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Abstract

A novel reactive infiltration processing (RIP) technique was employed to infiltrate porous carbon fibre reinforced carbon (C/C) composite hollow
tubes with ultra high temperature ceramic (UHTC) particles such as ZrB,. The C/C composite tubes had initial porosity of ~60% with a bimodal
(10 wm and 100 pm) pore size distribution. A slurry with 40-50% ZrB, solid loading particles was used to infiltrate the C/C tubes. Our approach
combines in situ ZrB, formation with coating of fine ZrB, particles on carbon fibre surfaces by a reactive processing method. A Zr and B containing
diphasic gel was first prepared using inorganic—organic hybrid precursors of zirconium oxychloride (ZrOCl,-8H,0), boric acid, and phenolic resin
as sources of zirconia, boron oxide, and carbon, respectively. Then commercially available ZrB, powder was added to this diphasic gel and milled
for 6 h. The resultant hybrid slurry was vacuum infiltrated into the porous hollow C/C tubes. The infiltrated tubes were dried and fired for 3h at
1400°C in flowing Ar atmosphere to form and coat ZrB, on the carbon fibres in situ by carbothermal reaction. Microstructural observation of
infiltrated porous C/C composites revealed carbon fibres coating with fine nanosized (~100nm) ZrB, particles infiltrated to a depth exceeding
2 mm. Ultra high temperature ablation testing for 60's at 2190 °C suggested formation of ZrO, around the inner bore of the downstream surface.
Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There is increasing demand for advanced materials with
temperature capability of over 2000 °C for ultrahigh temper-
ature and aerospace applications, such as rocket engines and
thermal protection systems for space vehicles.! Although
carbon fibre reinforced carbon matrix (C/C) composites have
received much attention due to their excellent high-temperature
strength, high thermal conductivity, low coefficient of thermal
expansion (CTE), good thermal shock resistance and good abla-
tion resistance,* 8 their poor oxidation resistance above 500 °C
restricts their high temperature applications. Various methods
of providing oxidation resistance have been attempted including
use of thin, prophylactic, coatings on the carbon fibres and partic-
ulate oxygen getters in the C/C matrix. Additives (such as B4C,
B»03, SiC, and MoSij) doped into the C/C matrix have proven

* Corresponding author.
E-mail address: d.j.daniel @imperial.ac.uk (D.D. Jayaseelan).

effective in improving oxidation resistance at low (<1000 °C)
and medium temperatures (<1500 °C).>~!! However, these oxy-
gen inhibitors may not be effective in an ablative environment
with high-pressure erosive gas flow and ultra-high temperatures
(>2000 OC),12 thus alternative oxidation inhibitors and other
methods to provide oxidation protection for the C/C at ultra-high
temperature are being sought.

Ceramic coatings can provide oxidation protection for C/C
composites. For complete protection of C/C composites, at least
three coatings are required: (i) on individual carbon fibres, (ii) on
the filler material between C/C fibre composite and (iii) on the
outer faces of the C/C composite. Key issues for such coatings
are adherence, continuity and mechanical compatibility to resist
spallation due to thermal expansion mismatch during extreme
thermal excursions. Above all, the coating process should be
simple so that coatings can be made reproducibly and reliably.
A coating that is mechanically compatible with the substrate dur-
ing extreme thermal heating should be used as the inner layer
otherwise coating spallation and stress-induced cracking may
result. Methods to promote adhesion of dense coatings and pre-
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vent delamination should consider materials that wet the C/C
composite. Candidate materials for inner layers include reacted
carbides and borate glasses.?

Ultra-high temperature ceramics (UHTCs) such as ZrB,
and HfB, are candidate materials for use in extreme envi-
ronments due to their high melting temperature and hardness,
retained strength at high temperature and modest thermal
expansion.!>!%18 Introduction of UHTC-based ceramic parti-
cles into C/C composites improves the C/C oxidation resistance
by gettering oxygen while the presence of carbon improves the
UHTCs thermal shock resistance.

Processing methods for depositing coatings with fine grained
microstructures include sputter deposition,!” electroplating,'”
electron beam irradiation,?® liquid precursor methods,?!>?
slurry coating,>® pack cementation,>* and chemical vapour
deposition (CVD).>2% Each method has specific advantages for
control of coating thickness and material composition enabling
development of a wide range of coating microstructures and
configurations. Corral et al.'*> developed UHTC coatings on
C/C composites using inorganic—organic precursor solutions
for infiltration and heat treatment at high temperatures (up to
2300°C) to convert them to borides and carbides. Zou et al.?’
however, infiltrated Zr melt into porous C/C to form ZrC coat-
ings.

In this paper, infiltration of ZrB; as an oxidation inhibitor
into C/C composite tubes has been demonstrated using a con-
ventional vacuum infiltration process. No attempt was made to
perfect the processing route (e.g. by varying particle size and
shape distributions, etc.) and this will the subject of future work.
However, the novelty of the present infiltration-coating tech-
nique is that both ZrB, particles and an in situ formed ZrB,
coating are utilised and the ZrB, coating not only forms a
mechanical bond with the substrate but also a chemical bond
arising from carbothermal reaction between Zr and B in the
presence of C. This approach has the potential to give thorough
C/C fibre coating with UHTC materials and hence to provide
improved oxidation protection in severe environments.

2. Experimental details
2.1. Materials

Porous C/C tubes (Fig. 1) of 17.75mm OD x 3.90 mm
ID x 45 mm long were used in the present study for ZrB, infil-
tration. The porous C/C composite tubes had a total porosity
of ~60% (measured using Archimedes method) and bimodal
pore size distribution (determined using laser diffraction parti-
cle size analyser) with average pore sizes of 150 pwm and 10 pm,
respectively. ZrB, powder (dsog ~45 pm, 99% purity, Good Fel-
low, Huntingdon, UK) was used as the UHTC material. The
as-received ZrB, powder was further dry-milled for 30 min in
a “swing-mill” shatter box using a steel container coated with
Teflon to reduce the average particle size to 5.11 £0.5 pm.
Longer milling times (>30min) did not result in significant
reduction in the particle size. Particle size distribution analy-
sis for milling times of 45 min and 60 min resulted in 50 wt.% of
the materials being below 5.04 wm and 4.89 pm, respectively.

Fig. 1. Optical photograph of a porous C/C tube.

2.2. Infiltration process

2.2.1. ZrB; slurry

Wet slurry containing 50 wt.% solid loading of ZrB, was
prepared for infiltration using ethanol. After wet ball-milling,
the slurry was poured into a vacuum filtering-type glass flask
and the porous C/C test samples were immersed inside the slurry.
The air inside the flask was then evacuated using a vacuum pump
with a pressure capacity of 1073 Torr. As the air inside the flask
was being extracted, the slurry begun to bubble signalling that
trapped air was being extracted, thus enabling slurry infiltration
into the pores. The vacuum pump was stopped about 30 min after
the bubbling stopped. The sample was removed from the flask,
dried for a day at room temperature and oven dried at 40 °C for
6 h before finally being dried for 24 h at 80 °C. Slow drying is
necessary to avoid surface cracking of the coat.

2.2.2. “Gel-composite”

Zirconyl chloride octahydrate, ZrOCl,-8H;0, 98% pure
(Sigma Aldrich, Gillingham, UK), boric acid, H3BO3, 99.5%
pure (Sigma Aldrich, Gillingham, UK) and solid phenolic resin,
supplied by Schenectady Crios S/A (Sao Paulo, Brazil) under
the brand name Novolaca, with a char yield of about 60 wt.%,
were used as starting materials. The flowchart of the sol-gel
preparation of ZrB; powder and infiltration process is shown
in Fig. 2. 1 mole of ZrOCl,-8H;0, 2 moles of H3BO3 and
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Fig. 2. Flow chart showing the coating process.

8.33 moles of phenolic resin were used to form stoichiomet-
ric ZrB;. To promote molecular-level mixing between all the
constituents of the reaction, they must be soluble in a solvent,
which in this work was ethanol (98.5%, VWR, Lutterworth,
UK). Initially, ZrOCl,-8H;0, H3BOs3 and phenolic resin were
separately dissolved in the required amount of ethanol. The
H3BO3 solution was then slowly added to the zirconyl chloride
solution and mixed well under constant stirring. Later, the solu-
tion of phenolic resin was added to the above mixed solution and
stirred continuously for 30 min. The pH of the mixed solution
was adjusted between 4 and 4.5 under constant stirring using
diluted ammonium hydroxide solution. The sol slowly became
a Zr—B gel and the gel was ball mixed for 24 h using zirconia

milling media. Commercial ZrB, powder was added to the pre-
cursor gel during ball mixing. The ball mixed gel containing
ZrB, powder was used for vacuum infiltration. The dried infil-
trated samples were then fired for 3 hat 1450 °C (heating/cooling
rate =5 °C/min) in flowing argon atmosphere to form ZrB, by
the carbothermal reaction of ZrO, and B, O3 with carbon accord-
ing to the following equation.

(1)ZrOys) +B203(s) + 5C5) — ZrBos) + 5CO(y)

The dried samples were weighed before and after infiltration
to determine the amount of infiltrate loading.

2.3. Characterisation

Phase analysis of sol-gel derived precursor after heat treat-
ment for 3h at 1400 °C was carried out by X-ray diffraction
(XRD) using a Philips PW7100 with using Cu Ko radiation.
Infiltrated C/C tubes were sectioned and the microstructures
of cross-sections of the infiltrated C/C tubes were analysed
using a Field Emission Gun-Scanning Electron Microscope
(FEG-SEM) LEO15 using both backscattered electron (BE) and
secondary electron (SE) imaging modes along with Electron
Dispersive X-Ray Spectroscopy (EDX) for chemical analysis.

2.4. Ultra high temperature ablation testing

Ultra high temperature ablation (UHTA) tests were carried
out in a flowing air environment for the sol-gel derived ZrB,
infiltrated and non-infiltrated porous C/C tubes for 80 s at tem-
peratures of 2190 °C. The experimental set-up of UHTA testing
is shown in Fig. 3. During the test, the specimen with a size of
21775 mm OD x @3.12mm ID x 45 mm long, mounted in a
radiatively heated yttria stabilised zirconium oxide tube along
which the heated gasses are passed. The distance between the
nozzle tip of the gun and the top surface of the specimen was
10 mm. Optical images, Fig.11(c), of the samples before and
after ablation tests were taken comparison.

3. Results and discussion

The Zr-B precursor gel used for infiltration was fired sep-
arately for 3h at 1400 °C in flowing argon atmosphere. XRD
(Fig. 4) confirms formation of ZrB;. However, other phases,
such as ZrC and m- and t-ZrO,, were also observed. The pres-
ence of ZrC indicates boron deficiency during the carbothermal
reaction most likely via B, O3 volatilisation above 1200 °C. Due
to a scarcity of boron resulting from its volatilisation, the remain-
ing ZrO, reacts with carbon to form ZrC. The presence of ZrO,
indicates local oxygen contamination.

To compare qualitatively the proposed infiltration process, the
porous C/C tubes were first infiltrated with ethanol-based slurry
containing only commercial ZrB, powder. Multiple infiltrations
were carried out to increase the extent of loading. The evolu-
tion of dry weight % (based on an untreated tube) of the porous
C/C tubes was recorded as is shown in Fig. 5. Porous C/C tubes
had nearly 40% weight gain after the 4th infiltration and clearly
showed a trend of saturation from the 4th to the Sth infiltration
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Fig. 3. Tubular C/C specimen (a) prior to ultra high temperature ablation (UHTA) testing and (b) located within the UHTA testing rig.
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Fig. 4. XRD of sol-gel synthesised ZrB,.

step and a decrease on the 6th infiltration step. Fig. 6 shows a BE
image (a) and a SE image (b) of a C/C composite after the 4th
infiltration step using an ethanol-based ZrB; slurry. The dark
contrast regions in the BE image arise from lower atomic num-
ber elements (carbon) and the bright contrast regions are from
phases containing heavier elements (Zr). Many ZrB, particles
are present near the infiltration side surface, decreasing in num-
ber with infiltration depth. This is attributed to ZrB, particles at
the front surface clogging the pores and preventing further par-
ticle ingress. Fig. 6(a) reveals ZrB, particles inside the porous

Evolution of multiple ZrB, slurry infiltrations
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Fig. 5. Evolution (wt.% gain after drying based on a untreated tube) of multiple
infiltrations by ethanol-based ZrB,-slurry.

C/C composite to a depth in excess of 2 mm. Fig. 6(b) illustrates
the distribution of ZrB; particles in the voids between the C/C
composite carbon fibres. Although the ZrB; particles infiltrated
deep inside the porous body, they did not coat the carbon fibres
but simply occurred as clusters between them.

N A N N
INFILTRATION SIDE

EHT =20 00 kv/
WD =11.9mm

i

Fig. 6. (a) Backscattered electron (BE) cross-section image of a C/C composite
after multiple infiltrations by an ethanol ZrB,-based slurry. The dark regions are
related to lower elements (carbon) and the bright regions to heavier elements
(Zr) and (b). ZrB; particles distributed along the carbon fibres.
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To overcome the lack of bonding between the fibres and ZrB,
particles, sol—gel coating by infiltration of the ZrB, precursor gel
was attempted. However, samples of gel penetrated porous C/C
composite only gained 2.02% by weight, indicating little ZrB,
loading inside the sample after a single infiltration. Microstruc-
tural observation revealed that only a thin layer of ZrB; particles
(few wm) coated the surface of the carbon fibres after a single
infiltration step. There was no evidence of ZrB, particles inside
the C/C porous body, between the fibres. This was caused by the
characteristically low yield (20-30 wt.%) of the sol—-gel route.

To improve infiltration quality and quantity, a ‘“gel-
composite” infiltration process (Fig. 2) was carried out. The
composite slurry containing Zr—B gel and commercial ZrB,
powder (with 50 wt.% solid loading in total) was used for
infiltration. Fig. 7 shows a BE image of a cross section of a
“gel-composite” infiltrated C/C composite after thermal treat-
ment for 3h at 1400 °C. Although the C/C composite sample
was carefully sectioned using sharp blades, some bright contrast
particles were dislodged during this process. It was observed that
lighter contrast regions of particles coated the carbon fibres in
a patchy manner. The arrows show the infiltration sides. EDX
analysis revealed that brighter agglomerates are infiltrated ZrB,
particles, which are clearly seen at a depth of >3 mm. About
30 wt.% of ZrB; particles infiltrated the porous C/C composites
with little evidence of pore clogging.

Fig. 8(a)—(d) shows the microstructure of a “gel-composite”
infiltrated C/C composite at different magnifications. Individual
carbon fibres after “gel-composite” infiltration can be seen in

Date 10 Mar 2008

Time 165524

EHT = 20.00 kV
WO = 10.0 mm

Segnal A = InLens.
Mag = 1000 K X

Oute :10 Mar 2008
Time 170802

INFILTRATION SIDE

INFILTRATION SIDE
R

Fig. 7. BE image of a C/C composite after composite sol—gel infiltration. The
bright contrast regions over the carbon fibres are ZrB, coatings.

Fig. 8(a). Higher magnification of these individual carbon fibres
in Fig. 8(b) and (c) show that carbon fibres were coated in patches
with fine (~100nm) particles. No visible cracks occurred in
the coatings and the coatings were porous in nature. Tempera-
tures above 2000 °C are likely to be necessary to obtain denser
coatings. Magnified images, Fig. 8(c) and (d), revealed that the
fibre surface was rough. It became evident from Fig. 8(c) that
the carbon fibre had chemically reacted with the particles. The
interesting feature is that the ZrB, particles were not simply

Date 10 Mar 2008
Time 16 5806

o .
Date :10 Mar 2008
Time 171247

Signal A = InLens
Mag = S000KX

ENT = 2000 kV
WD = 10.0 mm

Fig. 8. (a—c) Images of sol—gel coatings at different magnifications showing that ZrB, is chemically bonded to the fibre’s carbon, which reacted carbothermally with

it and (d) shows the nano-sized ZrB particles agglomerated together on carbon fibre.
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Fig. 9. EDX analysis of the composite slurry infiltration after thermal treatment.

physically adhered to the fibre surfaces, but, due to participation
of the carbon from the fibre surface in the carbothermal reac-
tion on firing, they were truly chemically bonded to the fibre
surfaces. The high magnification SE image in Fig. 8(d) shows
in detail the fine (<100 nm) structure of the chemically bonded
ZrB; particles. These nanosized ZrB; particles were formed by
the in sifu carbothermal reaction between Zr and B in presence
of C contained in the precursor gel and the fibre surface.

Fig. 9 shows EDX analysis of the infiltrated porous C/C com-
posite using the “gel-composite” slurry. In all regions, it reveals
the presence of Zr. EDX analysis on the bright contrast particles
reveals mainly Zr and a trace of O. Boron could not be detected
using the FEG-SEM LEO15 EDX system. This is strong evi-
dence for in situ formation and coating of ZrB, particles on
the carbon fibres. In some places, oxygen is arising from ZrO,
formed during in situ formation of ZrB,. The presence of carbon
in the EDX spectrum could be either from the carbon fibre or
from ZrC formation.

A schematic representation of the formation of ZrB, coating
is shown in Fig. 10. After infiltration of the “gel-composite” into
the porous C/C composites, they were fired for 3 h at 1400 °C
in argon atmosphere. On firing, ZrO; reacts with gel-containing
B,03 viacarbon from the fibres by a carbothermic reaction. Thus
the fibre surfaces participate in the reaction process to form a
thin (100 nm) coating on their surfaces (light grey in Fig. 10).
This is a reactive infiltration process (RIP) for coating of ZrB,
on the carbon fibre surfaces. Once a chemically bonded coating

/ Commercial ZrB,
powder

Individual carbon fibre

Carbothermally
synthesized ZrB,

Fig. 10. Schematic of the formation of ZrB; on a carbon fibre.
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Fig. 11. Optical images of tubular C/C specimen in the UHTA test rig (a) prior
to and (b) after testing. (c) Compares the bore of the sol-gel infiltrated ZrB2 C/C
tube before and after testing revealing formation of a white phase in the bore on
UHTA believed to be ZrO,.

is formed on the surface, it acts as a platform for accommodation
of commercial ZrB, particles (dark grey in Fig. 10). Thus, infil-
trating the slurry of combined gel and powder gives a distinct
advantage. The gel helps to coat the C/C and the ZrB, coating
acts as an interphase layer between the infiltrated commercial
ZrB, particles and the carbon fibres.

Optical images of the response of porous C/C tubes before
and after an ablation test for 60s at 2500 °C are shown in
Fig. 11(a) and (b), respectively. An increase in the inner diameter
of the C/C tube has been observed with increase in ablation time
suggesting erosion of the tube. The ablation performance of the
tube does not therefore appear to have been improved. Higher
magnification examination of the bore of the ZrB, sol-gel infil-
trated C/C tube after ablation testing (Fig. 11(c)) reveals a white
contrast phase surrounding the bore suggesting formation of
Zr0O;. Since the erosion/corrosion mechanism associated with
the ablation test is not fully understood detailed discussion of it
is beyond the scope of this paper which is focused on the pro-
cessing method of UHTC and C/C composites. However, it is
likely that oxidation of the ZrB, to ZrO» is helping to protect the
C/C by gettering oxygen as is well-established when using sim-
ilar (e.g. B4C) antioxidants in C-containing refractory bricks.?®
Improvements to the infiltration process, perhaps using smaller
ZrB, particles or greater loadings and more infiltrations, would
likely confer better oxidation resistance potentially by formation
of a fully dense and protective ZrO, layer on the C/C. Follow on
work in this programme?® has established improved processing
parameters to achieve this.

4. Conclusions

Porous C/C composite tubes were successfully infiltrated
with ZrB, particles to a maximum depth of more than 3 mm.
Three different types of slurry were used for the powder infiltra-
tion. The first type used was a non-aqueous based ZrB; slurry. An
infiltration depth of over 2 mm was achieved using this powder
slurry. However, pore clogging tends to persist at the infiltration
side and the powder distribution density tends to decrease with
infiltration depth. The second type of slurry used was a ZrB, gel.

In situ formation and coating of ZrB, particles were obtained
by this method. Although fine (<100 nm) ZrB, particles were
well coated on the carbon fibre, the number of ZrB, particles
inside the pores was low. The third type of slurry used was
the “gel-composite” slurry containing ZrB; gel and commercial
ZrB, powder. Nearly 30 wt.% of ZrB, particles was infiltrated
into porous C/C to a depth of over 3 mm. No pore clogging was
observed. Thin nanosized ZrB; coatings on the carbon fibres
act as an interphase layer between the infiltrated commercial
ZrB, particles and the carbon fibre. As the formation of ZrB,
on carbon fibre arises from reaction bonding, it has the poten-
tial to improve the oxidation and ablation resistance of the C/C
composite significantly.
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