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By contrast, an exemplary protective coating of fuel
element depicted in FIG. 7 includes a Gr-based substrate
coated with an innermost layer of Mo,C deposited directly
on the Gr-based substrate by CVD. A first layer of Mo—Nb
alloy is deposited on the Mo,C. A second layer of Mo—Nb
alloy is deposited on and overlies the first layer of Mo—Nb
alloy. An outermost layer of ZrC is deposited on and overlies
the second layer of the Mo—Nb alloy. As an example, the
first innermost layer of Mo—Nb alloy has 15% Nb (i.e.
Mo-15 (at. %) Nb) and the second layer of Mo—Nb alloy
has 35% Nb (i.e. Mo-35 (at. %) Nb). FIG. 7 shows the
calculated residual stresses in the individual layers of the
exemplary 4 layer protective coating architecture. Specifi-
cally, the predicted residual stress in the ZrC coating layer
in a fuel element consisting of ZrC/Mo-35% Nb/Mo-15%
Nb/Mo,C/Gr is about 50 MPa and those in the two Mo/Nb
layers are approximately 40 and 65 MPa. The calculated
residual stress in the Mo, C layer is approximately —45 MPa.
In this exemplary arrangement the residual stress at the
Gr-based substrate interface is near zero.

The adverse effects resulting from thermal expansion are
largely counteracted through the use of the multilayer pro-
tective coating. As a result, the underlying Gr-based layer is
less likely to be exposed to destructive hot hydrogen gas
during operation in a nuclear thermal propulsion system or
other working environment. An alternative embodiment may
also include coating the outer layer of the ZrC or NbC with
a thin layer of Mo, Mo—Nb alloy and/or Mo,C in the range
of 0.5 to 10 pum in thickness.

As shown in FIG. 4, the Mo—Nb binary phase diagram
is isomorphous with complete solid solubility between the
two elements. As a result, the melting points, neutron
absorption cross-sections, mechanical properties and CTE of
the multi-layered coatings can be varied to develop layers
with different combinations of coating compositions to
satisfy various nuclear operating requirements. Also, varied
protective coating layers with different combinations of
components and thicknesses can be used to meet the
demands of different nuclear thermal propulsion engine
designs. For example, in alternative embodiments the ZrC
outer layer can be replaced with NbC or variations of
(Nb,Zr)C with different amounts of Nb varying between 0
and 100 at. % depending on the melting point and other
operating environment conditions. In another example, the
Mo—Nb coating can be varied between 100 (at. %) Mo to
100 (at. %) Nb depending on specific application require-
ments.

The addition of Si, Zr, Ru and/or Y to the Mo—Nb layers
can be used to decrease the neutron absorption cross-section.
In alternative embodiments, the protective coating may not
include the Mo,C layer. The Mo,C could be replaced by
Mo,N, Nb,N, NbC and/or (Mo,Nb),N (Mo,Nb),C varia-
tions with different amounts of Mo, Nb, C and N. The use
of Mo and/or Nb nitride layers are likely to be important in
embodiments in which the fuel is changed from UC to UN.
This metal carbide or nitride layer may act as a diffusion
barrier and serves to minimize the diffusion of C or N out of
the substrate to the metallic multi-layered coatings. Depend-
ing on the engine design and the desired operating life, this
layer could be varied between about 0.5 and 10 pm. The
Mo,C, Mo,N and/or (Mo,Nb),N can be deposited either
directly from the gaseous phase through a chemical reaction
or by depositing the metal (i.e. Mo and/or Nb) and reacting
with the C and N in the substrate.

FIG. 8 shows another exemplary embodiment of a fuel
element with a ZrC/Nb/Gr architecture. In this arrangement
the coating layers were sequentially deposited on a Gr-based
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substrate by CVD. FIG. 9 shows another exemplary embodi-
ment of a fuel element with a ZrC/Nb/Mo/Nb/Gr architec-
ture, wherein the coating layers were sequentially deposited
on the Gr-based substrate deposited by CVD. Alternative
deposition methods could include low pressure CVD, ultra-
high vacuum CVD, atomic layer CVD and other similar
depositon proceeses conducted under low pressure or ultra
high vacuum conditions in a reactor chamber. Other depo-
sition techniques could include electrodeposition of Mo, Nb
and Zr from either aqueous solutions or molten salt baths.

Exemplary embodiments of the coating may include
alternative compositions for the outermost layer of ZrC that
are also resistant to hot hydrogen attacks. For example, the
outermost layer may be comprised of other carbides such as
NbC, WC. Other exemplary compositions of the outermost
layer may be comprised of ZrN or Nb,N.

The exemplary arrangements are discussed in connection
with a protective coating for a nuclear fuel element that
includes a Gr-based substrate. An exemplary application for
the described element is used in nuclear thermal propulsion
systems. However, the approaches and coatings described
may also be advantageously used in other applications to
prevent hydrogen attack of Gr-based based compositions.
Such approaches may be advantageously used in commer-
cial, military and/or acrospace applications. Further it should
be understood that although the exemplary approach is
described in connection with nuclear fuel elements, the
protective coating approaches described may also be utilized
in connection with other types of Gr-based or other material
components that need to be protected from hot hydrogen or
other destructive materials at high temperatures. Further it
should be understood that the approaches described are
exemplary and those skilled in the art may devise other
arrangements based on the teachings presented herein.

Although the exemplary arrangements have been
described based upon certain embodiments, a wide array of
modifications, variations, and alternative constructions are
also within the spirit and scope of the principles described
herein. Example arrangements for a protective coating for a
Gr-based substrate based element have been described
herein with reference to particular components, features,
properties, attributes, relationships, and methods. However,
it should be understood that in other embodiments other
arrangements may include other components, features, prop-
erties, attributes, relationships, and/or methods which pro-
vide similar capabilities and functionality.

It will be readily understood that the features of exem-
plary embodiments, as generally described and illustrated in
the Figures herein, can be arranged and designed in a wide
variety of different configurations. That is, the features,
structures, and/or characteristics of embodiments or arrange-
ments described herein may be combined in any suitable
manner in one or more other embodiments or arrangements.
Thus, the detailed description of the exemplary embodi-
ments of apparatus and method, as represented in the
attached Figures, is not intended to limit the scope of the
invention as claimed, but is merely representative of selected
exemplary embodiments that implement the principles
described herein.

In the foregoing description, certain terms may have been
used to describe example arrangements for purposes of
brevity, clarity, and understanding. For example, certain
terms like “inner”, “outer”, “upward”, “downward”,
“higher”, “lower”, “left”, “right”, “outer”, “inner”, “front”,
“rear”, “top”, and “bottom” may have been used. However,
no unnecessary limitations are to be implied therefrom
because such terms have been used for descriptive purposes
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