely Nb, Ta in their highest oxidation state (the
highest valence) and the heteroatom X can be almost
any element from the periodic table except the rare gas-
es.
[0007] These POM-complexes have a series of attrac-
tive properties that make them suitable for numerous ap-
plications such as catalysis, medicine, sensors, dopants,
dyes/pigments, separations, clinical analysis, food
chemistry, waste degradation, etc. These properties in-
clude: high stability of their redox states, adsorption abil-
ity on solid surfaces, multiple redox reactions without ma-
jor changes in their structure, tunability of their redox po-
tential by changing the heteroions and/or addenda ions
without affecting their structure, multiple electron trans-
fer, fully oxidized compounds, large size, non-toxic prop-
erties, etc.
[0008] The use of POMs for protecting a metal layer
is known from the state of the art (Frontiers in Bioscience
9, 1759-1770, May 1, 2004, p1792). However, in the state
of the art POMs are used as coatings per se on metallic
substrates. The coatings are produced by immersion of
the substrate in aqueous solutions containing POMs (i.e.
chemical conversion coatings). According to the inven-
tion, the POMs are incorporated in a layer during layer
growth/deposition.
[0009] In a preferred embodiment of the invention, the
method according to claim 1 is characterised in that said
substrate comprises a metallic substrate, more pre-
ferred, a non-ferrous metallic substrate. Metallic sub-
strates are commonly used in the fields of application of
the present invention. Examples of the non-ferrous metal
forming the substrate are Al, Mg, and Ti and the alloys
thereof. Depending on the process used for layer growth/
deposition, other metals can also be included. For exam-
ple, in the process of electroless and electrodeposition,
as described below, also Fe, Cu and their alloys can be
used.
[0010] As will be more substantiated below, the type
of aqueous solution in the present invention depends on
the process used for layer growth/deposition, i.e. it can
be either an anodizing electrolyte (HA/PEO), an electro-
less solution or the electrolyte used in the electrodepo-
sition process.
[0011] According to the present invention, a method is
provided in which the POMs in the aqueous solution are
heteropolyanions of the type [XnMmOy]x- in which X = Si,
P, Ce, B, Mn and M = Mo, W, V and in which y > 1, m >
1 and n ≤ m. Examples of POMs include (SiMo12O40)4-,
(CeMo12O42)8-, (SiW12O40)4-, (PW12O40)3-. However,
the POMs to be incorporated in the layers are not limited
to these mentioned above and other POMs or combina-
tions thereof may also be included. Use of the POMs in
the method according to the invention provides a stable
layer. It provides excellent corrosion protection, as known
in the state of the art.
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[0012] In a preferred embodiment, the POM is
(XM12O40)x-. These are called Keggin-type POMs and
represent the most studied and important class of POMs
due to their high (thermal) stability and availability.
[0013] The trigger for POMs to react is the presence
of (hydrothermal) corrosive environments (e.g. presence
of Cl-, SO4

2-). The mechanism involves the ability of the
POM to accept electrons from the corrosive ions, in this
way inactivating these ions before reaching the underly-
ing substrate. The valence of the transition metal present
in the POM decreases, e.g. from VI to V, IV or III. How-
ever, the reduced form of POM can be oxidized in air to
regenerate the initial state, the highest oxidation state,
without changing its structure. In this way, a multiple self-
healing effect is ensured. This multiple self-healing effect
involves that the POM can react again for more succes-
sive times.
[0014] The present invention proposes that in addition
to POM, crack-healing agents are included in the layers.
These have the possibility to fill-in the local cracks or
defects that might appear during the service life of the
product. Thereto also crack-healing agents have to be
present in the solution according to the invention. The
trigger to initiate crack healing is the appearance of a
crack in the presence or absence of a hydrothermal en-
vironment. In the presence of a hydrothermal environ-
ment, the healing agent undergoes chemical or physical
reactions with formation of new products with increased
volume. In the absence of a hydrothermal environment
they can fill-in the crack being released and fixed at the
crack location.
[0015] According to the present invention, a method is
provided that is characterised in that the crack-healing
agent is selected from the group of particles of mixed
oxides, clay particles, metallic oxide/epoxy resin micro-
spheres or a mixture thereof. The invention is however
not limited to these crack-healing agents. Examples of
mixed oxides are CaO · Al2O3 or CaO · 2Al2O3. Advan-
tages of metallic oxides like Al and Ca oxides is that under
hydrothermal conditions they undergo chemical reac-
tions to form products with increased volume, like AlH
(OH)4 or γ-AlOOH. Clay particles are advantageous for
their good swelling properties, when contacted with hy-
drating environments, in this way filling-in the cavities/
cracks and providing a barrier for the passage of ions
inside the cavities/cracks. An example of clay particles
is hectorite. Hectorite is described as a good swelling
agent, in which swelling properties are provided by the
layered structure of the material containing cations that
become hydrated in the interlayer space. In the absence
of a hydrothermal environment, the third crack-healing
agent proposed can fill-in the crack by the metallic oxide
particles being freed during cracking of the microspheres
and bound to the layer by the drying epoxy resin. An
advantage is that this embodiment can be used in dry,
non-hydrating environments.
[0016] The crack-healing characteristics of the three
alternative agents described are functional at tempera-

tures between room temperature (25°C) and circa 200°C.
[0017] The conditions for incorporation of self-healing
agents can be adjusted to create a tailored, i.e. uniform
or gradient, distribution of the healing agents through the
layer depending on the layer type and application (i.e.
susceptibility to cracking and corrosion).
[0018] Therefore, according to the invention, the
POMs and crack-healing agents can be present in the
solution in several states. The POMs can for example be
distributed in a free state. In this state POMs are present
in the solution as unsupported anions.
[0019] In another embodiment the POMs are present
in a supported or immobilised state. In this form, the
POMs are carried by media. According to the invention,
POMs can be carried by particles like microparticles or
nanoparticles, e.g. SiO2, to form clusters. SiO2 provides
a good adsorbance for POMs and therefore shows a
good storage capacity of POMs. In this way the concen-
tration of POM in the layer can be increased. In another
embodiment, the POMs can be encapsulated in polymer
capsules. This would be advantageous when electrolytes
are used in which POMs are not stable. Examples of
polymers suitable for encapsulation known from the state
of the art include the urea-formaldehyde based polymers.
[0020] In a separate embodiment of the invention, the
particles carrying the POMs are the crack-healing parti-
cles. The advantage of this situation is that 1) both the
POMs and the crack healing agent are present on the
same location, 2) a higher storage capacity is reached
for the POM, 3) the particles become better dispersed in
the solution because the negatively charged POMs reject
each other and 4) the crack-healing agent is protected
from direct contact with solution thus being preserved in
the layer.
[0021] The crack-healing agents can be also encap-
sulated in microspheres. The main purpose is that they
are preserved in a dry condition required for the crack
healing effect. As described above, the crack-healing
agent can comprise metallic oxide particles and an epoxy
resin encapsulated in polymer microspheres.
[0022] Combinations of POMs and crack-healing
agents according to one of the states described above
are also incorporated in the invention.
[0023] As described above, according to the invention,
the substrate is protected by formation of an oxide or
metallic protecting layer comprising at least the POMs
and/or the crack-healing agent. According to preferred
embodiments of the invention, the layers containing
POMs and/or crack-healing agent can be deposited/
grown on the substrate via the following processes: con-
ventional anodising, hard anodising, plasma electrolytic
oxidation and electro(less) deposition.
[0024] In anodising, the non-ferrous metallic substrate
to be covered by the protecting layer (i.e. Al, Mg, Ti and
alloys thereof) is made anode in an electrolytic cell. In
this way the surface is oxidised under the electric field
using appropriate electrolytes known in the state of the
art. During formation of the layer (amorphous oxides),
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POMs are incorporated in the layer by electrophoresis
or adsorption. The microspheres comprising the crack-
healing agent are entrapped during formation of the layer.
As known by a person skilled in the art, hard anodising
of aluminium alloys results in a more dense layer that is
less porous and has better wear resistance than a layer
obtained by conventional anodising. Both processes may
use a similar electrolyte. However, hard anodising is per-
formed at ca. 0°C whereas conventional anodising is per-
formed at room temperature. The current density for con-
ventional anodizing is usually between 1-2 A/dm2, where-
as for hard anodizing this can be higher, preferably be-
tween 2-4 A/dm2. Therefore, using hard anodising, thick-
er layers can be obtained.
[0025] During PEO, anodic oxidation under sparking
(plasma discharges) occurs on the surface of the sub-
strate made anode in the electrolytic cell. PEO has the
advantage that more types of ions/phases can be incor-
porated in the layer. The resulting layer is a crystalline
oxide, which has a very high hardness (e.g. 2000 HV vs
600 HV in hard anodising). During the process of PEO,
the POM and/or crack-healing agents are incorporated
by electrophoresis or adsorption.
[0026] In electro-deposition, the layer is deposited on-
to the substrate made cathode in an electrolytic cell by
reduction of cations under the electric field. The reaction
is conducted in acidic pH conditions (e.g. 3.5 - 4 for a
nickel Watts bath). The POM and/or crack-healing agents
are incorporated by adsorption or electrophoresis.
[0027] In electroless deposition processes, the protec-
tive layer is formed by chemical reduction of metal cations
onto the substrates under appropriate conditions of pH
and temperature. As known by a person skilled in the art,
chemical, electroless deposition requires a pretreatment
to activate the substrate for chemical nickel reduction
(e.g. double-zincating in the case of aluminium alloys).
The process is performed at about 88°C in an acidic so-
lution (pH preferably between 4.5 and 5). The POM
and/or crack-healing agents are incorporated by adsorp-
tion and subsequent entrapment in the growing layer.
[0028] The POMs and/or the crack-healing agents are
distributed throughout the layers including the interface
with the substrate and the surface of the layers so that
the corrosion inhibition and crack-healing effects can be
ensured during the entire life lifetime of the product (under
wear conditions or when cracks and damages appear in
the layer). All the processes mentioned above for the
growth/deposition of layers have the ability to incorporate
particles or ions to form the composite or hybrid layers
with tailored properties. Oxides and oxide-like properties
of the healing agents proposed are compatible with lay-
ers structure and their functional properties.
[0029] The invention also relates to the aqueous solu-
tions used in the processes of anodising, hard anodising,
plasma electrolytic deposition and electro(less) deposi-
tion, described above. The essential components for the
electrolyte (HA, PEO, electrodeposition) and electroless
(electroless deposition) solutions respectively are known

to a person skilled in the art. It is clear that these known
components can differ for the different requirements of
the separate processes, as known in the art. In this way,
the aqueous solution as described below can be applied
for the methods according to the invention.
[0030] According to the invention, an aqueous solution
is provided, characterised in that it comprises a POM
and/or a crack-healing agent. This solution can be ap-
plied advantageously in the methods of the invention.
[0031] In a preferred embodiment, in this aqueous so-
lution said POMs are heteropolyanions of the type (Xn-
MmOy)x-, in which X=Si, P, Ce, B, Mn and in which M=Mo,
W or V and n ≤ m, m > 1, y > 1, x = the valence of the
selected anion. Preferably, said POMs are Keggin
(XM12O40)x- POMs.
[0032] In another preferred embodiment, in the aque-
ous solution the crack-healing agent is selected from par-
ticles of mixed oxides, clay particles, metallic oxide/epoxy
resin microspheres or mixtures thereof and that the
crack-healing agent can be encapsulated in polymer mi-
crospheres.
[0033] In a further embodiment of the aqueous solution
of the invention, the POMs are supported by media from
the group of particles or polymer capsules.
[0034] Above described embodiments of the aqueous
solution are in particular advantageous for the methods
described in this invention. All advantages of these meth-
ods also apply to these aqueous solutions.
[0035] The invention is further related to a substrate
on which a self-healing multifunctional layer is applied
via the method of the invention. In a preferred embodi-
ment of the invention, this substrate comprises a metallic
substrate, more preferred, a non-ferrous metallic sub-
strate. Metallic substrates are commonly used in the
fields of application of the present invention. Examples
of the non-ferrous metal forming the substrate are Al, Mg,
and Ti and the alloys thereof. Depending on the applica-
tion process used, also other metals can be used. For
example, in the process of electroless and electrodepo-
sition, also Fe, Cu and their alloys can be used.
[0036] The multifunctional self-healing layer resulting
from the aqueous solution according to claim 1 will have
a thickness of larger than 1 up to e.g. 50 Pm, depending
on the application and the process used. For example,
in anodizing, a layer thickness of 20-25 Pm is considered
optimum for functional properties. The layer according
to the invention provides multifunctional properties such
as proper hardness, abrasive wear, low friction and non-
stick properties at room temperature and higher temper-
atures (e.g. up to 200°C). By this invention, self-healing
properties in case of corrosion and/or cracking are also
provided.
[0037] For clarification purposes, examples of self-
healing layers provided by the present invention are in-
cluded in Fig. 1. The mode of action of the healing-agents
is presented in Fig. 2.

Figure 1 shows three examples of the states in which
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POMs and crack healing agents can be distributed
in the layers resulting from aqueous solutions ac-
cording to the invention. Figure la shows dispersed
healing agents (POMs) inside the layers deposited
in situ (i.e. during layer growth) in free, unsupported
form. Figure 1b shows the POMs supported by ad-
sorption on particles (e.g. SiO2) to form clusters. Fig-
ure 1c shows POMs and crack-healing agents sup-
ported by encapsulation.

Figure 2 depicts a non-ferrous metallic substrate on
which a layer according to the invention has been
deposited. This layer shows a crack. Due to reac-
tions initiated by the change in the environment,
POMs stop the process of corrosion and crack-heal-
ing agents react to fill-in the crack. In this way, self-
healing properties are provided to the multifunctional
layer.

Claims

1. A method for applying a multifunctional layer on
a substrate, characterised in that said layer is ap-
plied by means of a process by using an aqueous
solution that comprises a POM and/or a crack-heal-
ing agent, which POM and/or a crack healing agent
is/are incorporated in said layer during said process
to obtain a self-healing layer.

2. The method according to claim 1, characterised
in that said substrate comprises a metallic sub-
strate.

3. The method according to claim 2, characterised
in that said metallic substrate comprises a non-fer-
rous metallic substrate, preferably Al, Mg, Ti and al-
loys thereof.

4. The method according to one of the claims 1 to 3,
characterised in that said POMs are heteropoly-
anions of the type (XnMmOy)x-, in which X=Si, P, Ce,
B, Mn and in which M=Mo, W or V and y>1, m>1 and
n≤m and x indicates the valence of the polyanion.

5. The method according to claim 4, characterised
in that said POM is a Keggin-type POM.

6. The method according to one of the claims 1 to 5,
characterised in that said crack-healing agent is
selected from particles of mixed oxides, clay parti-
cles, metallic oxide/epoxy resin microspheres, or a
mixture thereof.

7. The method according to one of the claims 1 to 6,
characterised in that said POMs are supported by
media selected from insoluble micro- or nanoparti-
cles (e.g. SiO2) or polymer capsules.

8. The method according to claim 7, characterised
in that said particles are crack-healing agent parti-
cles.

9. The method according to one of the claims 1 to 8,
characterised in that the crack-healing agent is en-
capsulated in polymer microspheres.

10. The method according to one of the claims 1 to
9, characterised in that said process comprises
conventional anodising.

11. The method according to one of the claims 1 to
9, characterised in that said process comprises
hard anodising.

12. The method according to one of the claims 1 to
9, characterised in that said process comprises
plasma electrolytic oxidation.

13. The method according to one of the claims 1 to
9, characterised in that said process comprises
electro(less) deposition.

14. An aqueous solution characterised in that it
comprises a POM and/or a crack-healing agent.

15. The aqueous solution according to claim 14,
characterised in that said POMs are heteropoly-
anions of the type (XnMmOy)x-, in which X=Si, P, Ce,
B, Mn and in which M=Mo, W or V and y>1, m>1 and
n≤m and x indicates the valence of the polyanion
and said POM is preferably a Keggin-type POM.

16. The aqueous solution according to claim 14 or
15, characterised in that the crack-healing agent
is selected from particles of mixed oxides, clay par-
ticles, metallic oxide/epoxy resin microspheres or
mixture thereof, and that the crack-healing agent can
be encapsulated in polymer microspheres.

17. The aqueous solution according to claim 14 to
16, characterised in that said POMs are supported
by media from the group of particles or polymer cap-
sules, said particles including the particles compris-
ing the crack-healing agent.

19. A coated substrate, preferably a metallic sub-
strate, more preferably a non-ferrous metallic sub-
strate, preferably selected from the group of Al, Mg,
Ti, obtained by the method according to one of the
claims 1-13.
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