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Ultra-high temperature ceramic matrix composites (UHTCMCs) have been produced using a radio frequency
assisted chemical vapour infiltration (RF-CVI) process. The composites were based on 2.5D carbon fibre preforms
with a 0 / 90° (out of plane) fibre orientation and containing 23 % fibre volume fraction. These were initially
impregnated with zirconium diboride (ZrBz) powder in the form of a slurry and then, after solvent removal, the
majority of the porosity filled with pyrolytic carbon (PyC) using the RF-CVI process at 1273 K and 0.5 kPa
chamber pressure. The latter resulted in a uniform rough laminar texture with good interfacial bonding. As
intended, an inverse temperature profile was achieved using the RF heating, enabling uniform densification of
the preform from the inside out, with no entrapped porosity and achieving 90 % of theoretical density in only 24
h, at least a tenfold reduction in processing time compared to the conventional CVI process and a fivefold
reduction compared to other modified CVI processes such as forced flow or pressure gradient CVI. The resulting
UHTCMC:s displayed good mechanical strength and thermo-ablative behaviour.

1. Introduction

Next generation materials for space applications such as rocket
nozzles and thermal protection systems for space vehicles flying at hy-
personic speeds require materials to withstand a combination of extreme
temperatures, chemically aggressive environments and rapid heating or
cooling [1]. These demands are beyond the capabilities of current
commercial engineering materials [2]. Ultra-high temperature ceramics
(UHTC), composed primarily of metal diborides, are candidate materials
for sharp leading edges on hypersonic re-entry vehicles [3]. The
monolithic UHTC ceramic materials, however, display insufficient
fracture toughness and hence thermal shock resistance for most poten-
tial applications and so have to be fibre reinforced to create ceramic
matrix composites [4]. Carbon fibres (C¢) are generally preferred for
their low density and cost combined with high stiffness and strength,
and hence carbon fibre reinforced ultra-high temperature ceramic ma-
trix composites (UHTCMCs) are now being widely investigated as high
temperature structural materials for a variety of aerospace applications
[5-71.

Although tremendous success has been achieved by the team from
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ISTEC, Italy, and Tecnalia, Spain, working within the C®Harme pro-
gramme [8-10], it is not simple to process UHTCMCs, especially those
that do not also contain SiC, using conventional sintering techniques
such as hot pressing and spark plasma sintering since they require very
high sintering temperatures (>2273 K) that can result in damage to the
fibres and/or grain growth of the matrix [7]. Since we aim for a
maximum operating temperature of >2000 °C, the presence of SiC could
lower significantly the ability to survive extreme conditions aimed for as
SiC undergoes active oxidation and indeed can starts volatilizing above
1600 °C. Hence the present work specifically focused on Cf-ZrB, based
composites without any SiC additions. Thus, an alternative approach
was therefore to use non-sintering-based techniques such as chemical
vapour infiltration (CVI) [11-13], reactive melt infiltration (RMI)
[14,15] and precursor infiltration and pyrolysis (PIP) [16].

Chemical vapour infiltration is a leading technique for fabricating
carbon / carbon (C/C) composites [17] and fibre-reinforced ceramic
matrix composite materials, particularly silicon carbide / silicon carbide
(SiC/SiC) composites [18,19]. The most common chemical reactions are
the dissociation of methane and methyl trichlorosilane, respectively,
both typically at around 1273 K.
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CHy4 (g) + Hz (g) — C (s) + 3H3 (g) €))

CH3SiCl3 (1) + Hy (g) — SiC (s) + 3HCI (g) + Ha (g) 2

Conventionally, the process is carried out under isothermal, isobaric
conditions (I-CVI) and the process relies on the diffusion of the gases
through the preform [17,20] followed by the deposition of the solid
phase. Since the latter will typically occur wherever the preform is
hottest and the concentration of the gases is highest, this means that
deposition tends to occur first at the surfaces; this can lead to the for-
mation of a ‘crust’ that subsequently blocks the channels and reduces the
flow of the gases through the preform. This requires the process be
stopped, the part(s) taken out and machined to remove the crust and
then the whole process started again. To minimise this, the heating of
the preform is extremely slow to try and achieve as uniform a temper-
ature profile across it as possible and hence uniform densification
[11,12]. This, plus the need for multiple (typically 2 or 3) machining
steps, means that it is not uncommon for the industrial process to take
several hundred hours (up to a thousand), spread over a period of 2-3
months. Attempts at using higher processing temperatures can result in
the rate of chemical reaction exceeding the mass transfer of the reactant
gases, which results in premature pore closure on the surface of the
preforms, leaving entrapped porosity inside the parts [11,12].

In order to overcome these difficulties, various modifications have
been carried out to the conventional CVI process, including [21,22]the
use of thermal [20,23] and pressure gradients [24], or both [21,22] (the
latter two cases are usually called “forced-flow CVI or F-CVI). A full
description of the various versions may be found in [18,19]. As it ap-
pears from the surveys, most modified CVI processes require at least
120-150 h to make C/C composites.

To ensure a strong thermal gradient, a fluid filled CVI technique has
been explored in increased deposition rates but it sometimes leads to
mixed textures in the microstructure [25-27]. [18,19].

Volumetric heating using microwaves (for SiC¢ preforms), or RF (for
Cs preforms) can yield a stable inverted temperature profile since the
combination of volume heating and surface heat losses lead to a higher
temperature at the centre of the sample, at least if it has a suitable size
[7,28-34]. This means that deposition occurs first at the centre, avoiding
the ‘crusting’ that occurs with conventional I-CVI and building up the
matrix from the centre-outwards. This provides the potential to achieve
rapid densification of preforms, whilst, since the fundamental mecha-
nism hasn’t been changed, the crystallography and microstructure of the
matrix remains the same as for I-CVI [13].

The goal of this work was to investigate the potential for making
carbon fibre reinforced composite with ZrB; powder and pyro carbon
matrices (CgZrB2-Cr) UHTCMCs using RF-CVI and then characterise
their resulting properties to see if they have potential for use in appli-
cations such as thermal protection systems and rocket nozzles.

2. Experimental procedure

The primary starting materials were 2.5D continuous carbon fibre
(Cy) preforms (23 vol% PAN Cg, Surface Transforms, Liverpool, UK) and
zirconium diboride, ZrB,, powder (HC Starck grade B, dsp ~ 3 pm,
procured through ABCR GmbH & Co, Karlsruhe, Germany). The pre-
forms consisted of layers of fabric stacked in an arrangement of random
/ 0° / random / 90° / random orientation, where 0° and 90° were uni-
directional layers and the random layers were formed as a result of
Surface Transform’s needling process, as published elsewhere [13]. The
ZrBy powder was turned into a 30 vol% slurry made using ethanol (AR
grade, Fischer Scientific, Loughborough, UK) and containing 1 wt% of
the dispersant polyethylene imine, PEI (linear, Avg Mn ~ 2500, PDI <
1.3, Sigma-Aldrich, Dorset, U.K). The slurry composition had previously
been optimised to the required consistency, ~8 mPa.s at 100 s~ ! shear
rate [13].

The ZrB; slurry was introduced into the Cf preforms by manual
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injection using a 2.5 ml terumo syringe and 0.8 x 38 mm, 21G terumo
agani needles (Medisupplies, Poole, U.K). The needles were inserted
from the top to the bottom of the preform and then injection performed
as the needle was withdrawn at a constant velocity and with a constant
pressure on the syringe. Further details of the process have been pro-
vided elsewhere [35]. The distance between each injection had previ-
ously been optimised (for the 2.5D preforms) at 5 mm in both the x and y
directions and the amount of slurry injected at each point was calculated
with respect to the volume of the samples to achieve a final, dried
density of > 1.5 g em 2. After injection, the preforms were then dried in
an oven in air at 348 K for 12 h (Genlab-MNO, Genlab Ltd, Cheshire, U.
K). X-ray micro computed tomography, MicroCT (Skyscan2214, Bruker,
Kontich, Belgium) and SEM analysis (JEOL 7000, Tokyo, Japan) was
used to ensure that the slurry was distributed homogeneously
throughout the samples and that a high powder content was achieved.

The ZrB, impregnated preforms were densified with pyrolytic car-
bon, PyC, using an RF EasyHeat induction furnace operating with 4.2
kW maximum power in the frequency range 150 — 400 kHz. Fig. 1 shows
a schematic representation of the equipment and the target temperature
was controlled using a two-colour pyrometer. Methane and hydrogen
gases were used as the precursor gases and the key parameters such as
the gas flow rate, ratio of methane to hydrogen and temperature were all
determined experimentally to maximise the pyrolytic carbon deposition
rate. To act as a benchmark and to aid in optimising the process con-
ditions, equivalent samples were also produced using conventional I-CVI
at Surface Transforms plc. in the UK.

Initially, the heat distribution from the coil used during the induction
heating process was evaluated using a thermal imaging camera [36] and
modelled using COMSOL Software [37,38].

With the combination of RF-heating, chamber pressure and gas flow
conditions, an inverted temperature profile was established in the car-
bon preform containing ZrBs particles, resulting in the maximum tem-
perature occurring in the centre of the sample; consequently, the
reactant gas infiltration lead to carbon deposition being greater in the
centre of the preform as compared to its periphery [4]. The PyC deposit
phase formation and the crystallinity of the deposited carbon were
examined using polarized light microscopy, PLM (Zeiss Axioplan 2 op-
tical microscope, Oberkochen, Germany) and more quantitative analysis
was undertaken using Raman spectroscopy (inVia Reflex, Reinshaw,
New Mills, U.K). For the latter, the spot spectrum scanning was carried
out at 50X magnification with a spot size of 1.5 pm and using a 514 nm
green laser. The deposit thickness and final microstructures were char-
acterized using further scanning electron microscopy (JEOL 7000) and
microCT (Bruker Skyscan2214).

The micromechanical properties of the deposited carbon & fibres
produced though RF-CVI were tested & compared against the conven-
tional CVI process by mapping mechanical properties with high spatial
resolution using arrays of nanoindentation data by Micromaterials U.K
Ltd., Crewe. The nano indenter’s integrated optical microscope was used
to select test spots. Once the indenter was positioned, a 3D topographic
image of the selected region was taken to determine the sample surface’s
suitability for nanoindentation. This was accomplished by scanning the
sample perpendicular to the indenter with a nanometre-precision
closed-loop piezoelectric scanner built into the sample stage. After this
procedure, the indenter was kept against the sample surface ready to
make indentation under a load of 1 uN via raising and lowering at
various measurement points. The data from the piezo scanner and the
indenter depth signal were combined to create a three-dimensional
surface image. A grid of 1520 x 1 mN nanoindentation measurements
were performed within the selected region. In addition, the results of
nanoindentation were applied to a k-means clustering analysis [39] to
determine statistical differences between the fibre and matrix phases.

A custom-built oxyacetylene torch (OAT) testing facility at Univer-
sity of Birmingham was used to thermo-ablatively assess the UHTCMCs
[7 36].The graphite sample holders were used to hold the samples firmly
using graphite screws. The samples of 62 x 20 x 17 mm sizes were
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Fig. 1. Schematic diagram of the custom-built RF CVI set up at University of Birmingham.

rotated into the flame to provide a clear time-zero for every test and a
standard set of conditions were used for all tests. This involved a heat
flux of 0.6 MW m ™2, which was achieved using an oxidising flame with
an acetylene: oxygen ratio of 1:1.35 and a set distance of 30 mm between
the nozzle and the sample surface. Each sample was exposed to the torch
flame for 60 s and a thermal imaging camera (FLIR A655sc, FLIR systems
AB, Sweden) and two-colour pyrometer (METIS M3, Sensortherm,
Germany) were used to monitor the sample surface temperature over
time. Both the average mass and linear ablation rate of the samples were
calculated from measurements obtained on each sample before and after
testing. Further information on the oxyacetylene torch test has been
provided elsewhere [35,36]. The ablated UHTCMCs surface profile was
analysed using surface profile analyser (InfiniteFocus, Bruker Alicona
imaging GmbH).

Further, stagnation tests were carried out by DLR using circular
samples of 50 mm diameter and their arc-heated facility L3K in Cologne.
L3K is constructed similarly to a traditional hypersonic blow-down wind
tunnel, with the addition of a segmented arc-heater with a maximum
electrical output of 6 MW, which enables the working gas to be ener-
gised to high enthalpy conditions. For thermal testing, samples were
positioned in a convergent-divergent nozzle’s homogeneous hypersonic
free stream. This system allows thermal protection materials and
structures to be evaluated under simulated re-entry conditions at flight-
relevant heat fluxes and pressures and with a relevant chemical envi-
ronment. Consequently, surface catalyticity and surface reactions are
properly accounted for in the heat response of the specimens. The fa-
cilities at L3K are described in full in elsewhere [40,41]. The stagnation
test was configured carefully to match the complete set of aerodynamic
requirements being simulated. After baseline qualification tests were
carried out at a heat flux rate of 2 MW/m? on three samples, two fresh
samples were tested under more advanced conditions at a higher stag-
nation pressure of 718 hPa and heat flux of 8.5 MW/m? Further, to
investigate these materials for reusability, one sample was exposed to a
further three test runs, making four in total on the same sample.

3. Results and discussion
3.1. Characteristics of PyC

Before attempting full densification, it was necessary to characterize

the deposited carbon material characteristics in the early stages. The
carbon produced from the vapour phases consisted of a continuous
carbon deposition over carbon fibres. Researchers have worked exten-
sively on understanding the transition from smooth laminar to rough
laminar (SL/RL) or smooth to regenerative (SL/ReL) conditions in the
CVD/CVI process[42,43]. The anisotropy of RL and ReL, as indicated by
their Ae and orientation angle (OA), is very similar, however, leading to
confusion about the texture and structure of pyro carbon. Raman spec-
troscopy was employed to determine the structure of pyrocarbon by
exploiting its sensitivity to structural defects, whilst optical polarised
microscopy was used to measure the extinction angle for texture analysis
[42-44]. The study was based on the identification of the ‘Maltese
cross’, which is characteristic of laminar pyrolytic carbons, as well as
their extinction angle, which is indicated by a ‘bow tie’-like image. This
effect is obtained by rotating the microscope analyser, which is initially
positioned at 90 degrees to the angle required for the ‘Maltese cross’
extinction (Ae) [44,45]. The type of pyrolytic carbon has been charac-
terised based on extinction angle as isotropic (<4°), dark laminar (DL);
(4°< Ae < 12°), smooth laminar (SL) (12°<Ae < 18°), rough laminar
(RL) (>18°) and regenerative laminar (RelL) (>22°) [46]. A rough
laminar (RL) structure was desired since it provided both a high density
and a high level of graphitization, which in turn yielded a high thermal
conductivity [17] — useful for dissipating heat during its subsequent end-
use. Although not directly needed for this application, an RL structure is
also known to yield superior wear resistance, along with pseudo plastic
failure behaviour [47,48]. Interestingly, the texture of the PyC deposited
at 1273 K shows an extinction angle (Ae) of 18 — 21° measured using
polarized light microscopy, PLM, as shown in Fig. 2, referring to the RL
or ReL structures.

The primary surface of deposition was a prerequisite for producing
well-oriented PyC layers [24,49]. Therefore, Raman spectroscopic
analysis was used to analyse the structure of the pyro carbon deposition;
it is a powerful and non-invasive tool used to investigate carbon based
materials. It also reveals any disorder stacking in the graphene layers
and the level of graphitisation, which is crucial for this end application.
Consequently, Raman spectroscopy was used to investigate the depos-
ited carbon at various stages of infiltration across the middle cross-
section. Typically PyC shows two major peaks in the D (1360 cm™1)
and G (1580 cm™ 1) bands. The D band represents the level of disorder in
the graphene layers, whilst the G band provides information on the
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Fig. 2. Cross-polar optical micrographs of the pyrolytic carbon deposited using RF-CVI showing images at angles.

stretching of the C-C bonds in graphitic materials, i.e. it is correlated to
the level of graphitisation present [50]. Also, the intensity ratio between
the two bands (ID/IG) is inversely proportional to the degree of
graphitisation [51]. Bourrat et al. [42] and Vallerot et al. [43] estab-
lished a correlation between Raman peaks and pyrolytic carbon texture,
so it is possible to extract information on layer stacking and crystallinity
[48]. The findings strongly support the conclusion that the pyro carbon
synthesised in this study, with an FWHMD (full width at half maximum)
range of 75-137 and an extinction angle (Ae) of around 20, belonged to
the rough laminar category of pyro carbon. The regenerative laminar
shows a broad FWHM (>170) along with > 20 extinction angle.

Fig. 3 shows Raman data for a sample that had become ~75 % dense
after 16 h of infiltration. The absence of a broad peak at 500 cm™!
confirms that the carbon deposit was of a crystalline nature. The in-
tensity of the D band was strong on the carbon fibre (Cf), the PyC near
the Cf and close to the ZrB, particles, whereas the intensity of the G band
was stronger in the PyC deposited further away from the ZrB, particles.
No significant change with D band intensities was observed, however,
the full width at half maximum (FWHM) of the D band increased with
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Fig. 3. Raman spectra of PyC deposited on the carbon preform with ZrB,

increasing distance away from the fibre and particles surfaces. This was
expected, as higher deposition rates can cause the D band to expand as
the rapidly growing structure can lead to a slight disordering of the
layers. Additionally, sharp, intense, second-order (2D) bands at ~2650
cm ! confirmed the presence of higher degree, three-dimensional (3D)
ordering of graphene sheets [48]. There was no change in the intensities
of the 2D band, which are attributed to orderliness and a lack of any
stacking faults or rotational misalignment of the graphene sheets. Thus,
the carbon deposition produced using RF-CVI retained a good in-plane
structural ordering, which is also evident from the SEM microstrutures
of the deposited PyC at various locations after 2 h of RF-CVI processing,
Fig. 4. The structure of the PyC deposited was uniform along the radial
directions of the carbon fibres and was fine grained and tightly stacked.
In contrast, around the ZrB; particles the PyC deposited had a gradient
structure of fine to coarse grains and was stacked in a relatively loose
manner with a slight disorderly nature, correlating with the Raman data.

3.2. Deposition kinetics

Fig. 5a illustrates the rate of carbon deposition as a function of
infiltration temperature; it is effectively the densification rate of the
UHTCMCs. As can be seen, and as expected, the rate of densification
increases with temperature. The CVI of PyC is a highly complex process
that is driven by the rivalry between homogeneous reactions occurring
in the gas phase and heterogeneous reactions occurring on the surface.
The kinetics of CVI PyC growth follow the Arrhenius equation,

k = Aexp( — E,)/(RT) )

where k is the densification rate, T is the infiltration temperature, E, is
the activation energy, A is the frequency factor and R is the gas constant,
8.314 Jmol ' KL,

Fig. 5b shows the Arrhenius plot of the densification rate in the
processing temperature range of 1173 K to 1273 K. The calculated
activation energy extracted from the fitting curves are 36, 25 and 14 + 2
kJmol ™! KX for the deposition times of 2, 3 and 6 h respectively. These
values are significantly lower than those previously reported in the
literature for any recent advanced CVI modification methods such as
thermal / pressure gradient, forced flow, etc. Since the lower activation
energy results in a lower reaction barrier for PyC deposition, the
densification rate for the RF-CVI technique is expected to be faster than
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Fig. 4. SEM micrographs of the PyC deposition in the ZrB, loaded 2.5D carbon preform (a) adjacent to the carbon fibres, (b) adjacent to the ZrB, powder particles.
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Fig. 5. (a) Amount of PyC deposited as a function of time at three different temperatures using RF-CVI, (b) Arrhenius plots of the deposition rate at different time.

that of any other CVI modified technique — as observed in practice.
Interestingly, on the one hand, the average deposition rate decreases
with deposition time, Fig. 5a, due to the infiltration front / concentra-
tion gradient of the reactant gases, thus reducing the deposition kinetics
as explained by Vignoles et al.[23]. On the other hand, it is interesting
that the calculated E, value falls with deposition time, Fig. 5b, indicating
the possibility of the deposition process accelerating as it progresses.
Therefore, during the overall densification process, the rate of ultimate
deposition remains fairly constant.

Fig. 6 shows a brief comparison chart of the activation energy values
reported for PyC deposition through various CVI modifications at >
1173 K. The values are comparable to the E-CVI [50] process on the
strands of carbon fibres tows for 5 min (36.1 kJmol'K™') and the
pressure gradient CVI for > 1313 K (43.2 kJmol 'K 1) [24].

Consequently, the reaction pathway would be similar to the E-CVI
process [50], it’s a very complex physico-chemical phenomena as there

This Work (RF-CVI) [

E-CVI (5-15 min) [50] :
Pressure gradient (>1313K)[24] | 1
TS e |

Thermal gradient (1- 50 bar) [53]

Forced flow (Propane) [21] | 1

Isothermal, Isobaric, I-CVI (>1273 K) | |
[12,17,52]
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Activation energy, Ea KJ mol*

Fig. 6. A summary chart of reported activation energies of various PyC
CVI processes.

is an interplay between the diffusion of gases and the reaction kinetics
along with infiltration front for the specific set up [30].

Following the preliminary understanding developed from the carbon
deposition and its characteristics, maximum densification was success-
fully achieved in just 24 h of infiltration with just 10 vol% remanent
porosity. Therefore, the final composites thus contained ~ 58 + 2 wt%
ZrBy and ~ 27 + 3 wt% pyrolytic carbon along with ~ 12 + 1 wt%
carbon fibre.! Consequently, UHTCMCs containing ZrB, powder and
carbon matrices were consistently produced with bulk densities of 3.0 +
0.2 g/cm?® via RF-GVI in a processing time of 24 h. Further, it is evident
from Fig. 7 that the PyC-densified 2.5D carbon preform, with ZrB,
impregnation, contained ~ 20 % porosity after 16 h with the residual
porosity being observed on the circumference of the preforms. Similarly,
UHTC-impregnated carbon fibre preforms of both cylindrical and rect-
angular shapes, densified to ~ 90 % with PyC using RF CVI from the
quantitative weight gain of the carbon preforms after infiltration shows
a homogeneous distribution of the ZrB, from the micro-CT images,
Fig. 8. A similar trend with respect to time was noticed for the samples
densified using conventional CVI. Whilst taking up to 1000 h is typical in
industry, the fastest approaches to achieving ~ 90 % density (around the
maximum achievable by CVI) have been ~ 300 h for I-CVI [52 17 12]
and 120 - 150 h via modified CVI processes such as force flow (F-CVI)
[21], pressure gradient (P-CVI) [24] and thermal gradient (TG-CVI)
[31], CVI. Previous work on RF-CVI have also shown that it is faster,
though not as fast as in the current work, taking ~ 30 h to achieve partial
densification of ~ 75 % for a 2.5 cm diameter carbon felt [3233,34].
Thus, provided the properties show that end-applications can live with
~ 10 % porosity in the final material, it means that RF-CVI can be used
to produce UHTCMC s in reduced time and with reduced energy (and,
therefore, one assumes, reduced costs).

1 This is equivalent to 30 vol% ZrB,, 23 vol% carbon fibre and 37 vol% py-
rolytic carbon.
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Fig. 8. X-ray tomography of the 2.5D carbon preforms impregnated with ZrB, and further densified by RF-CVI (a) Cylindrical sample, 50 mm diameter x 20 mm

thickness, (b) Rectangular sample, 62 x 20 x 17 mm, (c) centre slice of sample b.

3.3. Properties of the UHTCMCs

(a) Nano mechanical behaviour of the carbon produced using RF-CVI

Even though a force of only 1 mN was used for the indenter, the
force-penetration behaviour of fibres and matrix were quite different,
with inelastic dissipation being observed in the CVI matrix but not the
carbon fibres, whilst the unload curves were not elastic in either. Pre-
viously, only pure elastic responses were observed for most carbon-
based materials when subjected to a higher load; 1 N for glassy carbon
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and 100 mN for pyrolytic carbon films [53,54]. Only highly oriented
pyrolytic graphite (HPOG) exhibited conventional elastic-plastic
behaviour when subjected to a small force of just 5 mN [55]. Recently,
however, researchers have observed a similar pseudoplastic regime with
a 10 mN load and a CVI-derived matrix [56]. Considering, the small load
of only 1 mN utilised in the present study along with the fact that a high
number of continuous test points were generated, a grid of 1520 nano-
indentation measurements were performed within each selected region,
the results have a higher spatial resolution compared to the literature
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Fig. 9. Elastic modulus mapping of the PyC produced using (a) I-CVI and (b) RF-CVL.
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values. This enabled the elastic and plastic work to be estimated for the
test values. Fig. 9 shows the spatial mapping of the elastic modulus,
along with the elastic and plastic work extracted from the data, for I-CVI
and RF-CVI samples and Table 1 provides the effective elastic modulus
of the CVI matrices. It can be seen that the elastic modulus of both the I-
CVI and RF-CVI matrices matches with the reported values for pyrolytic
carbon. Importantly, the elastic modulus of the PyC from RF-CVI
matrices matches with the reported values of the rough laminar struc-
tures [54,57,58]. This confirms that the produced PyC structures match
with standard I-CVI produced carbon matrices. Hardness is generally
associated with resistance to plastic deformation, whereas Youngs
modulus is associated with elasticity. Thus, the greater the effective
Youngs modulus, the more elastic and stiffer the material. Consequently,
the I-CVI fibres and matrices were found to be marginally stiffer than the
equivalent RF-CVI fibres and matrices, however, considering the larger
error bar for the I-CVI data compared to RF-CVI data, it is probably safer
to say that they are essentially similar, as expected.

(b) Thermo-ablation testing — oxyacetylene torch (OAT) facility

From Fig. 10, it is clear that the sample surface reached a maximum
temperature of ~2600 K in ~10 s and gradually headed towards a
steady state condition after 30 s. The two-colour pyrometer gave an
accurate surface temperature and was focused on the exact centre of the
torch flame that was ablating the sample, whereas the infra-red thermal
imaging camera was dependent on the emissivity of the material and
recorded the whole sample surface, helping understanding of the heat
distribution across the sample. The ZrBy in the UHTCMC matrix oxidised
to ZrO5 and B,O3 from ~ 700 °C, however the boria volatilized at >
1100 °C leading to a change in the emissivity of the materials surface.
This was followed by an accelerated oxidation and a rise in surface
temperature, as shown by the jump in temperature after ~ 30 s. Thus,
the thin zirconium oxide layer formed remained intact, together with
the boria liquid that survived up to ~ 1100 °C, then the zirconia started
to sinter at > 1500 °C and provided a dense refractory layer protecting
the fibers and the samples against further oxidation and ablation.

This resulted in a minimal mass ablation rate of 0.0017 g/s and a
linear ablation rate of 0.0016 mm/s. Various literature ablation rates are
tabulated in Table 2, however it is challenging to make useful compar-
isons due to the variation in sample surface temperatures achieved,
along with missing data on heat flux and other parameters. In addition,
most of the available data in the literature for similar matrices was either
obtained from the use of ZrB, coatings[59,60] on carbon-carbon com-
posites or from partial mixtures of ZrB, in polymeric matrices in carbon
fabric composites [61,62], i.e. it is not of direct comparability to the
present work. Therefore, plotting the values together doesn’t make sense
and hence is avoided here. Irrespective of the differences, however, it
can be concluded that the mass and linear ablation rates obtained in the

Table 1
Effective elastic modulus values of the carbon matrices.
Material E, GPa Force Reference
I-CcvI 23.0 £8.7 1 mN This work
(matrix)
62.3+7.9
(fibres)
RF-CVI 17.6 +£ 3.8 1 mN This work
(matrix)
50.8 + 5.5
(fibres)
Highly oriented pyrolytic graphite 15 5 mN [55]
(HOPG)
Glassy carbon 21 1IN [53]
Rough laminar PyC(Parallel) 9-12 100 [54,57,58]
(Perpendicular) 18-19,23 +1 mN
Smooth laminar PyC 39 50 mN [54]
Matrix on C/C composite 9.5 50 nN [67]
Fibres parallel in C/C composite 13 50 mN [54]
Fibres perpendicular in C/C composite 27 50 mN [54]
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present work, even at the very high surface temperatures achieved, are
minimal compared to most of the literature values for similar matrix
compositions. As would be expected, the only equivalent performance
was observed by Tang et. al.,[63] and was achieved using a similar
approach but with the conventional chemical vapour infiltration tech-
nique (I-CVI).

(c) Thermo-ablation testing — Stagnation tests

Fig. 11 shows the thermal response of the UHTCMC sample that was
tested four times consecutively using the arc-heating facility at DLR. The
gas velocity was approximately 3500 ms~ ' [64]. It shows the tempera-
ture / time curve for each cycle along with the erosion data and sub-
sequent visual appearance of the sample. Differences in heating rate
were observed only during the initial ~ 20 s for the first two cycles,
thereafter the sample heated identically — and pretty much instanta-
neously — for the second two cycles. The formation of the oxide scale is
visible after the first test cycle and, despite some minor spalling after the
subsequent cycles, it remained intact and continued to provide the
required protection from further ablation during the following cycles. It
is also possible that it provided sufficient thermal insulation to cause the
more rapid heating with the later heating runs. Each time, the sample
surface attained a steady state condition of ~ 2600 K. These very
promising results provide confidence regarding the materials produced
via the RF-CVI process for reusable thermal protection systems.

3.4. Engineering values & cost analysis

Further, the UHTCMC technology developed at the University of
Birmingham has been steadily moving up the technology readiness
levels for a range of potential demanding applications.

1. As a part of an earlier MCM ITP programme” funded by Dstl, DGA
and MBDA, a demonstrator jet vane of complex shape was designed,
manufactured and satisfactorily tested, Fig. 12a, whilst in a related
programme a large plate of roughly 30 x 30 x 10 cm was produced.
The details were published elsewhere [4].

2. More recently, within the European Union-funded C3HARME pro-
gramme, a range of parts, including rocket nozzle inserts, were
produced as shown in Fig. 12b. They were tested under appropriate
conditions using the excellent rocket nozzle testing facilities at the
University of Naples in Italy and survived comfortably.

Historically, these UHT-CMCs have been considered complex and
expensive materials however a recent analysis performed by QinetiQ®
has indicated that they may not be as expensive as many imagine
especially when made via the use of radio frequency assisted chemical
vapour infiltration. The analysis suggested that manufacturing the jet
vane shown in Fig. 12a could cost as little as about £70 ($90) [65].
Nevertheless, to reduce the cost of future UHT-CMC components that
could be much larger, graded structures[66] could be used that mean
that the UHTC phase is only present at the surface, which is exposed to
extreme temperatures, whilst a more cost-effective CMC could be used
inside the component. Work to this end has been satisfactorily
completed and the gradation was such that there was no interface
present.

2 The Materials and Components for Missiles Innovation and Technology
Partnership, MCM ITP, was a UK MoD and French DGA sponsored research fund
open to all UK-French companies and academic institutions. Launched in 2007,
the MCM ITP developed novel, exploitable technologies for generation- after-
next missile systems until 2021 when it was replaced by the CW-ITP pro-
gramme, see https://cwitp.com/.

3 QinetiQ are a British centre of excellence in research and development, see
https://www.qinetiq.com/en/.
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Fig. 10. (a) Temperature profiles during OAT testing, (b) Sample surface image after OAT test, (c) Thermal images from FLIR, (d) During the test, (e) Surface profile

of the ablated surface.

Table 2
Ablation rate of the Cf/C-ZrB, composition materials.
Material Surface Mass ablation Linear ablation Remarks Referrence
Temperature, K rate, MAR, g/s rate, LAR, mm/s
Present work — 2.5DCf/ 2600 0.0016 0.0013
ZrB; + PyC
C/C —ZrB, composites 2073-2973 0.008-0.015 NA The gas flows are different and linear ablation rate are missing [63]
produced via powder +
Icvi
Nano ZrB; in C/C 2493 NA 0.0042 Tested on the cylindrical samples to estimate the dimensional change. [68]
composites — cylinders
7 % ZrBy in Cf/Phenolic 2273 NA 0.0029 The surface temperature profiles shows a continuous ablation and [61]
composites reaching a stable condition. Also, its importants for such highly volative
materials to observed the mass loss which is missing in most of these
materials.
4 % ZrB, in Cf/Novolac 773 12 % mass loss 0.0052 Surface temperature is too low to even compare. [62]
resin composite
La;03-ZrB coating on C/ 2270 ~0.001 NA Wedge shaped test sample [59]
C composites
C/C-ZrB; coating 1773-1973 0.21-0.38 0.67-0.81 Low surface tempertaure and still high abation rate [60]
- : 0.015
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Fig. 11. (a) Temperature / time data for the stagnation tests, (b) Erosion data for the samples, (c) Sample surface images after each of 4 test cycles.
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(b-iii)

Fig. 12. A: a demonstrator jet vane, b: (i) side view & (ii) top view of the complete rocket nozzle, (iii) nozzle inserts.

4. Conclusions

We have successfully demonstrated an ‘inside-out’ thermal gradient
process for the rapid densification using pyrolytic carbon of 2.5D carbon
preforms prefilled with ~ 30 vol% of ZrB, powders via the use of radio
frequency assisted chemical vapour infiltration (RF-CVI). Components
can be produced in around 24 h, at least a tenfold reduction in pro-
cessing time compared to the conventional CVI process and a fivefold
reduction compared to other modified CVI processes. This opens up a
new way of producing ultra-high temperature ceramic matrix compos-
ites (UHTCMCs) with low density (<3 g/cmg) but which are capable of
withstanding temperatures well above 2573 K combined with gas ve-
locities ranging from subsonic to hypersonic. Samples even survived
repeated testing to these conditions. Furthermore, the carbon deposits
from the RF-CVI are comparable to those produced by conventional CVI.
Finally, the UHTCMCs produced displayed excellent machinability and
have been assessed as being much lower in cost than was anticipated.
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