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SURFACE TREATED ELECTRICALLY CONDUCTIVE METAL ELEMENT
AND METHOD OF FORMING SAME

The present invention relates to electrical conductivity in metal elements, including metal and
alloy components, and is particularly concerned with metal substrates which have been treated
to improve or maintain their electrical conductivity and with a method of improving the

electrical conductivity of electrically conductive metal substrates in some circumstances.

Many components of electrically conductive metals and alloys suffer reduced electrical
conductivity over time due to the formation in adverse conditions, such as damp and/or
oxidising atmospheres, of surface layers having effectively no electrical conductivity or less
electrical conductivity than the substrate material. This is true of, for example, nickel, copper,

mild steel and other alloys including stainless and other heat resistant steels.

The present invention has applicability to metal elements being used at low and/or elevated
temperatures, but is especially useful, in at least some embodiments, for electrically

conductive components in fuel cells.

In a solid oxide fuel cell the electrolyte, anode and cathode are usually ceramic or ceramic-
type, such as cermet, materials. However, the surrounding components of a fuel cell stack may
be of any material which can provide the desired mechanical strength, heat transfer and other
properties at the temperatures necessary for operation of the fuel cell, usually in excess of
700°C. Some of these components, for example separator plates (also known as interconnect
or bipolar plates), are required to provide electrical connection between adjacent fuel cells
and/or elsewhere in the stack. Sophisticated electrically conductive ceramics have been
developed for this purpose but these materials are expensive, mechanically fragile and are poor
thermal conductors when compared with many metals and alloys which might be considered

suitable.

The operating conditions in a solid oxide fuel cell are very severe on most metals, causing

them to degrade via loss of mechanical strength, oxidation or other form of corrosion,
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distortion, erosion and/or creep. Various heat resistant metals have been developed to cope
with many of these forms of degradation. Most such metals are alloys based on iron or nickel
with substantial additions of chromium, silicon and/or aluminium plus, in some alloys, more
expensive elements such as cobalt, molybdenum and tungsten. Chromium-based heat resistant

metals are also available.

A significant feature of heat resistant alloys is the oxide layer which is formed when the alloy
is exposed to mildly or strongly oxidising conditions at elevated temperatures. They all form
tight, adherent, dense oxide layers which prevent further oxidation of the underlying metal.
In heat resistant steel, these oxide layers are composed of chromium, aluminium or silicon
oxides or some combination of them depending upon the composition of the steel. They are
very effective in providing a built-in-resistance to degradation of the underlying steel in high

temperature oxidising conditions.

However, while this feature is used to great advantage in many applications, the presence of
the oxide layer is highly deleterious to the use of these steels in key components of solid oxide
fuel cells. These oxides, especially those of silicon and aluminium, are electrically insulating
at all temperatures and this is a major problem for those fuel cell components which must act
as electrical current connectors or conductors. For these heat resisting steels to be useful for
electrically conducting components in fuel cell assemblies, it is imperative that the insulating

effect of the oxide layer be alleviated at least in selected locations.

According to the present invention there is provided an electrically conductive metal element
comprising an electrically conductive metal substrate having a layer of Ni-Sn alloy overlying
an electrically conductive surface of the substrate and at least one layer of Ag or of Ag
containing Sn overlying the Ni-Sn alloy layer. A layer of SnO; may also be provided,

overlying the at least one layer of Ag or of Ag containing Sn.

Also according to the present invention there is provided a method of improving the electrical
conductivity of an electrically conductive metal substrate which forms a less electrically
conductive surface oxide layer in oxidising conditions, the method comprising forming a layer

of Ni-Sn alloy on at least a portion of a surface of the substrate which does not have said
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surface oxide layer, and forming at least one layer of Ag or of Ag containing Sn on at least a

portion of the Ni-Sn alloy layer.

The invention also extends to components formed from the electrically conductive metal
element. The element may be coated as defined on one or both/all sides depending upon user

requirements, or only on part of one or more surfaces of the substrate.

It will be appreciated from the following that the at least one layer of Ag may contain
substantial amounts of Sn. For convenience, however, hereinafter throughout this description
the at least one layer of Ag or of Ag containing Sn may be referred to as the at least one layer
of Ag (or equivalent —ie. Ag layer) unless at least one layer of Ag containing Sn is specifically
being referred to, in which case this may be identified as Ag+Sn, Ag+Sn mixture or Ag-Sn.
Ag+Sn and Ag+Sn mixture shall be understood to mean any mixture, alloy or other
combination of Ag and Sn, whereas Ag-Sn shall be understood to be a reference specifically

to the silver-tin alloy system.

By the present mnvention we have found that the Ni-Sn alloy, in addition to being a good
metallic conductor, also acts as (i) a relatively stable oxygen barrier layer to restrict oxygen
access to the substrate metal and (ii) a diffusion barrier to Fe, Cr, Al and other elements from
the substrate. Accordingly the Ni-Sn alloy layer with the at least one overlying Ag layer can
alleviate the loss of electrical conductivity of the metal element by restricting the formation
of an oxide surface layer on the substrate metal and by allowing electrical conduction

therethrough.

While the Ni-Sn alloy is relatively stable, it has a tendency to oxidise over time, particularly
at temperatures above 300°C, and thereby gradually lose its conductivity, and the optional
SnO, layer on the at least one Ag layer may be provided to slow such oxidation. The at least
one Ag layer provides excellent electrical conductivity not only directly through the Ag
layer(s), but also laterally through the layer(s). Thus, the electrical connection to the at least
one Ag layer may be through a point contact, but the silver greatly enhances the spread of the
electrical conduction laterally to the at least one Ni-Sn alloy layer, and thereby reduces the

resistance to current flow to and through the metal substrate. In some embodiments the at least
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one Ag + Sn layer may also act as a source of Sn for the formation of the optional SnO; layer,

and/or as a source of Sn for the Ni-Sn alloy layer.

The Ni-Sn alloy and Ag layers, and the optional SnO, layer, need only be provided at one or
more selected locations on the metal substrate, particularly those locations where it is desired
to electrically connect the metal substrate to an adjacent component or otherwise to transmit
electricity to or from the metal substrate. If the metal substrate is formed of a heat resisting
alloy, the remaining portion or portions of the metal substrate surface may be protected by the
natural oxide layer. In other circumstances, the remaining portion(s) of the metal substrate
surface may if necessary be protected by, for example, the Ni-Sn alloy alone or by some other

acceptable coating.

It has previously been proposed to apply Sn-Ni mixtures to steel as a decorative, corrosion and
wear resistant surface layer and as a layer that inhibits the interdiffusion of Cu and Sn and/or
Pb at ambient temperatures. However, the composition of such Sn-Ni layers, as well as their
structure, stability, purpose and method of formation are all substantially different from those
of the Ni-Sn alloy layer which is preferred by this invention. Specifically, the abovementioned
previously proposed Sn-Ni alloy has a composition that falls within a range which is consistent
with the compound NiSn, ie. approximately 50 atomic % each of Ni and Sn. The practical
limits of this composition have been established as 65wt% Sn + 8wt%, remainder Ni. It is a
single phase compound with a hexagonal close packed structure and a high hardness. It is
unstable at temperatures above 300°C. The only described method of production of this
compound is through electrodeposition under specific conditions from carefully controlled
solutions of salts of Ni and Sn. By comparison, the preferred Ni-Sn alloy layer of the present
invention does not involve the metastable compound NiSn, is relatively stable at temperatures

in the 20-850°C range, and can be produced via a range of methods.

The layer of Ni-Sn alloy of the present invention may comprise one or more alloys from the
Ni-Sn alloy system, but preferably it will not contain a phase of greater Sn content than NizSny,
Ni3Sn, comprises approximately 39 to 43 atomic % Sn (approximately 56 to 60 wt% Sn), with

the residue Ni. For example, the layer of Ni-Sn alloy may contain, in order of reducing Sn
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content, both of Ni3Sn; and Ni3Sn, NizSn alone , both of Ni3;Sn and a solid solution of Sn in
Ni, or a solid solution of Sn in Ni alone. Alternatively, more than two of these alloys may be

present in the layer of Ni-Sn alloy.

Where two or more of these alloys are present in the layer of Ni-Sn alloy, they may be present
as a mixture. However, the alloys or alloy mixtures may be present in respective sub-layers,
usually with the sub-layer having the most Sn closest to the at least one layer of Ag and the
sub-layer having the least Sn closest to the substrate. In one embodiment, for example, an alloy

sub-layer of a solid solution of Sn in Ni may be overlaid by a sub-layer of NizSn.

The Ni-Sn alloy layer may be applied to the metal substrate in any suitable manner. For
example, the Ni-Sn alloy layer or sub-layers may be applied directly to the metal substrate by
electroplating the desired composition(s), by hot dipping in the molten alloy or alloys, by
application as a slurry of the desired composition(s) and heating, or by thermally spraying the

Ni-Sn alloy powder or mixtures of Ni and Sn powders of the desired composition(s).

Alternatively, the Ni-Sn alloy layer may be formed by applying enough Sn to a Ni surface or
layer on the substrate and diffusing the Sn into the Ni at elevated temperature, as discussed
below. In one embodiment, this may be achieved by electroplating or otherwise applying

alternate, thin layers of Ni and Sn in the desired ratio of thickness and numbet.

The metal substrate may be any electrically conductive metal which loses electrical
conductivity due to the formation of a surface layer in adverse conditions, for example nickel
and nickel alloys, copper and copper alloys, mild steel, and heat resistant steels, or which it
is otherwise desirable to treat in accordance with the invention. If the metal substrate is of
nickel or of a nickel alloy which is nickel rich, for example an alloy having no less than 50
wt% nickel (and perhaps even no less than 40 wt% nickel) such as Monel alloy, and the Sn is
not applied directly as the Ni-Sn alloy, it may not be necessary to apply a Ni layer onto the
metal substrate before applying the Sn. However, in all other circumstances where the Ni and
Sn are not applied together, it is necessary to apply a Ni layer onto the metal substrate. The
metal substrate may already have an electrically conductive surface layer on it, providing such

a surface layer does not detrimentally affect the performance of the Ni-Sn alloy and Ag layers.
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Such a surface layer may be of, for example, Ag.

The Ni layer or layers should have a total thickness which is sufficient to ensure that it is
capable of acting effectively as a barrier layer when combined with Sn to form the desired Ni-
Sn alloy(s). Nickel not consumed by the Sn to form the Ni-Sn alloy layer may diffuse into the
metal substrate, particularly at elevated temperatures, depending at least primarily on the
substrate material, on what, if any, surface layer is provided between the substrate and the Ni
or Ni-Sn alloy layer, and on temperature. Such diffusion of Ni into the metal substrate may
reduce the thickness 6f Ni available to form the Ni-Sn alloy, so a preferred minimum thickness
for the Ni layer(s) is 10 um. However, in some circumstances the thickness may be 5 um or

less. More preferably, the applied Ni layer(s) has a thickness of at least 20 xm.

There is no upper limit to the total thickness of the applied Ni layer(s), but the more nickel that
is applied, the more Sn will be required to form the desired Ni-Sn alloy. For practical
purposes, the usual maximum average thickness of the Ni layer will be 100 x2m, but applying
a layer of more than 50 xm thickness has been found to be unnecessary providing there is
adequate coverage throughout the layer, and a more preferred maximum thickness is 40 um.

A Ni layer thickness of 30 ©m has been found to provide good performance.

The thickness of the Ni-Sn layer formed by diffusion of Sn into a Ni layer may sometimes be
less than that of the Ni layer from which it is formed, primarily due to diffusion of some of the
nickel into the metal substrate. It has been found that a Ni layer having a thickness of about
30 um may result, after diffusion, in an Ni-Sn alloy layer having a thickness of about 20 um,
and the preferred thickness of the Ni-Sn alloy layer(s) is in the range of 10 to 40 um.

The Ni layer may be applied by a variety of different methods which will be known to those
skilled in the art - for example, by nickel plating or thermospraying nickel powder.
Thermospraying and other less controllable processes may produce a layer of considerably

greater thickness, at least in parts, than described above, for example up to 300 um or more.

Other nickel application processes include wet powder or slurry application, for example by

spraying, electrophoresis and screenprinting. Where the Sn is applied separately to the Ni and
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there is a risk that the Ni may develop an insulating layer of NiO, the nickel may be doped

with lithium before the application of the Sn to render any NiO formed semi-conducting.

Flectrolytic plating of nickel may be performed in-tank or ex-tank, preferably using nickel of
at least 99 wt% purity. Electroplating can produce a relatively even Ni layer which is 100%
dense. Electroless nickel should not be used where the element is to be used in fuel cell
applications, since it includes high levels of phosphorus which may be harmful to the

operation of some fuel cells.

The substrate surface or surface portion should be free of oxide and other imperfections such
as grease, and cleaning may be achieved in the electroplating process in standard manner by

initially reversing the current briefly to strip off the oxide and/or other imperfections.

Enough Sn should be applied to a previously applied Ni layer(s) to form the desired Ni-Sn
alloy. The composition of the Ni-Sn alloy(s) will be dependent upon a variety of factors,
including the available amount of Ni on the substrate (ie. less any which has diffused into the
substrate), the available amount of Sn (in particular if the Sn is applied in the at least one Ag
layer as discussed below, the proportion of Sn in the Ag+Sn alloy or mixture and the applied
quantity of Ag+Sn), and the treatment conditions after the Sn is applied, including the
temperature and duration of the treatment. The aforementioned Ni-Sn alloy mixture and/or
layered structure may be obtained by adopting the above process parameters. Similarly a layer
of one alloy or alloy mixture may transform over time into a sub-layer of the original alloy or
alloy mixture and a sub-layer closer to the at least one Ag layer of an alloy or alloy mixture

having more or less Sn, depending on the availability of Sn outside the Ni-Sn alloy layer.

The Sn may be applied by any of a variety of different methods. In slurry or ink form, a wet
powder, preferably having an average particle size of 5 to 10zm, in a binder may be applied
by spraying, for example by air brushing, tank dipping, electrophoresis, screen printing, spin
coating or, for example, electrostatic spraying. Smaller particle sizes may be used, for example
down to 1 um or less, but are of no benefit since they are more expensive and may require

more layers than is otherwise the case.
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Alternatively, the Sn may be applied by electroplating, with suitable care to avoid the Ni layer
being partially or completely stripped from the metal substrate, or for example by hot dipping
in the molten metal (melting point about 232°C). Dry powder application could alternatively

be used, for example by dipping in a fluidized bed of Sn powder.

We have found that a highly advantageous method of applying the Sn to a previously applied
Ni layer is in admixture or alloyed with the Ag in the at least one Ag layer and diffusing the
Sn into the Ni layer(s) from the Ag+Sn mixture. The Ag+Sn mixture may be applied by any
of the application methods described above for Sn alone. In the case of a powder application
method, the Ag preferably has an average particle size in the range 15 to 45 xm. Once again,
the Ag may have a smaller particle size, for example down to 1 um or less, but there is no

advantage since such powders are more expensive and require more layers.

The desired amount of Sn in the preferred Ag+Sn mixture will depend upon many factors,
including the relative thicknesses of the Ni layer(s) and resultant Ag layer(s), the proportion
of Ni which diffuses into the metal substrate, the desired composition or compositions of the
Ni-Sn alloy layer, the subsequent diffusion of Sn to the surface of the at least one Ag layer and
how much residual Sn, if any, is desired in the at least one Ag layer. Thus, the Ag+Sn mixture
may contain up to 90 wt% or more Sn. More usually, the maximum proportion of Sn in a

Ag+Sn mixture applied to the Ni layer(s) will be about 45 wt% Sn.

If an Ag+Sn mixture is applied by hot dipping in molten alloy or other high temperature
process, the minimum temperature of the molten alloy will depend upon the proportion of Sn.
For example, at 20 wt% Sn the temperature will need to be greater than 750°C, whereas at 10
wt% Sn the temperature will need to be greater than about 900°C. At higher proportions of
Sn, the temperature may be substantially less, for example a minimum of about 630°C at 30
wt.% Sn and about 510°C at 45 wt.% Sn.

The Ag and/or Ag+Sn may be applied in plural layers, optionally having varying proportions
of Sn therein. Where Sn is applied in the at least one layer of Ag, it may be present in all of

plural layers or in only some or one.
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Ag or Ag+Sn layers having a thickness in the range of 10 to 20 «m are sometimes difficult to
apply as a continuous layer, so a more preferred minimum thickness is 20 um. Ag or Ag+Sn
layers having a thickness greater than 100 m may be applied, but such amounts of silver are
unnecessary to provide its advantages. In our early investigations Ag layers having thicknesses
in the range 70 to 80 m were provided, but this amount has been found to be unnecessary.
For applications requiring durability over long periods of time, for example several years or
more, a maximum thickness of 50 pm for the Ag or Ag+Sn layer(s) may be preferred. For

shorter terms a maximum thickness of 30 wm may be preferred.

As briefly described above, when the Sn is applied separately from the nickel, the Sn is
diffused into the nickel at elevated temperature to form the Ni-Sn alloy. The temperature of
the diffusion process will depend upon the purity of the Sn. If the Sn is applied to the Ni layer
separately from the Ag layer(s), diffusion may occur at a relatively low temperature, for
example at or above the melting temperature of the Sn or possibly at a lower temperature. If
the Sn is applied by hot dipping in molten metal, a separate diffusion process may not be
required. Likewise, if the Sn is applied by hot dipping in a molten Ag-Sn alloy, a separate
diffusion process may not be required provided the temperature has been maintained at the

elevated level for a sufficient period of time.

If a separate diffusion process is required following the application of the Ag+Sn layer(s), this
is preferably performed at a temperature in the range of 750°C to up to 1000°C or more, more
preferably in the range 800 to 980°C, and most preferably at a temperature in the range 800
to 900°C. At temperatures below 750°C the diffusion process may be too slow, and
temperatures above about 1000°C are unnecessary since they are well above the liquidus of

the composition and may cause damage to at least the substrate.

A separate diffusion process is preferably performed for each of plural Ag+Sn layers applied,
at a temperature dependent upon the composition of the particular Ag+Sn mixture. It is
believed that the diffusion process is best performed at above the liquidus temperature of the
Ag+Sn mixture, but this may not be essential. If diffusion of the Sn from Ag+Sn mixture is

performed at above the liquids temperature, a Ag-Sn alloy will form.
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The length of the diffusion process is dependent upon the diffusion temperature as well as the
composition, but for a Ag+Sn composition having more than 10 wt% Sn, the diffusion process
at 900°C is preferably carried out for a period of from about 30 to about 60 minutes. At
temperatures above the liquidus, the diffusion process may also have the advantage of
densifying the Ag layer and thereby providing greater resistance to the penetration of oxygen
through that layer.

The atmosphere of the diffusion process is preferably inert or reducing. Pure Ar has been
found a satisfactory diffusing atmosphere, and pure nitrogen may be. The diffusing atmosphere
advantageously excludes oxidising components such as CO,, Cl and other halides, but
commercially pure inert or reducing atmospheres have been found to be satisfactory. Most
preferably, the diffusing atmosphere is mildly reducing, for example 5 wt% H, in nitrogen or

argon.

The elevated temperature is required for the Ni-Sn alloy layer(s) to form by diffusion of the
Sn into the nickel, but it is important to avoid oxidising the layer(s) before the Ni-Sn alloy is
fully formed. Subject to this, the diffusion process could be performed in a controlled

oxidising atmosphere.

The overall thickness of the Ag or Ag+Sn layer(s) on the element of the invention is preferably
in the range 10 to 100 xm. One of the further advantages in the invention of providing at least
one Ag layer on the Ni-Sn alloy layer is its compliance and therefore the good physical contact
that it can give to a contiguous component. At thicknesses less than 10 m, it is found that this
compliance of the Ag layer(s) may not be present and/or that there may be inadequate coverage
by the Ag layer(s) of the Ni-Sn alloy. However, entire coverage of the Ni-Sn alloy layer may
not be necessary depending upon the use of the electrically conductive metal element, since
the primary function of the at least one Ag layer is to provide lateral as well as direct electrical

connection through the layer.

Potential disadvantages of having an Ag surface layer on an element according to the invention

at elevated temperature are firstly that the Ag tends to evaporate and secondly that oxygen may
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be able to diffuse through the or each Ag layer and oxidise the Ni-Sn alloy layer. Evaporation
of the Ag may cause substantial disadvantages, particularly in fuel cell applications of the

electrically conductive metal element.

Advantageously, after the diffusion process the at least one Ag layer contains residual Sn,
preferably in the range about 3 to 30 wt% Sn, more preferably about 5 to 20 wt%, and even
more preferably about 6 to 15 wt%. Some residual Sn may remain in the Ag layer or layers
without detrimental effect on the performance of the electrically conductive metal element.
If there is any residual Sn in the Ag layer(s) after the aforementioned diffusion process, or Sn
is otherwise not consumed by the Ni-Sn alloy, at least some will migrate through the Ag at
elevated temperature in an oxidising atmosphere to form the aforementioned optional SnO,
surface layer. Preferably the at least one Ag layer contains at least 6 wt% of residual Sn after
the diffusion treatment to form a stable, continuous oxygen barrier layer of SnO,.

Alternatively, Sn or SnO, could be applied to the at least one Ag layer as a separate layer. The
SnO, surface layer may provide a very effective vapour barrier of refractory material on the
surface of the Ag layer(s), alleviating the risks of both the evaporation of Ag and the
transmission of oxygen therethrough. In addition to alleviating the oxidation of the Ni-Sn alloy
layer(s), this has the advantage of allowing a thinner Ag layer(s) to be applied since no

compensation is required for evaporation of the Ag at elevated temperature.

As noted above, to advantageously cause the SnO, layer to be formed automatically when the
metal element in accordance with the invention is disposed in an oxidising atmosphere at
elevated temperature, it is only necessary to provide residual Sn in the at least one Ag layer.
Alternatively, excess Sn may be provided on the aforementioned Ni layer(s) or in the Ni-Sn
alloy layer. In one embodiment at least two Ag+Sn layers are applied successively, with a
separate diffusion process associated with each. In the diffusion process associated with the
first Ag+Sn layer, most or all of the Sn will migrate into the Ni layer. In the diffusion process
associated with a second or further Ag+Sn layer, further Sn may diffuse through the first Ag
layer and consume excess Ni in the Ni-Sn alloy layer, leaving residual Sn in the second or
further and first Ag layers. In a subsequent oxidising treatment, at least some of the residual

Sn migrates to the surface of the second or further Ag layer and reacts to form SnO5.
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Preferably the Sn is not wholly consumed in the Ni-Sn alloy and in the SnO, surface layer,
thereby leaving a small reservoir should the SnO, layer need to be replenished or repaired at
a later time. In an oxidising atmosphere, SnO, will continue to grow on the outer surface of
the at least one Ag layer provided there is available Sn migrating to the surface. However, the
rate of growth will decrease as the thickness of the SnO, layer increases. Possibly, over time
in an oxidising atmosphere, Sn will be drawn from the Ni-Sn alloy layer to replace Sn in the
at least one Ag layer used to form of maintain the SnO, layer. Thus, for example, if the Ni—Sﬁ
alloy layer comprises NizSn or a mixture of NizSn and a solid solution of Sn in Ni, for example
in sub-layers, Sn may be drawn from the NisSn to the extent that the NisSn transforms into the

lower-Sn content solid solution of Sn in Ni.

The SnO, layer preferably has a thickness in the range of about 2 to 20 xm, more preferably
less than 10 um. The layer may be as thin as possible but should be continuous over the Ag
layer, except where direct electrical contact with the Ag layer is required, to alleviate

evaporation of the Ag at elevated temperature.

Treatment of the metal element in an oxidising atmosphere to form the SnO, may be carried
out at an elevated temperature, such as about 650°C or more. At 750°C, the desired thickness
of SnO, may take several hours, for example about 10 hours, to form, but at 900°C this may
be reduced to about 30 minutes. The oxidising may be performed in any O,-providing
atmosphere, and for fuel cell applications of the element it may be performed in the fuel cell
stack or otherwise in use. The SnO, layer may also protect a metal element in accordance with
the invention against carburizing atmospheres and wet and mildly reducing wet atmospheres,

and this may have advantage in non-fuel cell and/or low temperature applications.

A potential disadvantage of the SnO; being formed over the Ag layer(s) is that SnO, is a semi-
conductor. However, where high electrical conductivity is required through the SnO, layer,
the SnO, may be doped with Sb oxide or other suitable oxides or elements, eg. As;Os, P,0s,
F or Cl. The Sb or other oxide dopant is preferably added at a level to 1 to 2 atomic % of the
SnQO; at the selected location or locations. The Sb oxide may be added as the metal or as the

oxide, preferably in powder form, when the Sn is applied as powder (eg. in a slurry). The Sb
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metal goes into solid solution in the SnO; as Sb,Os or Sb,O4, and excess Sb additions may be
lost as metallic or oxide vapour. The dopant or dopants, or precursors of them, may
conveniently be included in the Ag+Sn mixture if the Sn is provided by way of a surface layer

of Ag.

An advantage of an electrically conductive metal element in accordance with the invention is
that the various layers, including a heat resistant nickel or steel substrate with the at least one
silver layer are compliant. This means that the likelihood of the layers peeling off during

thermal cycling is reduced.

Various embodiments of electrically conductive metal elements in accordance with the present
invention, and methods of forming them, will now be described in a non-limiting manner with

reference to the following examples and the accompanying drawings, in which:

Figure 1 is a graph showing the change in contact resistance as a function of time and
temperature of a first sample in accordance with the present invention;

Figure 2 is a graph similar to Figure 1 but for a second sample in accordance with the
invention;

Figure 3 is a graph similar to Figure 1 but for third and fourth samples in accordance with the
invention;

Figure 4 is a graph similar to Figure 1 but for a fifth sample in accordance with the invention;
Figure 5 is a graph similar to Figure 1 but for sixth and seventh samples in accordance with
the invention;

Figure 6 is a graph similar to Figure 1 but for an eighth sample in accordance with the
invention;

Figure 7 1s a graph similar to Figure 1 but for ninth and tenth samples in accordance with the
invention; and

Figure 8 is a graph similar to Figure 1 but for an eleventh sample in accordance with the

invention.

Figures 1 to 8 were obtained by, for each sample, treating one of the two major surfaces of a

specimen made from a self-aluminising steel, that is a stainless steel having 5 wt% or more
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aluminium, as set out in Table 1, to form an electrically conductive metal element in
accordance with the invention. In all cases, at least after several hundred hours in an oxidising
atmosphere, the Ni-Sn alloy layer comprised a solid solution of Sn in Ni. Prior to this, in some
cases there may have been a sub-layer of NizSn between a sub-layer of the solid solution of
Sn in Ni and the at least one Ag layer. The treated specimens were placed in a contact
resistance test rig to measure the voltage drop across each specimen, which is a measure of the
total ;esistance of the coated surface to a current of 1 amp/cm® as a function of time at 750°C,
in air. The voltage drop over time should be as low and as constant as possible and p{neferably
no more than about 10mV. ! |

{

In all of the Figures, the voltage drop is less than 10mV and is generally stable. Initial changes
in the contact resistance are generally due to a gradual improvement of test rig contacts. A
slow increase in the contact resistance is due to a slight rise in the resistivity of the treated

surfaces at their points of contact. The contact load on the sample surfaces was 100gem™>.

In the Figures, it may be seen that some of the samples were subjected to thermal cycling,
usually between 750°C and 20 or 50°C, but there was no increase in the contact resistance
resulting from the thermal cycling once the temperature was restored to 750°C. The lowermost
curve in each Figure represents temperature while the upper curve(s) represents the voltage

drop.
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Sample 1

Referring to Table 1, the substrate material NCA-S of Sample 1 was a self-aluminising grade
of steel produced by Nisshin Steel Co. Ltd. The substrate had a Ni layer of 20 pm thickness
applied to a major face by electroplating using nickel of 99+ wt% purity. The electroplating
process included a preliminary surface cleaning process in which oxide and/or other impurities

were stripped from the substrate surfaces.

A 200 pm layer of Ag containing 6 wt% Sn was applied to the Ni layer by a generally known .
process. The Ag+Sn mixture was applied as a slurry of powders in an organic lacquer binder.
The average particle sizes of the Sn and Ag were about 5 pm and 35 um, respectively. The
slurry was sprayed onto the Ni layer.

The coated substrate was then subjected to a diffusion process by heating at 960°C for 1 hour
in argon. During this process some of the nickel in the Ni layer diffused into the. substrate
metal, and the remainder of the nickel in the Ni layer was consumed by the Sn diffusing from
the Ag-Sn alloy layer to form a layer of Ni-Sn alloy. There was insufficient Sn in the Ag-Sn
alloy layer following the diffusion treatment, to form a complete SnO, layer on the surface of

the Ag layer in the oxidising atmosphere at elevated temperature of the contact resistance test.

As may be seen from Figure 1, the increase in the voltage drop over about 3,200 hours was
about 2 mV. The rapid increase in contact resistance during each temperature drop shows that
oxygen from the oxidising atmosphere has at least partly oxidised the Ni-Sn alloy layer. The.
use of a lithium dopant may allow the oxidised layer to continue to conduct electricity as a

semiconductor.
Sample 2

This sample was prepared in the same manner as Sample 1 except for the following variations.
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The heat resistant metal substrate was Kanthal-A self-aluminising steel, supplied by Sandvik,
which had been surface coated with a silver layer 10 to 20 um thick. This was an artefact of
other work and is not believed to have affected the performance of the sample. The Ni layer
was electroplated directly onto the clean silver layer. The thickness of the subsequent Ag-Sn
alloy layer was 180 ym and the diffusion process was carried out at 970°C in a mildly -

reducing atmosphere of 5% hydrogen in argon.

As with Sample 1, there was insufficient residual Sn in the Ag, after diffusion of the Sn into
the Ni layer to form the Ni-Sn alloy, to form a complete surface SnO, layer in the oxidising
atmosphere of the contact resistance test. The Ni-Sn alloy was doped with lithium to ensure
continued semi-conductivity of any NiO layer resulting from the passage of oxygen from the
oxidising atmosphere through the Ag to the Ni-Sn alloy at the elevated temperature of the -

contact resistance test.

Notwithstanding the possible oxidising of the Ni-Sn alloy layer, the voltage drop over about
2,000 hours was only about 1 mV, as seen from Figure 2.

Sample 3

This Sample was prepared as described with reference to Sample 1, except that the Ni layer
had a thickness of 40 yum, the Ag-Sn alloy layer had a thickness of 65 «m and contained 0.5
wt% Sb,03 in addition to 8 wt% Sn, and the diffusion process was conducted at 930°C for 1

hour in a mildly reducing atmosphere of argon containing 5 wt% H,.

Once again, there was insufficient Sn present in the Ag/Sn layer to form an SnO, surface layer
in the oxidising atmosphere of the contact resistance test, leading to the oxidation of the Ni-Sn

alloy layer. The voltage drop increased by over 1 mV during the 300 hours of the test.
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Sample 4

Sample 4 was a modification of Sample 3, with the Ag-Sn alloy layer containing 10 wt% Sn
and having a thickness of 80 um, and the diffusion process being conducted at 920°C.

As with Sample 3, no SnQ, layer was formed, leading to oxidation of the Ni-Sn alloy layer and
a gradual increase in contact resistance, as measured by a voltage drop, of slightly less than

1 mV over the 300 hours of the test.
Sample 5

Sample 5 is a major variation of Sample 4 in which the Ni layer has a thickness of only 20 wm
and a first Ag-Sn alloy layer is identical except that it contains no SbyO3 and has a thickness
of 50 um. Additionally, a second Ag+Sn mixture layer was applied after the first diffusion
process. The second Ag-Sn alloy layer contained 1 wi% Sb»Oj3 in addition to 22 wt% Sn and
had a thickness of 10 um. The second Ag-Sn alloy layer was subjected to a diffusion process

at 750°C for 1 hour in a mildly reducing atmosphere of argon containing 5 wt% Ho.

In the oxidising atmosphere of the content resistance test, this structure produced an SnO,
layer having a thickness of about 1.5 to 3.0 um over the second Ag layer, doped with Sb to
maintain electrical conductivity through the SnO,. The SnO; layer prevents evaporation of the
Ag and access of oxygen from the oxidising atmosphere of the contact resistance test so that
oxidation of the Ni-Sn alloy is alleviated. This structure produced good voltage drop
characteristics, as seen from Figure 4, with no voltage drop during the 670 hours of the test

and a negligible increase in voltage drop during temperature cycling.
Samples 6 and 7

Sample 6 was identical to Sample 5 except that the Ni layer and the first Ag-Sn alloy layer
both had thicknesses of 40 um. Sample 7 was identical to Sample 6 except that the second Ag-



10

15

20

25

30

WO 01/72508 PCT/AU01/00345

-19 -

Sn alloy layer had a thickness of 20 um. It will be appreciated from this that Sample 7 had
twice as much Sn in the second Ag-Sn alloy layer available to form the SnO, layer doped with

antimony.

Both samples were subjected to the contact resistance test in the same furnace and the plots
are shown in Figure 5. It may be seen that once the voltage drop characteristics had settled
down after the first 200 hours, the voltage drop of the Sample 7 remained relatively steady
over the next 2200 hours. Sample 6 took longer to settle down, but the voltage drop
continued to decline over the 2400 hours of the test. Interestingly, Sample 7 maintained
metallic conduction properties during the first 3 temperature drops, but then converted to
semiconductor properties, while Sample 6 maintained semi conductor properties throughout
the test. Metallic conductivity is preferred for good electrical connections in fuel cell
assemblies. Semiconductor properties are acceptable for constant high temperature operation
of a fuel cell assembly but are undesirable in fuel cell assemblies being subjected to

temperature cycles often during their life.
Sample 8

Sample 8 is identical to Sample 7 except that the Ni layer had a thickness of 20 pm, the first
Ag-Sn alloy layer had a thickness of 80 m and the dopant addition to the second Ag/Sn layer
was 1 wit% Sb metal instead of Sb,0s.

This combination produced semi-conductor properties throughout the 2400 hours of the test,

but, with a negligible voltage drop.

Samples 9 to 11

Samples 9 to 11 are similar to Sample 8, but differ in the following characteristics. Samples
9 and 11 have a nickel layer thickness of 40 wm; the first Ag-Sn alloy layer in each has a
thickness of 30 .m and a composition of 15 wt% Sn and 0.4 wt% Sb metal in the Ag; the first
diffusion treatment was conducted at 850°C for Sample 9 and at 900°C for Samples 10 and
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11; the second Ag-Sn alloy layer for each had a thickness of only 5 #m and a composition of
20 wt% Sn and 0.5 wt% Sb metal in the Ag; and the second diffusion treatment was conducted
at 770°C for all three samples.

Samples 9 and 10 were subjected to the contact resistance test in the same furnace, while
Sample 11 was tested separately, as may be seen from Figures 7 and 8, respectively.
Nevertheless, all three samples may be compared. The discontinuity just after 200 hours in
Figures 7 and § was due t6 a site power failure. The irregular readings after 1800' hours in

Figure 7 were due to a temperature control failure.

It will be appreciated from the above that a variety of different compositions and structures are

. available to provide a product in accordance with the invention. Furthermore, it will be

appreciated that different structures may be adopted for different end uses, particularly
depending upon the temperature of use. For high temperature use in fuel cell applications, it
is preferred that the at least one Ag layer is overcoated with an SnO; layer, optionally doped
with Sb, in order to prevent evaporation of the Ag and to provide enhanced resistance at
elevated temperature to oxidation of the Ni-Sn alloy layer. Such properties may not be

necessary for low temperature work.

Those skilled in the art will appreciate that the invention described herein is susceptible to
variations and modifications other than those specifically described. It is to be understood that
the invention includes all such variations and modifications which fall within its spirit and

scope.

Throughout this specification, 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.

The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgment or any form of suggestion that that prior art forms part of the common

general knowledge in Australia or elsewhere.
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CLAIMS:

1. An electrically conductive metal element comprising an electrically conductive
metal substrate having a layer of Ni-Sn alloy overlying an electrically conductive surface of

the substrate and at least one layer of Ag or of Ag containing Sn overlying the Ni-Sn alloy

~ layer.

2. An electrically conductive metal element according to claim 1 wherein the Ni-Sn

alloy layer overlies only part of the substrate surface.

3. An electrically conductive metal element according to claim 1 wherein the at least

one layer of Ag overlies only part of the Ni-Sn alloy layer.

4. An electrically conductive metal element according to claim 1 wherein the
electrically conductive metal substrate is selected from the group consisting of nickel,

nickel alloys, copper, copper alloys, mild steel and heat resistant steels.
5. An electrically conductive metal element according to claim 1 wherein an
electrically conductive surface layer is provided on the surface of the metal substrate,

underlying the layer of Ni-Sn alloy.

6. An electrically conductive metal element according to claim 1 wherein the or each

| Ni-Sn alloy of the layer of Ni-Sn alloy does not have a Sn content greater than NizSny,

7. An electrically conductive metal element according to claim 6 wherein the or each
Ni-Sn alloy is selected from one or more of the group consisting of a mixture of NizSn, and
Ni3Sn, Ni3Sn, a mixture of NizSn and a solid solution of Sn in Ni, and a solid solution of

Sn in Ni.
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8. An electrically conductive metal element according to claim 7 wherein the layer of
Ni-Sn alloy comprises a sub-layer of a solid solution of Sn in Ni overlaid by a sub-layer of

NigSn.

9. An electrically conductive metal element according to claim 1 wherein the layer of

Ni-Sn alloy has a thickness in the range of about 10 to 40 ym.
10.  An electrically conductive metal element according to claim 1 wherein the at least
one layer of Ag or of Ag containing Sn has a thickness in the range of about 10 to 100 um,

preferably about 20 to 50 ym.

11.  An electrically conductive metal element according to claim 1 wherein the at least

one layer of Ag contains about 3-30 wt.% Sn.

12.  An electrically conductive metal element according to claim 1 wherein the at least

one layer of Ag contains at least about 6 wt.% Sn.

13.  An electrically conductive metal element according to claim 1 wherein a layer of

SnO; overlies the at least one layer of Ag or of Ag containing Sn.

14.  An electrically conductive metal element according to claim 13 wherein the layer of

SnO, overlies only part of the at least one layer of Ag or of Ag containing Sn.

15.  An electrically conductive metal element according to claim 13 wherein the layer of

SnO; has a thickness in the range of about 2 to 20 pm.

16.  An electrically conductive metal element according to claim 13 wherein the SnO,

layer is doped to improve the electrical conductivity of the SnOs,.

17.  An electrically conductive metal element according to claim 16 wherein the dopant
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is selected from one or more of SbyOs, SbyO4, As;O3, P,Os, F and CL

18.  An electrically conductive metal element according to claim 1 which is a separator

plate for a solid oxide fuel cell stack.

19. A method of improving the electrical conductivity of an electrically conductive
metal substrate which forms a less electrically conductive surface oxide layer in oxidising
conditions, the method comprising forming a layer of Ni-Sn alloy on at least a portion of a
surface of the substrate which does not have said surface oxide layer, and forming at least

one layer of Ag or of Ag containing Sn on at least a portion of the Ni-Sn alloy layer.

20. A method according to claim 19 wherein the electrically conductive metal substrate
is selected from the group consisting of nickel, nickel alloys, copper, copper alloys, mild

steel and heat resistant steels.

21. A method according to claim 19 wherein the or each Ni-Sn alloy of the layer of Ni-

Sn alloy does not have a Sn content greater than NizSny.

22. A method according to claim 21 wherein the Ni-Sn alloy is selected from one or
more of the group consisting of a mixture of NizSn, and Ni3Sn, NizSn, a mixture of NizSn

and a solid solution of Sn in Ni, and a solid solution of Sn in Ni.

23. A method according to claim 19 wherein the Ni-Sn alloy layer is formed by
applying the Ni-Sn alloy to the substrate by a process selected from the group consisting of
electroplating, hot dipping in molten alloy, application as a slurry and drying, thermally
spraying the alloy as powder, and thermally spraying mixtures of Ni and Sn powders.

24. A method according to claim 19 wherein the Ni-Sn alloy layer is formed by
applying Sn to one or more layers of Ni and diffusing the Sn into the Ni layer or layers at

elevated temperature.
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25. A method according to claim 24 wherein the Ni layer or a first Ni layer is an at least

- Ni-rich surface of the substrate.

26. A method according to claim 24 wherein the Ni is doped with Li.

27. A method according to claim 24 wherein said step of forming at least one layer of

Ag or of Ag containing Sn on at least a portion of the Ni-Sn alloy layer is performed by

- applying at least some of the Sn to the layer or layers of Ni in admixture or alloyed with the

Ag and performing said diffusion step.

28. A method according to claim 24 wherein the Sn is diffused from the at least one

. layer of Ag containing Sn into the at least one layer of Ni at a temperature in the range of

about 750 °C to 1000 °C.

29. A method according to claim 27 wherein there is up to about 90 wt.% Sn,
preferably up to about 45 wt% Sn, in admixture or alloyed with the Ag.

30. A method according to claim 27 wherein plural layers of Sn in admixture or alloyed

with Ag are applied, containing different proportions of Sn.

31. A method according to claim 30 wherein a respective diffusion step is performed

following the application of each layer of Sn in admixture or alloyed with Ag.

32. A method according to claim 19 which additionally comprises forming a layer of

SnO; on the at least one layer of Ag or of Ag containing Sn.

33. A method according to claim 32 wherein the layer of SnO; is formed by providing
an excess of Sn during the formation of the Ni-Sn alloy layer, causing at least some of the

excess Sn to migrate to an outer surface defined by the at least one layer of Ag or of Ag
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containing Sn and oxidising the Sn at said outer surface.

34. A method according to claim 33 wherein the at least one layer of Ag containing Sn
contains in excess of 6 wt.% Sn and said Sn for the layer of SnO; is derived from the at

least one layer of Ag containing Sn.

35. A method according to claim 32 which comprises doping the layer of SnO, to

improve its electrical conductivity.

36. A method according to claim 34 which comprises prior to said layer of SnO, being
formed, including a dopant in the at least one layer of Ag containing Sn for improving the

electrical conductivity of the layer of SnO,,
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