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bstract

irconium diboride and boron carbide particles were used to improve the ablation resistance of carbon–carbon (C–C) composites at high temperature
1500 ◦C). Our approach combines using a precursor to ZrB2 and processing them with B4C particles as filler material within the C–C composite.
n oxyacetylene torch test facility was used to determine ablation rates for carbon black, B4C, and ZrB2–B4C filled C–C composites from 800 to
500 ◦C. Ablation rates decreased by 30% when C–C composites were filled with a combination of ZrB –B C particles over carbon black and B C
2 4 4

lled C–C composites. We also investigated using a sol–gel precursor method as an alternative processing route to incorporate ZrB2 particles within
–C composites. We successfully converted ZrB2 particles within C–C composites at relatively low temperatures (1200 ◦C). Our ablation results

uggest that a combination of ZrB2–B4C particles is effective in inhibiting the oxidation of C–C composites at temperatures greater than 1500 ◦C.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Advanced thermal protection systems are needed to mitigate
ffects of aerothermal heating that otherwise limit the perfor-
ance of aerospace vehicles.1 C–C composites are a family of
aterials that possess extraordinary and unique characteristics

hat make them attractive for use in a wide range of applications
specially when low density materials are desirable, such as in
erospace applications.2–4 C–C composites have very low den-
ities in the range of 1.5–2.2 g/cm3 while maintaining their high
echanical strengths, >3000 MPa, at elevated temperatures in

on-oxidizing environments.4 They also have high toughness
alues and exhibit fracture behavior that allows them to deform
racefully under load and avoid catastrophic failure when their
ltimate strengths are exceeded. They can operate in severe

hemically aggressive environments but require protection from
xidation and usually use coatings or oxygen inhibitor systems5

or continuous use above 500 ◦C.

� Presented at the Air Force Office of Scientific Research Workshop on
erospace Materials for Extreme Environments, St. Louis, MO, August 3–5,
009.
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Extensive research has been performed on diboride based
HTCs, such as ZrB2 due to their extremely high melting

emperatures, >3245 ◦C, and excellent mechanical properties
t high temperature. ZrB2 has been studied due to its low
ensity (6.09 g/cc) and low cost. In terms of oxidation mech-
nisms, it has been shown that ZrB2 oxidizes to ZrO2 and liquid
2O3, which evaporates at higher temperatures (>1200 ◦C) as
2O3 (g).6 B4C is also one of the most stable compounds
ith a melting temperature of 2350 ◦C and very low den-

ity (2.52 g/cc).7 Densified B4C slowly oxidizes at 600 ◦C
nd results in the formation of a thin transparent B2O3 film,
hich cracks after cooling. Up to 1200 ◦C the oxidation pro-

ess is limited by the diffusion of reagents through the oxide
ayer.8

Low cost and reliable testing methods for evaluating
xidation resistant materials are needed in order to investigate
undamental material oxidation mechanisms at temperature.
nfortunately, there are only a couple of test facilities that

an test high-temperature materials over a wide range of
emperatures, 500–2600 ◦C, in a controlled environment.17

onventional box furnaces use MoSi2 heating elements that

perate in air up to 1700 ◦C. Graphite element furnaces operate
p to 2300 ◦C but are not capable of operating under oxidizing
nvironments. Therefore, alternative high-temperature facilities
hat can operate up to 2600 ◦C, such oxyacetylene torches are

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.025
mailto:elcorral@email.arizona.edu
mailto:erica.corral@gmail.com
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ritical in studying ablation and oxidation resistance of UHTCs
t high-temperatures.19

Ablation is an erosive phenomenon with a removal of material
y the combination of thermo-mechanical, thermo-chemical,
nd thermo-physical factors from high temperature, pressure,
nd velocity of combustion flame.18 Oxidation and ablation
esistance are very important properties in evaluating the util-
ty of UHTC coatings for use in aerospace applications. The
blation behavior of diboride and carbide coatings on C–C com-
osites and oxidation resistance of bulk UHTC composites have
een successfully studied using oxyacetylene torch testing.19

Our approach is to use ZrB2 and B4C particles as inhibitors to
he oxidation process of bulk C–C composites using liquid pre-
ursors and powder filled phenolic resins that are incorporated
nto the C–C composite fabrication steps. The liquid precur-
or method involves coating the C–C composite with precursors
rior to composite lamination and densification. Although, there
as been significant work on developing UHTC coatings for
xidation protection of carbon fibers and C–C composites9–16

here has been limited work on developing ZrB2 and B4C inhib-
ted C–C composites. The goal of this research is to investigate
lternative C–C composite inhibition processing methods using
recursors to ZrB2 and investigate high-temperature oxidation
nd ablation testing methods using oxyacetylene torch testing
n commercially available B4C filled C–C composites.

. Experimental procedure

.1. C–C composite materials and processing

The C–C composite supplier (HITCO Carbon Composites
nc., Gardenia, CA) performed multiple variations of C–C pro-
essing and post-processing heat treatments per our request.
omposite compositions were varied based on the whether or
ot the phenolic resin was filled with 30 wt.% B4C particles,
onventional carbon black, or ZrB2–B4C particles. A list of the
rocessing conditions and properties measured at HITCO for
he samples they supplied are shown in Table 1. The carbon
lack and B4C filled C–C composite discs were a 2D C–C com-
osite comprising T300-3K fibers in an 8-harness satin weave,
ensified to ∼1.5–1.6 g cm−3 by chemical vapor infiltration.

The ZrB2 inhibited C–C composites followed a slightly dif-
erent processing procedure as described herein. The T300-3K
-harness satin weave fabric (TPI Style 4243) was dimensionally
tabilized by heat-setting at high temperature in an inert atmo-

phere. Square fabrics (25.4 cm) were used for coating with pre-
ursor solution to zirconium diboride. Coated fabric was impreg-
ated with a boron carbide filled phenolic resin, laminated, and
utoclave cured. The cured panel was then processed first in an

able 1
–C composite compositions and physical properties.

iller type CC139C CCZrBC CC137E
C-black ZrB2–B4C B4C

VD time (h) 150 150 150
inal density (g/cc) 1.593 1.637 1.695
inal voids (%) 16.7 16.3 16.2
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ven, then in a vacuum furnace, to convert the resin to carbon,
nd subsequently chemical vapor infiltrated to fill the voids with
yrolytic carbon. The finished panel had a thickness of 0.6 cm,
fiber volume of 47%, and a bulk density of 1.69 g cm−3. The
anel was cut into 1.6 cm diameter flat discs, which were used
or further coating development and testing. All samples were
ut at an angle to the plies to simulate a shingle lay-up.

The processing variables and purpose for pre-treatment are
s follows: (1) filling the phenolic resin with B4C particles will
llow for the creation of a more oxidation resistant bulk C–C
omposites when an oxygen inhibitor, such as boron, is present
ithin the composite. Inhibition of oxygen using B4C particles

ncreases the oxidation resistance of graphite.5,20 The addition
f ZrB2 is believed to increase the high-temperature oxidation
esistance above 1500 ◦C due to the more refractory oxide for-
ations at temperature. The presence of B4C inside the C–C
eave also serves as a reservoir for boron that favorably interacts

t high temperatures with carbon5; (2) chemical vapor infiltra-
ion (CVI) times of 150 were used in order to achieve high
ensity materials.

.2. ZrB2 organometallic precursor

ZrB2 precursor synthesis was conducted in the exclu-
ion of air and water using standard glove box techniques
nder argon atmosphere. In order to synthesize precursors to
rB2 powders the following chemicals ZrCl4, NaBH4, and
,2-dimethoxyethane (dme) were used. The appropriate concen-
ration of ZrCl4 was added to dme and stirred under an argon
tmosphere. Then NaBH4 was slowly added to the mixture fol-
owed by stirring for 12 h to allow for the simple exchange
eaction to take place according to the following equation.21

rCl + 4NaBH4
dme−→NaCl + (Zr(BH4))4

At which point NaCl precipitated out of solution and was
entrifuged for removal from the precursor suspension. The
ecanted (Zr(BH4)4)(dme) solution was then removed and
nderwent thermal treatment in order to confirm the formation
f ZrB2. Thermal heat treatments were performed under argon,
sing a 5 ◦C/min heating rate up to 1150 ◦C, hold for 1 h, and
amp down to room temperature at 20 ◦C/min. The formation
f ZrB2 nanoparticles was then confirmed using TEM and EDS
nalysis. This precursor synthesis has also been used to create
rB2 coated C–C composites.22

.3. ZrB2 sol–gel precursor processing

ZrB2 synthesis was conducted in open-air environment inside
chemical hood. The following chemicals were used: zirco-

ium oxychloride–hydrate, triethyl borate, and phenolic resin
∼57% char yield) in anhydrous ethanol. A 30 wt.% solution

f zirconium-oxychloride was prepared in ethanol by stirring
vernight to fully dissolve the system. Triethyl borate (10 wt.%
xcess) and phenolic resin were then added to the solution and
onicated to fully dissolve the phenolic resin. The precursor
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as then stirred for 2 h, and sonicated just prior to dip coat-
ng. The carbothermal reduction process took place within the
–C composites in situ at temperatures greater than 1100 ◦C and

he process has been shown to be an endothermic process by the
ollowing reaction23:

rO2 + B2O3 + 5C → ZrB2 + 5CO

.4. Oxyacetylene torch testing: ablation and oxidation
esistance measurements

A series of oxyacetylene torch tests were used to determine
he ablation rates for the carbon black and UHTC filled C–C
omposites. Oxidation tests were carried out using an oxyacety-
ene torch test facility in observation with ASTM E 285-80.24

blation rates were calculated as percent mass loss per unit
ime. The nozzle tip diameter is approximately 2 mm and the
alculated heat flux of the combustion flame is approximately
18 kW/m2, assuming no heat transfer losses. The emissivity
as determined by a two-color radiation pyrometer and the

urface temperature of the specimen was measured using a one-
olor pyrometer. The ablation rates for B4C and carbon black
lled C–C composites were measured at 800, 1000, 1200, and
500 ◦C and were measured using a 900-s hold time at temper-
ture. Ablation rates were also measured for unfilled and B4C
lled, and ZrB2 and B4C filled C–C composites at 1500 ◦C using
300-s hold time at temperature.

.5. Materials characterization

Polished cross-sections for the UHTC filled C–C compos-
tes were ground flat using 600 grit SiC papers then prepared
ith successively finer diamond abrasives to a 1.0 �m finish.
inal polishing was achieved using a two-step process, start-

ng with 0.3 �m alumina, then 0.04 �m silicon dioxide using
ibratory polisher. The phase compositions of the ceramic filler
aterial and unfilled C–C composites were analyzed with an
-ray diffractometer (Cu K� radiation, X’Pert PRO, PAN-

lytical, Almelo, The Netherlands) and a scanning electron
icroscope (SEM, Zeiss SUPRA 55VP FE-SE, Carl Zeiss SMT

nc., Peabody, MA) equipped with an energy-dispersive (EDS)
-ray microanalyzer. Transmission electron microscopy (TEM,
hillips, CM-30) was also performed in order to confirm the for-
ation of ZrB2 nanoparticles using the oganometallic precursor

rocessing method. Solvent dispersed and dried nanoparticles
ere placed onto a carbon coated copper grid for morphological

nd EDS elemental analysis.

. Results and discussion

.1. Characterization of organometallic precursor derived
rB2 particles and ZrB2–B4C filled C–C composites

The formation of ZrB2 nanoparticles from the borohydride

recursor route was confirmed using TEM analysis, as seen in
ig. 1. The TEM micrograph shows that the nanoparticles are
pproximately 100 nm in diameter and that they are slightly
gglomerated. The EDS spectra of the nanoparticles detected

w
c
p
t

ig. 1. Morphological of ZrB2 nanoparticles synthesized from borohydride
recursors shows the nanoparticle shape and size.

r and B due to the formation of ZrB2 (not shown). Cross-
ections for the ZrB2–B4C filled C–C composites are shown in
ig. 2. The dispersion of small ZrB2 nanoparticles within the
–C composite is distributed throughout the composite cross-

ection (Fig. 2(a)) and throughout the bulk of the composite
s seen in the back scatter contrast SEM image in Fig. 2(b).
ased on quantitative image analysis it was approximated that

he content of ZrB2 particles within the C–C composites was
0.3%. Fig. 2(a) also shows the detail of the C–C composite

ross-section where the top CVD layer of graphite is on the sur-
ace, followed by a two-dimensional C fiber weave lay-up that
s decorated with ZrB2 particles.

Upon closer inspection, the ZrB2 nanoparticles were detected
ithin the B4C filler material and they seem to fill the small void

paces in between individual C-fibers, as seen in Fig. 3. Further-
ore, EDS analysis shows that the ZrB2 filled C–C composites

ontain small nanoparticles composed of zirconium, as seen in
ig. 4. Furthermore, EDS maps of the ZrB2–B4C filled C–C
omposite cross-sections show Zr present throughout the com-
osite (Fig. 5(a)) and XRD analysis detects ZrB2 and B4C filler
aterial, and graphite from the composite (Fig. 5(b)).

.2. High temperature oxidation behavior of B4C filled and
black filled C–C composites

The oxyacetylene torch tests were used to measure abla-
ion resistance for carbon black, B4C and ZrB2–B4C filled C–C
omposites using the experimental set-up shown in Fig. 6. The
etailed image of the test specimen (Fig. 6(b)) at temperature
1500 ◦C) is for a B4C filled C–C composite and shows the evo-
ution of a green colored gas that is expected to be boria gas,

hich is green in color. Ablation rates were measured for the

arbon black filled C–C composites and B4C filled C–C com-
osites from 800 to 1500 ◦C (Fig. 7(a)). The ablation rate for
he B4C filled C–C composites is lower than the carbon black
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Fig. 2. SEM cross-sectional micrographs for ZrB2 and B4C inhibited C–C composites show (a) the CVD graphite layer and the distribution of ZrB2 nanoparticles
synthesized from borohydride precursors. (b) The high contract backscatter SEM micrograph highlights the ZrB2 nanoparticles for use in area fraction calculations.

F osites show the distribution of the B4C filler material in between the C–C composite
w rB2 nanoparticles in between individual carbon fibers (d–f).
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ig. 3. SEM cross-sectional micrographs for ZrB2 and B4C inhibited C–C comp
eaves (a–c). High resolution SEM micrographs show the distribution of fine Z

lled C–C composites from 800 to 1200 ◦C. At 1500 ◦C the
4C filled composites show an increase in ablation rate most

ikely due to the rapid evaporation of liquid B2O3. The temper-
ture dependence for lower ablation resistance at temperatures
900 ◦C can be explained based on the oxidation of B4C into a
lassy B2O3 that enhances oxidation resistance.8 As the temper-
ture increase then the vaporization of solid B2O3 to a gas phase
ncreases and the ablation rates begin to increase and follows
he uninhibited C–C composite ablation behavior. Therefore,

4C filled C–C composites are slightly more ablation resistance
han carbon black filled C–C composites from 800 to 1200 ◦C
nd show the potential to increase oxidation resistance at tem-
eratures less than 1500 ◦C. Based on the preliminary results

or B4C inhibited materials it is favorable to have boron con-
aining refractory particles within the composite that form the
lassy B2O3 phases that inhibits the migration of oxygen into the
ubstrate.

F
d

ig. 4. EDS elemental analysis of ZrB2 inhibited C–C composites shows the (a)
etection of Zr, B, and O within the C–C composite (b).
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Fig. 5. The EDS elemental map of ZrB2 inhibited C–C composites shows the (a) detection of Zr, within the C–C composite and (b) detection of ZrB2, B4C and
graphite using XRD.

Fig. 6. (a) The oxyacetylene torch set-up used for measure ablation resistance of B4C inhibited C–C composites and (b) an actual test specimen at temperature
(1500 ◦C).

Fig. 7. Ablation rate measurements obtained using oxyacetylene torch tests for B4C filled and carbon black filled C–C composites (a) from 800 to 1500 ◦C and (b)
at 1500 ◦C for 300 s with ZrB2–B4C filled C–C composites.

Fig. 8. SEM micrographs of ZrB2–B4C filled C–C composites after high temperature oxyacetylene torch testing at 1500 ◦C (300 s) in the (a) parallel direction and
(b) perpendicular direction of the C–C composite weave structure and (c) XRD spectrum confirms the retention of ZrB2–B4C in the C–C composites after torch
testing.
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ZrO2 that was not fully converted during the reaction (Fig. 9).
Fig. 10 shows an individual carbon fiber coated with ZrB2
nanoparticles that was processed using the carbothermal reduc-
362 E.L. Corral, L.S. Walker / Journal of the E

.3. High temperature oxidation behavior of B4C–ZrB2

lled C–C composites

Ablation rates for carbon black, B4C, and ZrB2–B4C filled
–C composites, at 1500 ◦C, are shown in Fig. 7(b). The abla-

ion rate for the ZrB2–B4C filled C–C composite (0.0428) is
0% lower than the C-black (0.1552) and B4C filled (0.1727)
omposites. Clearly, the inhibition of oxygen is increased using
oth ZrB2 and B4C particles as filler material in C–C com-
osites. This is likely due to ZrB2 having a higher melting
emperature than B4C and the ability to form high-temperature
esistant oxides at temperature, such as ZrO2. Upon oxidation
f B4C, the formation of liquid B2O3 promotes low tempera-
ure oxidation resistance and at higher temperature it couples
ith the formation of ZrO2 and B2O3 from ZrB2 oxidation in
rder to enhance the oxidation resistance of the C–C composite
t temperature. The synergistic effect of ZrB2 and B4C oxida-
ion over B4C filled C–C composites can also be explained by
he formation of a ZrO2 oxide phase that limits the evapora-
ion of B2O3 and increases the oxidation resistance at higher
emperatures. The oxyacetylene torch tested ZrB2–B4C filled
omposites are shown in cross-section (Fig. 8). The microstruc-
ures show that ZrB2 particles are still present throughout the
ulk of the composite (Fig. 8). The EDS analysis detects Zr
resent in the composite from the filled ZrB2 or the formation of
rO2. However, the X-ray diffraction spectra confirm that there
re very little oxides present and the Zr elements are likely from
he filled ZrB2 particles (Fig. 8(c)). These preliminary torch-
esting results will be used to design UHTC coating systems as
ltra-high temperature oxidation protection materials on C–C
omposites and is the subject of a future publication.

.4. Sol–gel derived ZrB2 particles as an alternative
ethod for processing ZrB2 filled C–C composites
Based on the increased ablation rate resistance measured
or ZrB2–B4C filled C–C composites we decided to investi-
ate alternative approaches to incorporating refractory particles
ithin the C–C composites using sol–gel precursors. This

ig. 9. The XRD spectra for ZrB2 particles and residual ZrO2 processed using
he sol–gel precursor that was carbothermal reduced at 1150 ◦C.

F
f
c
p

an Ceramic Society 30 (2010) 2357–2364

pproach is very promising because the formation of ZrB2 par-
icles can easily be achieved within C–C composites at low
emperatures (1150 ◦C). The XRD spectrum for the sol–gel
aterial synthesized shows the formation of ZrB and residual
ig. 10. SEM micrographs for ZrB2 particles sitting on carbon fiber surfaces
rom (a) low to (b) medium to (c) high resolution that were successfully pro-
essed in situ at temperature within the C–C composite using the sol–gel
recursor that was carbothermal reduced at 1150 ◦C.
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ion method. EDS compositional maps show the detection of
irconium and oxygen containing particles on the carbon fiber
urface (Fig. 11). The sol–gel precursor produces ZrB2 particles
ith an average particle size of 300 nm and they are fine and

quiax shaped particles. Preliminary results suggest that the car-
othermal reduction temperature and time need to be optimized
n order to obtain the full conversion of ZrB2 but the formation
akes place within C–C composites making it an ideal approach
or inhibiting the oxidation of the composite at temperature.

.5. Approaches for improved ablation resistant C–C

omposites

The approach we investigated in order to improve the oxi-
ation resistance of C–C composites uses precursors to form

ig. 11. SEM micrographs for (a) ZrB2 particles sitting on carbon fiber surfaces
nd corresponding EDS elemental maps for (b) Zr and (c) residual oxygen in
rder to confirm the detection of ZrB2 and ZrO2 containing particles within the
–C composites using the sol–gel precursor method.
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HTC particles within the composites and filling the weaves of
he C–C composites with refractory particle fillers. The combi-
ation of refractory particle fillers can be optimized to achieve
igh temperature oxidation resistance without the use of exter-
al coating systems. However, if additional high-temperature
xidation protection is need a coating system can be incorpo-
ated into the process. The novel aspect of this work highlights
he ability to combine refractory particles within the weave
tructure of the C–C composites during the lay-up and pro-
essing of bulk C–C composites. The refractory particles are
omogeneously dispersed throughout the composite matrix and
he synergistic effect of two UHTC particles is better than one
ller particle. Our results show that B4C particle filler provides
nhanced oxidation resistance over the conventionally filled car-
on black composites but the combination of B4C and ZrB2
article filled composite system improves ablation resistance by
t least 30% at temperature (1500 ◦C). Clearly, this approach
hat combines using precursors to UHTC to fill C–C composites
as the potential to be used in extreme aerospace applications
here high-temperature conditions are commonly experienced.

. Summary

We have successfully processed C–C composites filled with
rB2–B4C particles in order to increase the ablation resistance
ver conventional C–C composites by 30% at high tempera-
ure (1500 ◦C). We also processed C–C composites filled with

4C particles that exhibit an enhanced oxidation resistance over
onventional carbon black filled C–C composites from 800 to
500 ◦C. Ablation rates were measured using an oxyacetylene
orch test facility and the results suggest that this test method is
ery effective in evaluation high temperature oxidation proper-
ies for UHTC filled C–C composites. Overall, the ZrB2–B4C
article filled C–C composites were the most ablation resistant
nd our results suggest that the inhibition of oxygen migration to
he bulk of the C–C composites is significantly enhanced using
efractory filled composites. Thus, we also investigated alterna-
ive processing methods for filling C–C composites with ZrB2
articles using sol–gel precursor processing methods. Prelim-
nary processing methods seem to be very promising for use
s a low cost approach for filling C–C composites and show
hat the ZrB2 particles form within the C–C composites at low
emperatures (1150 ◦C).
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