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Protection of Carbon/Carbon Composites against

Oxidation

Zascita kompozitov tipa ogljik/ogljik pred oksidacijo
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A mayor problem of carbon/carbon composites is use in oxidative environments.
Protective coating in this study consists of SiC outer and B4C inner coating and offer
efficient protective of composites against oxidation. Because of cracks and erosion of
microstructure as a result of oxidation oxidized samples have lower mechanical

properties.
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Najvecji problem kompozitov tipa ogljik/ogliik je njihova uporaba v oksidativnih
atmosterah. Ugotavljali smo ucinkovitost vecplastne zascite grafita pred oksidacijo,
sestavijene iz zunanje SiC in notranje B4C plasti. Rezultati kaZejo, da je taksna zaséita
ucinkovita v temperaturnem intervalu 600-1000°C. Zaradi razpok in erozije strukture
grafita, ki so posledica oksidacije, so mehanske lastnosti oksidiranih kompozitov slabse.
Kljucne besede: kompoziti tipa ogljik/ogljik, oksidacija, zaséitne plasti, mehanske

lastnosti oksidiranih kompozitov.

L Introduction

Carbon fibers and carbon/carbon (C/C) composites are at-
tractive materials because of strength-to-weight properties supe-
nor to those of any other matenials,

Potential uses range from those in airerafl, automndustry 1o
medical and sport applications (boat making, fishing rod...).

C/C composites consist of carbon fibers set in & graphite ma-
trin. Mechanical properties of C/C composites depend on fibers.,
which exhibit high Young s modulus E (E = 250-500 GPa) com-
pared to the graphite matrix (Ey = 30 GPa),

Strong bonding between the matrix and the fibers results in
high shear strength while weak bonding increases the toughness,
so that crack propagation in the matrix can be arrested at the fiber
surtace.

High tensile strength is a consequence of very strong cova-
lent bonds between carbon atoms and high anizotropic crys-
talline fibers.-

2. Protection of C/C Composites against Oxidation

The most obvious advantage of using C/C composites in
serospace application is their high refative strength compared
with low weight.

A mayor problem is using such materials in oxidizing envi-
ronments (hot flowing gases). Carbon rapidly reacts with oxygen
at temperatures as low as 300°C, forming gascous products (CO.
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CO,). Gasifications leads 10 a rapid degradation of the compo-
site, This oxidation process results in the crosion of the structure
and in the degradation ol the mechanical properties which the
material oniginally posessed.

Many protective coatings are being considered 1o prevent
contact between oxygen and carbon. Most of these coatings rely
on oxide films formed during oxidation as oxygen diffusion bar-
riers.

2.1, Proteciive Coarings

The most important 1934 ULS. patent’ in work on protection
against oxidation for C/C composites describes a coating system
for graphite materials composed of a SiC and vitreous overlay
coatings.

Work on oxidation protection for C/C composites started in
1970°s, The coating system was very similar to that in the 1934
patent and was composed ol a SiC conversion layer and silicate
glaze overlay.

Any coating material used to protect the composite from ox-
idation must prevent the invard diffusion of oxygen. and has low
volatility to prevent erosion. Coating issues associated with oxi-
dation protection are coating erosion, spallation and oxygen per-
meation of the intact coating system,

Erosion resistance requires the use of outer coatings that
have low vapor pressures. The high thermal expansion coeffi-
cient is a strong negative factor because the large differences in
thermal expansion behavior often results intension-induced
coating cracks.
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In the presence of an oxide film on the surface, the oxyvgen
has to diffuse through it 1o reach the substrate/oxide surface.
Oxide film acts as a diffusion barrier, The oxidation of a sub-
strate involves five steps, shown schematically in Figure 1:°

0

rotective film /

Figure 1: The oxadation of & protected graphite

Slika 1z Oksidacipn zadcitenega gralita

L. gas phase diffusion across the boundary layer;

2. oxygen diffusion through cracks: if the oxide film is cracked,
toxygen diffuse through it 1o the substrate/oxide film inter-
face);

3. condensed phase diffusion (if the oxide film is nonporous);

4. reaction at the interface substrate/oxide:

5. counter diffusion of gas products back 10 atmosphere.

Oxides have usualy higher thermal expansion coefficients
than corresponding carbides. For this reason it is advantageous
10 start with & nonoxide outer coating that converts 1o an appro-
priate oxide upon exposure. Such deposition reduce diferences
between thermal expansion behaviour of coating and substrate.

Studies have shown the utility of borate glasses for protect-
ing C/C composites from oxidation, Current coating system for

protecting C/C composites are composed of an outer coating of

SiC and an inner B,C coating. Due to oxidation SiC s convert-
ed 10 Si0, which acts as primary oxvgen barrier.”

Oxidation of the inner B,C coating through cracks in the SiC
outer coating produces a borate glass B.O,. Above the melting
point of B.O, it flows 1o il cracks present in the inner and out-
er coatings,

3. Mechanical Properties of Oxidized C/C Composites

Oxidation of the graphite leads to pitting. degradation and
porosity of C/C composites. Gasification appeared to lead pro-
gressively to the formation of pores in the matrix, followed by
propagation of longitudinal channels along the fiber axes.

Cracks, which appears under loading, leads 10 a loss in
strength of the composite. One of the most oxidized and loaded
fibers rupture and this leads to crack initiation and propagation

of transversional cracks because of shear stresses.” Strength of

oxidized composites is reduced because of cracks and mi-
CTOSIruCture erosion,

Bending strains for oxidized C/C composites are much low-
er than that for unoxidized ones.
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4. Experimental Procedure

Graphite EK 986 used in this study were supplied by
Ringsdorf, Germany. The average density was 1.85 g/em and
open porosity 8% . Graphite samples were cut in approximately
cube form, side 0.7 +- 0.01 mm.

Multilayer coating was composed of an outer coating of SiC’
and of an inner B,C coating.

SiC and B,C coatings various thicknesses were deposited by
Physical Vapor Deposition (PVD) process with High Frequency
(HF) Sputtering.

Samples were sputtered in vacoum at 2-3 x 107 mbar, fre-
quency 10 MHz and voltage 1KV, 80 min of sputtering was sut
ficient to deposit a B,C film of 0.30 um and 75 min to deposit 4
SiC film of 0.70 pm on the surface of the samples. Some graphite
samples were only B,C coated.

Measurements of the oxidation Kinetics of all graphite sam-
ples were carmied out in a vertically open-ended furnace in stag-
nant air, between 600 and 1200°C,

Mass changes of the specimens were measured by Thermo
Gravimetry Analyses (TGA) using an automatic “SARTO
TIOUS M 25 D-V" thermobalance (sensitivity «-0.001 mg)
which was connected with computer.

All Kinetics data were collected and approximated with
Computer operated data on line acquisition system. Samples
were cooled down in air and were observed using Scanning
Electron Microscope (SEM), Jeal JSM - 35,

C/C composites materials BB 7655 used in this study were
made from SCHUNK. Germany. Samples were preprotected
with Si, which was deposed o the graphite  matrix
("Kapillarziliziert™)."

Samples with average dimensions 20 x 20 x 1.7 mm, the av-
crage density 1,64 gfem’ and the average porosity 8.2 were ox-
idized between 4007 and 800°C.

Oxidized samples were cooled down in ar and tensioned by
GLEEBLE 1500 (DUFFERS SCIENTIFIC) at room tempera-
ture in air at a rate of 0,1 mm/sec

5. Results and Discussion
5.1 Oxidation behaviowr of uncoated graphite

Oxidation of the graphite appeared to occur at specitfic active
sites, leading to pitting, degradation and porosity at the surface.

Figure 2 shows the relative weight loss for oxidized samples
per unit of calculated geometric area (dm/A, ) as a function of
time at 600°C and 1000°C,

Due to the presence of porosity, the effective surface area
over which reaction can occur is possibly 10 to 100 umes high
er than the geometric area. This is consistent with the high poros-
ity of the C/C composites.

Oxidation process of graphite results in the erosion of the
structure (Figure 3). Because of higher erosion the oxidation rate
for uncoated graphite samples (Figure 2.b-A) at 1000°C is high-
er than rate at 600°C (Figure 2.a-A).

The low temperature rate - limiting step is probably a surfuce
reaction - desorption of oxidation products (CO, CO.) from the
carbon network.

At higher temperatures the release of the oxidation products
becomes easier and leaves defects in the carbon network. The
rate is then probably controlled by oxygen diffusion into pores.
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Oxidanion of the graphite occured simultaneously at specific
HVE SHES (vacancies, pores). Bumn off of oxidation |‘r|ufl.tls
cads progresively 1o formation of pores in the matrix (Figure
4.a), followed by the propa
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Gasitication also occured rapidly at the exposed ends of the

fibers, leading to diffusion of oxygen along the fiber axes
5.2 Oxidation behaviour of coated graphit
grd
n the erature range 600°C-1000°C samples covered
with SiC and B.C coating (Figure 2.a.b-C) showed better oxi
ation resistance and reduction in the oxidation rate compared
uncovered graphite samples (Figure 2.ab-A).
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Oxade films formed durmge oxdation

ving graphite and reduce

between oxveen and under
specHiic active sites and presence of porosity over whi wid

ton can oceur (Figure 5)
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Figure 6: Cooling composite leads to cracking in the coating as a
result of thermal expansion mismatches (), Oxyeen diffuse thie

cracks and causes oxadation of underlying carbon (b), B.O. flows to fill
thermual expansion mismatch cracks i the outher SiC coating and in

the matnx (<)
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Above the melting point of B.O | (450°C ) it flows 1o fill ther-
mal expansion mismatch cracks in the outher SiC coating and in
the matrix (Figure 6.¢) providing a diffusion barrier in the com-
posite. B.O s segregated in clusters at the active sites on the
graphite surface where oxidation normally oceured and blocks
this active sites,

The use of borate coating is limited by the volatility of the bo-
rate. Volatization of the coating leaves the underlying material
exposed. Rapid oxidation and a 250% volume increase at the con-
version of B,C to B.O, are essential features of these coatings.

Alter removal from the furnace we noticed that B,C plus SiC
coating resignate from graphite matnix and crack (Figure 7).
Hydrolysis of B.O. produces orthoboric acid and o 125% volume
NCTENSe:

B.O,+HO=2B0, +HO=8,0,+HBO

Heating releases water and produces a mixture of boric ox-
ide and metaboric acid. Under dry conditions the complete con-
version H.BO, back to B.O, completed at about 4507

3.3 Mechanical properties of oxidized CIC compozites
Because of cracks and erosion of microstructure of C/C com-
posites oxidized samples have lower mechanical properties.
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Figure 8: Bending forces and breaking stresses (up 1o Y0 MPa) for less
oxidized C/C composites as for well oxidized samples (minimal
bending forces and stresses ).
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Figure 8 shows that bending forces (up 10 3300 Nj and stresses
(up 1o 90 MPa) for less oxidized C/C composites (at 0.036%
mass loss) are much higher than those for well oxidized samples
(mnimal bending lorces and stresses).

Relationship between breaking force (F) and mass loss (C)
can be represented as following equation:
F=a+bisquChy,
where coellicients are a = 58.2238 and b= - 7.1752,

6. Conclusions

L. The main problem for C/C composites is use of such materi-
als in oxidizing environments thot flowing gases). Carbon
rapidly reacts with oxygen at temperatures as low as S00°C,
forming gaseous products (CO, COL). Gasilications leads to a
rapid degradation of the composite.

2. Muny protective coatings are being considered 1o prevent oxy -
gen from reaching carbon. Most of these coatings rely on ox-
ide films formed during oxidation as oxygen diffusion barri-
ers. Coatings with less permeability for oxygen and
temperature expansion coefficient similar to those of substrat
shows efficient protection of oxidation, so layers could be me-
chanically stable during cooling and heating processes,

v

- Graphite samples in approximately cube form, side (0.74-0.01
mm were covered with multilaver protective coating, which
was composed of an outer coating of SiC and of an inner B,C
coating,

4. SiC and B,C coatings of various thicknesses were deposited
by Physical Vapor Deposition (PVD) process with High
Frequency (HF) Sputtering,

Measurements of the oxidation kinetics of all graphite samples
were carmied out in o vertically open - ended furnace in stag-
nant air, between 600 and 1200°C.,

. Comparison between uncovered graphite and graphite, cov-
ered with SiC and B.C protective coating shows reduction in
the oxidation rate resulting from protective coating.

n

6.

=

After removal from the fumace we noticed that B,C plus SiC
coating resignate from graphite matrix, Because of cracks and
erosion of microstructure shows oxidized C/C composites
lower mechanical properties. Bending forces (up 1o 3300 N)
and stresses (up 1o 90 MPa) are much higher for less oxidized
C/C composites (at 0.036% mass loss) than those for well ox-
ihzed samples (minimal bending forces and stresses ).
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