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HAFNIUM AND ZIRCONIUM DIBORIDE CONTAINING CERAMICS

This invention relates generally to ceramic materials. More specifically, although not
exclusively, this invention relates to ceramic materials for use in ultra-high temperature

applications, and methods of making the same.

Ultra-high temperature ceramics (UHTCs) are candidate materials for hypersonic flight,
atmospheric re-entry vehicles and thermal protection systems (TPS) for rocket nozzles as
they typically possess good chemical stability, high thermal conductivity, high strength and
melting points over 3000 °C.

Monolithic UHTCs are known. However, under extreme conditions, these monolithic
materials may be brittle and may fail when exposed to sudden high heat fluxes. Therefore,
UHTCs are often created within a carbon fibre matrix to produce ceramic matrix composites
(UHT-CMCs). This may improve the thermal shock resistance and toughness. In addition,
UHT-CMCs are less dense (and hence less weighty), which is beneficial for fuel efficiency

when used as components in vehicles.

It is known to use either zirconium diboride (ZrB2) or hafnium diboride (HfBz) in UHTCs. For
example, US 5,750,450 describes the fabrication of high temperature ablation resistant
ceramic composites comprising zirconium diboride or hafnium diboride as a component of
a UHTC. The UHTC of this patent comprises silicon carbide, a metal diboride (e.g.

zirconium diboride) and a metal carbide (e.g. hafnium carbide).

Despite the high melting points of ZrB, and HfB, being >3000 °C, these UHTCs oxidise to
ZrO, and HfO, around ~700 °C and ~800 °C respectively. Beneficially, in a low temperature
regime (~450 °C and above) the in-situ formation of molten B>O; inhibits the diffusion of
oxygen and prevents further oxidation of the bulk material. This enables the bulk material
in the UHTC to retain a high melting point and those associated beneficial properties.
However, above ~1100 °C, the molten B>O3 vaporises from the surface of the UHTC and
at ~1800 °C, the liquid vaporises as quickly as it forms and so the protection mechanism is

lost.

Although carbon fibres (Cf) also oxidise at ~500 °C, Cf composites containing either ZrB-
or HfB. display significantly improved oxidation and ablation resistance compared to C/C

composites, which are currently used in rocket nozzles (Makurunje et. al., J. Eur. Ceram.
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Soc. 2017, 37(10):3227-39). It is known that chemical and mechanical erosion of a nozzle
throat comprising a C/C composite limits the capabilities of the rocket by reducing the
pressure differential and hence the amount of thrust (Thakre et. al., J. Propuls. Power, 2013,
29(3):593-601; Bianchi et. al., J Propuls. Power. 2013, 29(5). Accordingly, the reduction of

such erosion is important.

Composites comprising carbon fibre and hafnium diboride (Cf/HfB. composites) have been
demonstrated to withstand temperatures as high as ~3000 °C combined with heat fluxes
up to 17 MW m2 and gas velocities of Mach 0.60 + 0.05 (Paul et. al., Adv. Appl. Ceram.
2016;115(3):158-65).

Composites comprising carbon fibre and zirconium diboride (Cf/ZrB, composites) also
display desirable properties, being lower in density (6.09 versus 10.5 gcm), an order of
magnitude cheaper in price and able to resist temperatures of ~2700 °C. This is beneficial
since aerospace materials are needed that will allow leading edges to remain sharp or

rocket nozzles to resist ablation.

It has also been shown that ultra-high temperature C-C composites formed from monomer-
based ZrB»-SiC powders produce an oxidation-resistant glass-ceramic coating in situ at
high temperatures, which provides a protective oxygen diffusion barrier at high
temperatures (Walker et. al., J. Am. Ceram. Soc., 97 [9] 3004-3011 (2014)).

In addition, composites comprising zirconium carbide (ZrC) and silicon carbide (SiC) have
been shown to provide excellent oxidation resistance. During testing at temperatures above
1100 °C, the formation of SiO, may even flow into cracks to repair the matrix. It has been
found that as the temperature increases, the ablation rate is controlled by the vaporisation
of the melt (Chen et. al., Corros. Sci. 2013, 68:168-75).

Nevertheless, materials that display even greater performance characteristics are sought

since the conditions that must be withstood are constantly increasing.

It is therefore a first non-exclusive object of the invention to provide a material, e.g. an ultra-
high temperature ceramic, with better performance characteristics at temperatures above
1000 °C, e.g. above 2000 °C or above 3000 °C, than those of the prior art.
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Accordingly, a first aspect of the invention provides an ultra-high temperature ceramic

material comprising hafnium diboride and zirconium diboride.

The term “ultra-high temperature” ceramic material is defined in this specification to mean
a ceramic material that is stable at temperatures above 2000 °C, e.g. above 2500 °C and/or
above 3000 °C.

The ceramic material may comprise a mixture, for example an intimate (e.g. substantially

homogeneous) mixture of hafnium diboride and zirconium diboride.

The ceramic material may be monolithic.

In an alternative embodiment, the ceramic material may further comprise a substrate or a
reinforcing component. The substrate or reinforcing component may comprise or be a
porous body. The substrate or reinforcing component may be formed from a fibre
component, e.g. a carbon fibre, to form a composite. The ceramic material may form a
matrix with the substrate or reinforcing component, e.g. a fibre reinforcing component. In
embodiments, the ceramic material may be a carbon fibre reinforced ceramic composite.

In embodiments, the substrate may comprise or be a preform. We define the term “prefrom”
to mean a substrate that has a three dimensional shape before it is contacted with the
ceramic material. The preform then retains the same three dimensional shape to form the

ceramic material comprising the preform.

The preform may be a porous body. The preform may be fabricated from carbon, e.g. a
carbon fibre preform. In embodiments, the ceramic material may be impregnated into the

substrate. In embodiments, the ceramic material may be coated onto the substrate.

In embodiments, the ceramic material does not comprise silicon or compounds of silicon,

e.g. silicon carbide, other than unavoidable impurities.

A further aspect of the invention provides an ultra-high temperature ceramic material
comprising a heat resistant component, the heat resistant component comprising:
between 15 to 85 vol.% HfB2; and
between 15 to 85 vol.% ZrB..
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In embodiments, the heat resistant component may comprise between 25 to 75 vol.% HfB:
and 25to 75 vol.% ZrB.. For example, the heat resistant component may comprise between
from any one of 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68,
69, 70, 71, 72, 73, 74, 75 vol.% to any one of 75, 74, 73, 72, 71, 70, 69, 68, 67, 66, 65, 64,
63, 62, 61, 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 40,
39, 38, 37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25 vol.% HfB, and between from any
one of 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72,73, 74,75 vol.% to any one of 75, 74, 73, 72, 71, 70, 69, 68, 67, 66, 65, 64, 63, 62,
61, 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 40, 39, 38,
37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25 vol.% ZrB-.

In embodiments, the heat resistant component may comprise between 50 to 75 vol.% HfB:
and 50 to 25 vol.% ZrB.. In embodiments, the heat resistant component may comprise more
than 50 to 75 vol.% HfB2 and less than 50 to 25 vol.% ZrB..

In embodiments, the heat resistant component may comprise between any one of 51, 52,
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74 % to any
one of 75,74,73,72, 71, 70, 69, 68, 67, 66, 65, 64, 63, 62, 61, 60, 59, 58, 57, 56, 55, 54,
53, 52 vol.% HfB2 and between any one of 49, 48, 47, 46, 45, 44, 43, 42, 41, 40, 39, 38,
37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26 % to any one of 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48 vol.% ZrB..

In embodiments, the heat resistant component may comprise between 55 to 75 vol.% HfB:
and 45 to 25 vol.% ZrB,. For example, the heat resistant component may comprise between
60 to 75 vol.% HfB> and 40 to 25 vol.% ZrB,, or between 65 to 75 vol.% HfB, and 35 to 25
vol.% ZrB;, or between 70 to 75 vol.% HfB,; and 30 to 25 vol.% ZrB..

In embodiments, the heat resistant component consists of HfB; and ZrB..
The ratio of hafnium diboride to zirconium diboride may be the same or may vary across

and/or through the ceramic material. For example, the ceramic material may comprise a

first zone or region where there is a preponderance of hafnium diboride and a second region
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where there is a preponderance of zirconium diboride and/or a third region where there is

an equal ration of hafnium diboride and zirconium diboride.

A yet further aspect of the invention provides an ultra-high temperature ceramic matrix
composite, the composite comprising a ceramic matrix component and a reinforcing
component, the ceramic matrix component comprising a heat resistant component, the heat
resistant component comprising:

between 15 to 85 vol.% HfB2; and

between 15 to 85 vol.% ZrB..

In embodiments, the heat resistant component may comprise between 25 to 75 vol.% HfB:
and 25to 75 vol.% ZrB,. For example, the heat resistant component may comprise between
from any one of 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68,
69, 70, 71,72, 73, 74, 75 vol.% to any one of 75, 74, 73, 72, 71, 70, 69, 68, 67, 66, 65, 64,
63, 62, 61, 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 40,
39, 38, 37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25 vol.% HfB. and between from any
one of 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72, 73,74, 75 vol.% to any one of 75, 74, 73, 72, 71, 70, 69, 68, 67, 66, 65, 64, 63, 62,
61, 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 40, 39, 38,
37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25 vol.% ZrB-.

In embodiments, the heat resistant component may comprise between 50 to 75 vol.% HfB:
and 50 to 25 vol.% ZrB.. In embodiments, the heat resistant component may comprise more
than 50 to 75 vol.% HfB, and less than 50 to 25 vol.% ZrB..

In embodiments, the heat resistant component may comprise between any one of 51, 52,
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74 % to any
one of 75, 74,73, 72,71, 70, 69, 68, 67, 66, 65, 64, 63, 62, 61, 60, 59, 58, 57, 56, 55, 54,
53, 52 vol.% HfB, and between any one of 49, 48, 47, 46, 45, 44, 43, 42, 41, 40, 39, 38,
37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26 % to any one of 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48 vol.% ZrB..
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In embodiments, the heat resistant component may comprise between 55 to 75 vol.% HfB»
and 45 to 25 vol.% ZrB,. For example, the heat resistant component may comprise between
60 to 75 vol.% HfB2 and 40 to 25 vol.% ZrB,, or between 65 to 75 vol.% HfB.and 35 to 25
vol.% ZrB;, or between 70 to 75 vol.% HfB,; and 30 to 25 vol.% ZrB..

The reinforcing component may comprise a substrate, for example a porous body and/or a
preform. The reinforcing component may be fabricated in whole or part from a fibre

component, e.g. a carbon fibre component.

It has been surprisingly found that the dynamic oxidation of the ceramic material and
ceramic matrix composite according to the invention at ultra-high temperatures, e.g. >2700
°C, is limited by including a mixture comprising both hafnium diboride and zirconium

diboride. This minimises damage to the ceramic material and/or ceramic matrix composite.

Although it is to be expected that a combination of HfB, and ZrB> would give rise to a
composite with equal performance to those containing one or the other, it has been
surprisingly found that the effect of having mixed hafnium and zirconium diborides is
synergistic.

Without wishing to be bound by any theory, our evidence demonstrates that damage to an
article can be at least reduced, e.g. significantly reduced, using the combination of
zirconium and hafnium boride. The combination can prevent oxidative damage, e.g.
oxidative damage of the vulnerable carbon fibres in a CMC according to the invention. We
have demonstrated that damage of the ceramic material at high temperatures, e.g. above
2800 °C is reduced. The effect is synergistic in comparison to the use of ZrB. alone or HfB;

alone rather than in combination, according to the invention.

A yet further aspect of the invention provides a method of fabricating an ultra-high
temperature ceramic matrix composite, the method comprising:
(a) providing a substrate;
(b) providing a composition comprising a heat resistant component, the heat resistant
component comprising HfB2 and ZrB;
(c) impregnating the substrate with the composition;
(d) optionally, curing the substrate comprising the composition to form a ceramic matrix

within the substrate;
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(e) pyrolyzing the substrate comprising the ceramic matrix.

In embodiments, the substrate may be a porous body and/or a preform. The substrate may

be formed from or may comprise fibres, e.g. carbon fibres.

In embodiments, the composition may comprise a resin, for example a phenolic resin and/or

a solvent, for example acetone.

In embodiments, the heat resistant component may comprise between 15 to 85 vol.% HfB:
and between 15 to 85 vol.% ZrBs.

In embodiments, impregnating the substrate may comprise injecting the composition into
the substrate. In embodiments, impregnating the substrate may comprise impregnating the
substrate with the composition under vacuum. In embodiments, impregnating the substrate
may comprise a two-stage pressure assisted impregnation technique comprising: (i)
injecting the composition into the substrate; and (ii) supplying a vacuum to the substrate in
the presence of the composition to impregnate of the substrate with the composition. In
embodiments, step (i) injecting the composition into the substrate, may be performed before
step (ii) supplying a vacuum to the substrate in the presence of the composition to

impregnate of the substrate with the composition.

For the avoidance of doubt, any of the features described herein apply equally to any aspect

of the invention.

Within the scope of this application it is expressly intended that the various aspects,
embodiments, examples and alternatives set out in the preceding paragraphs, in the claims
and/or in the following description and drawings, and in particular the individual features
thereof, may be taken independently or in any combination. Thatis, all embodiments and/or
features of any embodiment can be combined in any way and/or combination, unless such
features are incompatible. For the avoidance of doubt, the terms “may”, “and/or”, “e.g.”,
“for example” and any similar term as used herein should be interpreted as non-limiting
such that any feature so-described need not be present. Indeed, any combination of
optional features is expressly envisaged without departing from the scope of the invention,
whether or not these are expressly claimed. The applicant reserves the right to change any

originally filed claim or file any new claim accordingly, including the right to amend any
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originally filed claim to depend from and/or incorporate any feature of any other claim

although not originally claimed in that manner.

Examples
To further exemplify the invention, reference is made to the following non-limiting Examples

and with reference to the accompanying drawings in which:

Figure 1A is a flow diagram illustrating the process for fabricating a ceramic matrix
composite according to embodiments of the invention;

Figure 1B is a micro-CT image of the carbon fibre preform as supplied, which was
used in the process shown in Figure 1A;

Figure 2 is an apparatus for high temperature performance testing of ceramic matrix
composites according to Examples and Comparative Examples of the invention;
Figure 3A shows images of the ultra-high temperature test results for the ceramic
matrix composite of Comparative Example 1;

Figure 3B shows images of the ultra-high temperature test results for the ceramic
matrix composite of Example 1 of the invention;

Figure 3C shows images of the ultra-high temperature test results for the ceramic
matrix composite of Example 2 of the invention;

Figure 3D shows images of the ultra-high temperature test results for the ceramic
matrix composite of Example 3 of the invention;

Figure 3E shows images of the ultra-high temperature test results for the ceramic
matrix composite of Comparative Example 2;

Figure 4 is a plot to quantitatively illustrate the results of the ultra-high temperature
test results shown in Figures 3A to 3E;

Figure 5 shows a series of images of further ultra-high temperature test results for the
ceramic matrix composite of Example 2 of the invention, and Comparative Examples
1 and 2;

Figures 6A and 6B show experimental data obtained using an aerodynamic levitation

(ADL) technique to investigate the mechanism of protection for the invention.

In all Examples, zirconium diboride was obtained from H.C. Starck GmbH, Germany,
hafnium diboride was obtained from Treibacher Industrie AG, Austria, and the phenolic
resin was obtained from Cellobond J2027L, Hexion Speciality Chemicals, B.V. Netherlands.

The porous carbon fibre preforms were obtained from Surface Transforms Plc., Cheshire,
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UK with the following specification provided by the manufacturer: 2.5 D (2.5 dimensional)
panox carbon fibre preforms with a fibre content of ~23 vol.% (~77 vol.% porosity) and an

average fibre diameter of 7-10 um.

Fabrication of Ceramic Matrix Composites (CMCs) according to Examples and

Comparative Examples of the Invention

Ceramic matrix composites (CMCs) comprising a heat resistant component were fabricated
according to Examples of the invention and Comparative Examples. The heat resistant
component used in each of the Examples and Comparative Examples consists of the

following composition, shown in Table 1.

Table 1 Composition of the heat resistant component of the CMCs of Examples of the
invention
Composition Example ZrB: (vol.%) HfB: (vol.%)
1 CE 1 100 0
2 1 75 25
3 2 50 50
4 3 25 75
5 CE2 0 100

Referring now to Figure 1A, there is shown a flow diagram 1 illustrating the fabrication
process according to embodiments of the invention, to produce CMCs according to
Examples of the invention. Referring also to Figure 1B, there is shown a micro-CT image
of the carbon fibre preform as supplied. In the process of Figure 1A, there is shown the
following steps: (1a) Cut porous carbon fibre preform of Figure 1B to the desired size; (1b)
Prepare slurry of ZrB,, HfB,, phenolic resin, and acetone; (2) Slurry injection impregnation
of carbon fibre preform; (3) Cure and pyrolyse carbon fibre preform; (4) Pressure-assisted

impregnation of carbon fibre preform; (5) Cure and pyrolyse carbon fibre preform.

The slurry of Step (1b) was prepared using 20-30g phenolic resin, 40-60g acetone, 0-225g
HfB2 and 0-130g ZrBz. A slurry of this description was used for each impregnation stage

described in Step (2) and Step (4) of the process of Figure 1A.

The curing of the carbon fibre preform of Step (3) and Step (5) was performed at 120 °C for

2 hours.
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The pressure used in Step (4) of the process was between 5 to 20 mBar.

Some of the experimental details of Steps (2) and (4) are further described in ‘Evaluation
of the high temperature performance of UHTC composites’, Paul A, Rubio V, Binner JGP,
Vaidhyanathan B, Heaton ACJ and Brown PM, Int. J. Appl. Ceram. Tech. 14 [3] 344-353
(2017) and Hu et. al in J Am Ceram Soc. 2019; 102:70-78 (DOI: 10.1111/jace.16018).
Further details are provided in a journal article entitled “Development of a slurry injection
technique for continuous fibre ultra-high temperature ceramic matrix composites
(UHTCMCs)” Jon Binner et al.(J Eur. Ceram. Soc. 2019; 39:14, 3927-3937).

The fabrication process shown in Figure 1A was used to fabricate CMCs according to the
following Examples of the invention. The fabrication process was also used to prepare
CMCs according to Comparative Examples, wherein Step (1b) was modified such that ZrB»

(CE1) or HfB2 (CE2) replaced a mixture of ZrB, or HfB2 according to the invention.

It was found that the total mass uptake by the carbon fibre preforms ranged from between
20g to 40g across all compositions.

Example 1 to 3: Fabrication of a Ceramic Matrix Composite comprising Composition
2 to 4 respectively

A slurry was formed from Composition 1, 2, or 3 (20 vol.%), phenolic resin (20 vol.%) and
acetone (60 vol.%). The slurry was ball milled for 24 hours before use to ensure
homogenous mixing and complete dissolution of the resin in the acetone. The slurries were
then impregnated into a cylindrical porous carbon fibre preform (30 mm diameter, 18 mm
tall 2.5D), using a two-stage impregnation technique similar to that described in Hu et. al in
J Am Ceram Soc. 2019; 102:70-78 (DOI: 10.1111/jace.16018) and in the journal article
described above (J Eur. Ceram. Soc. 2019; 39:14, 3927-3937) comprising a slurry injection
impregnation stage and a pressure assisted impregnation stage. After each impregnation
stage, the carbon fibre preform was pyrolysed in flowing argon gas at 850 °C for 3 hours
(heating and cooling ramp rates of 1.5 °C min'") to remove the organics residing in the
phenolic resin and convert it into pyrolytic carbon. The porosity of the carbon fibre preform
was reduced from the initial value of 77% to 45+5% to form a CMC according to Example

1, 2, and 3 of the invention respectively.
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Comparative Example 1: Fabrication of a Ceramic Matrix Composite comprising
Composition 1

A slurry was formed from ZrB, powder (20 vol.%), phenolic resin (20 vol.%) and acetone
(60 vol.%). The slurry was ball milled for 24 hours before use to ensure homogenous mixing
and complete dissolution of the resin in the acetone. The slurries were then impregnated
into a cylindrical porous carbon fibre preform (30 mm diameter, 18 mm tall 2.5D), using a
two-stage pressure assisted impregnation technique described in Hu et. al in J Am Ceram
Soc. 2019; 102:70-78 (DOI: 10.1111/jace.16018) and in the journal article described above
(J Eur. Ceram. Soc. 2019; 39:14, 3927-3937) comprising a slurry injection impregnation
stage and a pressure assisted impregnation stage. After each impregnation stage, the
carbon fibre preform was pyrolysed in flowing argon gas at 850 °C for 3 hours (heating and
cooling ramp rates of 1.5 °C min'") to remove the organics residing in the phenolic resin
and convert it into pyrolytic carbon. The porosity of the carbon fibre preform was reduced
from the initial value of 77% to 46+3% to form a CMC according to Comparative Example
1.

Comparative Example 2: Fabrication of a Ceramic Matrix Composite comprising
Composition 5

A slurry was formed from HfB> powder (20 vol.%), phenolic resin (20 vol.%) and acetone
(60 vol.%). The slurry was ball milled for 24 hours before use to ensure homogenous mixing
and complete dissolution of the resin in the acetone. The slurries were then impregnated
into a cylindrical porous carbon fibre preform (30 mm diameter, 18 mm tall 2.5D), using a
two-stage pressure assisted impregnation technique described in Hu et. al in J Am Ceram
Soc. 2019; 102:70-78 (DOI: 10.1111/jace.16018) and in the journal article described above
(J Eur. Ceram. Soc. 2019; 39:14, 3927-3937) comprising a slurry injection impregnation
stage and a pressure assisted impregnation stage. After each impregnation stage, the
carbon fibre preform was pyrolysed in flowing argon gas at 850 °C for 3 hours (heating and
cooling ramp rates of 1.5 °C min™") to remove the organics residing in the phenolic resin
and convert it into pyrolytic carbon. The porosity of the carbon fibre preform was reduced

from the initial value of 77% to 4613 to form a CMC according to Comparative Example 2.
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High-Temperature Performance Testing of Ceramic Matrix Composites (CMCs)

according to Examples and Comparative Examples of the Invention

The CMCs according to Examples 1 to 3, and Comparative Examples 1 and 2, were tested
to determine the high-temperature performance using an oxyacetylene torch capable of
reaching ~2950 °C.

Referring now to Figure 2, there is shown an apparatus 2 for testing the high temperature
performance of the CMCs of Examples 1 to 3, and the Comparative Examples 1 and 2. The
apparatus 2 comprises a back face thermocouple 21, a water cooling system 22, a sample
holder 23, a guide rail 24, protective insulation 25, an oxyacetylene torch 26, a neutral

density filter 27, a thermal imaging camera 28, and a two colour pyrometer 29.

A sample S, e.g. the CMC of Example 1, 2, or 3, or the CMC of Comparative Example 1 or
2, is held in the sample holder 23.

In use, the sample S is clamped in the sample holder 23. A major surface of the sample S
is located at 90 degrees to the flame of the oxyacetylene torch 26 at a distance of 12 mm.
The oxyacetylene torch 26 is used to heat the sample S to ~2800+50 °C with a peak heat
flux of ~17 MW m-2for 60+0.05 seconds.

To best replicate the temperature ranges experienced in many potential applications of
Examples of the invention, an oxidising flame was used with an acetylene:oxygen ratio of
1:1.35 (see Paul et. al., J Eur Ceram Soc. 2013, 33(2):423-32 and Paul et. al., Adv Appl/
Ceram. 2016, 115(3):158-65 for further experimental details).

The thermal imaging camera 28 (FLIR A655sc, SLIR Systems AB, Sweden) and the two-
colour pyrometer 29 (METIS M3, Sensortherm, Germany) logged the surface temperature

of the sample S as a function of time.

The resulting ablation on the CMC was imaged using a Keyence optical confocal

microscope (VHX6000, Osaka Prefecture, Osaka, Japan).

Referring now to Figure 3A there is shown an image 30 (scale 5mm) of the ablation created

during the ultra-high temperature testing of the CMC of Comparative Example 1 comprising
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ZrB in 100 vol.% of the heat resistant component. There is also shown a magnified image

31 (scale 2mm) of the ablation zone of image 30.

Referring now to Figure 3B there is shown an image 32 (scale 5mm) of the ablation created
during the ultra-high temperature testing of the CMC of Example 1 comprising ZrB; in 75
vol.% and HfB2 in 25 vol.% of the heat resistant component. There is also shown a

magnified image 33 (scale 2mm) of the ablation zone of image 32.

Referring now to Figure 3C there is shown an image 34 (scale 5mm) of the ablation created
during the ultra-high temperature testing of the CMC of Example 2 comprising ZrB. in 50
vol.% and HfB2 in 50 vol.% of the heat resistant component. There is also shown a

magnified image 35 (scale 2mm) of the ablation zone of image 34.

Referring now to Figure 3D there is shown an image 36 (scale 5mm) of the ablation created
during the ultra-high temperature testing of the CMC of Example 3 comprising ZrBz in 25
vol.% and HfB2 in 75 vol.% of the heat resistant component. There is also shown a
magnified image 37 (scale 2mm) of the ablation zone of image 36.

Referring now to Figure 3E there is shown an image 38 (scale 5mm) of the ablation created
during the ultra-high temperature testing of the CMC of Comparative Example 2 comprising
HfB2 in 100 vol.% of the heat resistant component. There is also shown a magnified image

39 (scale 2mm) of the ablation zone of image 38.

The extent of damage sustained by each CMC of Example 1 to 3, and Comparative
Example 1 and 2 (shown in Figures 3A to 3E) was quantified by measuring the Mass
Ablation Rate (MAR) and the Linear Ablation Rate (LAR) calculated using the following

equations:

Mo—Mmyg Am
t ot

MAR = Equation 1

lo—1 Al
LAR = an == Equation 2

wherein subscript “0” represents initial and subscript “f” denotes final.

Therefore, lower MAR and LAR values correspond to better oxidation and ablation

resistance respectively and are characteristic of superior high temperature performance.
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Referring now to Figure 4, there is shown a graph 4 showing the mass ablation rates (MAR)
represented by squares (m), linear ablation rates (LAR) represented by circles (o), and
ablation areas represented by triangles (A) for the high temperature performance tests
shown in Figures 3A to 3E of the CMCs of Examples 1 to 3 and Comparative Examples 1
and 2.

It is evident from Figure 4 that the MAR (m), the LAR (e), and the Ablation Area (A) for the
high temperature performance testing each decrease as a function of an increasing amount
of HfB in ZrB, the CMCs of Examples 1 to 3. The CMC that exhibited the least damage
(i.e. the lowest MAR, LAR, and Ablation Area values) was Example 3, comprising 75 vol.%
HfB2 and 25 vol.% ZrB..

Surprisingly, the CMCs of Examples 1, 2 and 3 appear to produce different molten oxide
structures on the surface of the CMC compared to those based on pure ZrB, (Comparative
Example 1) and HfB, (Comparative Example 2), as shown in Figures 3A to 3E, with those
of Examples 2 and 3 (50-75 vol.% HfB in 50-75 vol.% ZrBz) showing marked and significant
differences of structure.

Under high temperature performance testing, the CMC of Example 3 exhibits no pit or hole
formation and there is also no delamination or denudation of the surface oxide. Although
cracks are still present, due, we believe, to the martensitic transformation from tetragonal
to monoclinic polymorphs of the resultant ZrO, and HfO. formed, the linear and mass
ablation rates are very significantly reduced, as shown in Figure 4 and as compared to the

pure hafnium or zirconium diborides (CE1, CE2).

Referring now to Figure 5, there is shown images 5 of CMCs of Example 2, and
Comparative Examples 1 and 2 under different high temperature performance test
conditions. In this test, the apparatus 2 of Figure 2 was used with the following changes to

the test conditions described for the tests of Figures 3A to 3E.

The sample S was clamped in the sample holder 23 at a distance of 10 mm (instead of 12

mm) from the oxyacetylene torch 26.
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For the samples S of Comparative Examples 1 and 2, the oxyacetylene torch 26 was used
to heat the sample S to ~2800+50 °C with a peak heat flux of ~17 MW mfor 60 seconds.

For the sample S of Example 2, the oxyacetylene torch 26 was used to heat the sample S
to ~2800+50 °C with a peak heat flux of ~17 MW mfor 4 minutes.

There is shown an image 51 of the ablation for the CMC of Comparative Example 1, an
image 52 of the ablation for the CMC of Comparative Example 2, and an image 53 of the
ablation for the CMC of Example 2.

There is also shown images 54, 55, 56 showing the depth of the ablation as a function of
colour for the CMC of Comparative Example 1 (image 54), Comparative Example 2 (image

55) and Example 2 (image 56).

It is shown that the ablation zone for the Comparative Examples 1 and 2 extends much
deeper in comparison to the ablation zone for Example 2. This is surprising because the
test was performed for 4 minutes for Example 2 but only 60 seconds for each of the
Comparative Examples. Therefore, the CMC of Example 2 has a significantly better high
temperature performance than that of the CMCs of the Comparative Examples.

This shows that a CMC comprising a heat resistant component of a 50:50 mixture of HfB,
and ZrB. (Example 2) is superior for high temperature performance to a CMC comprising a
heat resistant component consisting of either ZrB, (Comparative Example 1) or HfB;
(Comparative Example 2). It has been surprisingly shown that the mixture of HfB, and ZrB;

produces a synergistic effect in comparison to the use of either HfB, or ZrB- alone.

Without wishing to be bound by any theory, it is thought that the mixture of HfB, and the
ZrB; at the outer surface of the CMC oxidise to form ZrO, or HfO, at high temperatures.
This forms a liquid, which flows across the surface of the CMC to provide a protective
coating to prevent oxygen ingress and oxidative damage of the vulnerable carbon fibres in
a CMC according to Examples of the invention. This prevents ablative damage of the
ceramic material at high temperatures, e.g. above 2800 °C. This type of liquid protective

coating is evident in, e.g. Figure 3A, image 31.
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According to the Stoke-Einstein relationship, the diffusion of oxygen through the protective
coating is inversely proportional to the dynamic viscosity of the coating. Therefore, to
minimise the diffusivity of oxygen into the bulk composite, any liquid on the surface should
have a high dynamic viscosity. This has been estimated to be ideally between 7-13 GPas
by Walker et. al. in J. Am. Ceram. Soc., 2014, 97 (9) 3004-3011. This publication describes
that for best results, the protective liquid (in their case formed from ZrB, and SiC) should
form with a low viscosity, wet the surface and then increase its viscosity through the loss of
a volatile liquid, e.g. B20s. It has also been claimed that an initial ZrO»-SiO» binary melt,
that had subsequently been depleted of SiO2 due to high temperatures, was highly viscous
and hindered ablation damage (Chen et. al., Corros. Sci. 2013, 68:168-75).

The protection mechanism of the present invention was investigated by measuring the
viscosity and surface tension of liquid ZrO, and HfO- using an aerodynamic levitation (ADL)
technique described by Langstaff et. al. (Rev. Sci. Instrum. 2013, 84, 124901).

Referring now to Figures 6A and 6B, there is shown experimental data obtained from the
aerodynamic levitation (ADL) technique for the following compositions: (i) HfO;
(represented as m); (ii) ZrO: (represented as A); (iii) ZrosHfo 502 (represented as +).

Referring first to Figure 6A, there is shown a plot 6A illustrating the viscosity as a function
of temperature for (i) HfO. (represented as m); (ii) ZrO. (represented as A); (iii) ZrosHfo 502
(represented as ¢). A literature value 61 for ZrO, (Atomic and electronic structures of an
extremely fragile liquid” Shinji Kohara et al, Nature Communications, 2014) was included in

Figure 6A as verification for the experimental values.

Referring also to Figure 6B, there is shown a plot 6B illustrating the surface tension as a
function of temperature for (i) HfO, (represented as m); (ii) ZrO, (represented as A); (iii)

ZrosHfo 502 (represented as +).

It was expected from the prior art (Langstaff et. al., Rev. Sci. Instrum. 2013, 84, 124901;
Chen et. al., Corros Sci. 2013, 68:168—75) that the protective mechanism of the CMC of
Example 2 of the invention (comprising 50 vol.% HfB, and 50 vol.% ZrBz) would result from

a highly viscous coating of oxidised Zro sHfo 502 to hinder ablation damage.
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Surprisingly, the data shown in Figures 6A and 6B show that the viscosity and surface
tension for each of (i) HfO; (represented as m); (ii) ZrO: (represented as A); (iii) ZrosHfo 502

(represented as ) are of a similar magnitude to one another.

Evidently, the liquid Zro sHfo 502 has a much lower viscosity than, for example 7-13 GPa as
described in the prior art, and yet it remains adhered to the CMC sample surface for both
Example 2 and Example 3 to hinder ablation damage. This contradicts the teachings of the

prior art and as such, is a surprising result.

Therefore, at high temperatures, e.g. above 2800 °C, the ablation damage is quantitatively
and qualitatively less for ceramic materials comprising both HfB2 and ZrB. in comparison to
ceramic materials comprising HfB2 only or ZrB> only. Moreover, the exact composition of
the UHTC can be tailored to suit specific needs. Zirconium diboride is less dense (and thus
weighs less per unit volume) than hafnium diboride. Also, zirconium diboride is significantly
cheaper than its hafnium counterpart. Accordingly, significant performance enhancements
can be achieved with significant weight savings. This is beneficial in many likely uses of the
composition of the invention.

A part, for example, can be made to have varying physical characteristics across and/or
through it. For example, the ratio of hafnium diboride to zirconium diboride may be the same
or may vary across and/or through the ceramic material. For example, the ceramic material
may comprise a first zone or region where there is a preponderance of hafnium diboride
and a second region where there is a preponderance of zirconium diboride and/or a third
region where there is an equal ration of hafnium diboride and zirconium diboride. In such a
way a first portion of a part may have the highest temperature resistance, whereas a second
portion may have a lower temperature resistance but be lighter (as may be achieved by
increasing the amount of zirconium diboride as compared to the amount of hafnium

diboride). This can be conveniently be achieved using the injection process set out above.

The ceramic material according to the invention provides a lower density, lower cost, high
melting point material, which gives rise to less ablative damage than materials of the prior
art.

It will be appreciated by those skilled in the art that several variations to the aforementioned

embodiments are envisaged without departing from the scope of the invention.



WO 2020/212692 PCT/GB2020/050951

18

It will also be appreciated by those skilled in the art that any number of combinations of the
aforementioned features and/or those shown in the appended drawings provide clear
advantages over the prior art and are therefore within the scope of the invention described

herein.
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CLAIMS

An ultra-high temperature ceramic material comprising hafnium diboride and

zirconium diboride.

A ceramic material according to Claim 1, wherein the ceramic material is monolithic.

A ceramic material according to Claim 1, wherein the ceramic material further

comprises a substrate.

A ceramic material according to Claim 3, wherein the substrate comprises or is
formed from a porous body, for example formed comprising fibre, e.g. a carbon fibre

and/or a carbon fibre preform.

A ceramic material according to Claim 3 or 4, wherein the ceramic material forms a

matrix with the substrate.

A ceramic material according to any preceding Claim, wherein the ceramic material
is a carbon fibre reinforced ceramic composite.

A ceramic material according to any preceding Claim, wherein the ceramic material
does not comprise silicon or compounds of silicon, e.g. silicon carbide, other than

unavoidable impurities.

An ultra-high temperature ceramic material comprising a heat resistant component,
the heat resistant component comprising:

between 15 to 85 vol.% HfB2; and

between 15 to 85 vol.% ZrB..

A ceramic material according to Claim 8, wherein the heat resistant component
comprises between 25 to 75 vol.% HfB. and between 25 to 75% ZrB..

A ceramic material according to Claim 8 or 9, wherein the heat resistant component
comprises between 50 to 75 vol.% HfB. and between 50 to 25 vol.% ZrB..
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13.

14.

15.

16.

17.

18.

20

A ceramic material according to any of Claims 8 to 10, wherein the heat resistant

component consists of HfB, and ZrB..

An ultra-high temperature ceramic matrix composite, the composite comprising a
ceramic matrix component and a substrate, the ceramic matrix component
comprising a heat resistant component comprising:

between 15 to 85 vol.% HfB2; and

between 15 to 85 vol.% ZrB..

A ceramic matrix composite according to Claim 12, wherein the substrate
comprises a porous body, for example comprises a fibre component, e.g. a carbon

fibre component.

A method of fabricating an ultra-high temperature ceramic matrix composite, the
method comprising:
providing a substrate;
providing a composition comprising a heat resistant component, the heat
resistant component comprising HfB. and ZrB;
impregnating the substrate with the composition;
optionally, curing the substrate comprising the composition to form a ceramic
matrix within the reinforcing component;

pyrolyzing the substrate comprising the ceramic matrix.

A method according to Claim 14, wherein the substrate comprises a porous body

and/or comprises fibres, e.g. carbon fibres.

A method according to Claim 14 or 15, wherein the composition comprises a resin,

for example a phenolic resin and/or a solvent, for example acetone.

A method according to any of Claims 14 to 16, wherein the heat resistant component
comprises between 15 to 85 vol.% HfB, and between 15 to 85 vol.% ZrB..

A method according to any of Claims 14 to 17, wherein the heat resistant component
comprises between 25 to 75 vol.% HfB2 and between 25 to 75 vol.% ZrB..
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20.

21.

22.

23.

24.

21

A method according to any of Claims 14 or 18, wherein the heat resistant component
comprises between 50 to 75 vol.% HfB, and between 50 to 25 vol.% ZrB..

A method according to any of Claims 14 or 19, wherein the heat resistant component

consists of HfB, and ZrB:.

A method according to any of Claims 14 to 20, wherein impregnating the substrate

comprises injecting the composition into the substrate.

A method according to any of Claims 14 to 21, wherein impregnating the substrate

comprises impregnating the substrate with the composition under vacuum.

A method according to any of Claims 14 to 22, wherein impregnating the substrate
comprises a two-stage pressure assisted impregnation technique comprising: (i)
injecting the composition into the substrate; and (ii) supplying a vacuum to the
substrate in the presence of the composition to impregnate the substrate with the
composition.

A method according to Claim 23, wherein step (i) injecting the composition into the
substrate, is performed before step (i) supplying a vacuum to the substrate in the

presence of the composition to impregnate of the substrate with the composition.
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