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Abstract: A SiC/MoSi, alternating multilayer coating was prepared on Carbon/Carbon (C/C) surface to protect it against oxidation
by a magnetron sputtering method. The microstructural characteristic, oxidation behavior and oxidation mechanism of the
SiC/MoSi; multilayer coating were investigated. The as-received coating exhibits dense columnar structure and outstanding
uniformity in thickness. The coated C/C composites possesses a superior oxidation resistance, and its mass loss is only 3.2x107
glcm? after oxidation at 1500 € for 60 min. The mass loss of the coated C/C composites is considered to be related with the

penetration crack generated during the oxidation of the coating.
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Carbon/Carbon(C/C) composites are noted for their high
strength-to-weight ratio and low density, as well as their
good mechanical properties at elevated temperature!!).
These characteristics make them appeal to the aircraft and
aerospace fields as the thermal structural components'.
However, the easy oxidation of C/C at temperatures above
454 <€ greatly limits their applications in oxygen-
containing atmosphere®. Much effort has been made to
prevent oxidation of C/C composites. Current attempts to
solve the oxidation problem of C/C composites are usually
on surface protection with oxidation resistant coatings,
especially multilayer coatings™™.

SiC is usually applied as an bonding and internal buffer
layer owing to its low coefficient of thermal expansion
(CET), good compatibility with C/C composites and
surviving under an oxidation environment below 1600 € 1*1,
MoSi, is well recognized for its high melting point and
outstanding corrosion resistance at high temperature!®.
Consequently, the SiC/MoSi, coating system was widely
used to prevent the oxidation of C/C matrix.
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Up to now, numerous ways such as pack cementation",
hydrothermal electrophoretic  deposition,  supersonic
plasma spraying™, slurry™ and chemical vapor
deposition'*? have been applied to fabricate SiC/MoSi,
coating on C/C surface to protect it from oxidation. All of
these methods are based on a pack cementation method,
thereby obtaining a gradient SiC layer with the
concentration of Si element decreasing and the C element
increasing gradually in the interface of C/C which can relax
the thermal stress and reduce the possibility of crack
generation during oxidation™. However, the coating
thickness are difficult to control by the pack cementation
method. Moreover, the experimental condition of pack
cementation is so harsh (usually has to be carried out above
1800 €y that it attenuates serious carbon fiber properties
and therefore degrades the mechanical performance of C/C
matrix.

Conversely, magnetron sputtering deposition has been
demonstrated to be a good low-temperature and
environmental method™, which not only does less damage
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to substrate but also can meet the precise requirements for
the evenness and thickness of the coating by controlling
deposition time. However, as far as the authors know, little
work has been performed on SiC/MoSi, coating prepared
on C/C surface by the magnetron sputtering method to
evaluate their oxidation resistance.

According to the research of M. Lattemann and S.
Ulrich*® the alternating multilayer is beneficial to the
decrease of the residual stress and the enhancement of the
film toughness. Therefore, in the present work, a SiC/MoSi,
coating combined in the alternating multilayer concept was
prepared on the C/C composites by the magnetron
sputtering method, and the microstructure, oxidation
protective ability and mechanism of the coating in air at
1500 <€ were investigated.

1 Experiment

Small specimens (10 mmx>10 mmx>1l0 mm) used as
substrates were cut from a 2D C/C composite bulk with a
density of 1.60 g/cm®. All specimens were hand-abraded
using 400 grit SiC paper, then cleaned ultrasonically with
acetone and dried at 100 <€ for 2 h.

The alternating multilayer coating structure was designed
as shown in Fig.1, which was prepared on C/C composites
by the magnetron sputtering method. Fig.2 shows the
magnetron sputtering system layout. A direct current (DC)
and middle-frequency (MF) sputtering technique were used
in the SiC and MoSi, coatings deposition. Pure argon
(99.99%) was introduced into the vacuum chamber in a
certain flow through a mass flow controller after the
chamber was evacuated below 10°% Pa. The distance
between target and substrate was about 80 mm, the
deposition temperature was fixed at 200 € and the bias was
set to 100 V. Prior to deposition, the specimens were
cleaned by argon ion etching for 20 min. Sputter deposition
was performed with a twin-SiC target (length of 300 mm,
width of 75 mm, thickness of 8 mm, 99.99% purity) using
an MF input power of 800 W and a MoSi, target (length of
300 mm, width of 75 mm, thickness of 6 mm, 99.99%
purity) using an DC input power of 1200 W. The deposition
gas pressure of SiC and MoSi, was 0.65 Pa and 0.55 Pa,
respectively. The deposition rate of SiC and MoSi, was 1
pum/h and 7 pm/h, respectively, which was measured by
cross-sectional  scanning  electron  microscopy and
ellipsometry. Therefore, we can set deposition time as
follows: to, t;, t, was 35, 1 and 1 h, respectively (t,, the
deposition time of layer 0; t;, the deposition time of layer 1;
t,, the deposition time of layer 2). The coating cycles were
14 and the outmost layer was MoSi, as shown in Fig.l.
After deposition, the specimens were processed with a
sol-gel method to obtain a denser coating surface.

The oxidation behavior of specimens, with and without
coatings, was evaluated by static oxidation in air at 1500 €

Fig.1 Schematic structure of the alternating MoSi,/SiC
multilayer coating (where d; is the thickness of each
layer: do=35 um, d;=7 um, d,=1 pum)
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Fig.2 Schematic diagram of the deposition system

using an electrical furnace. After the furnace was heated up
to 1500 <€, the specimens were moved into the hot zone of
the electrical furnace, whereafter (at the designated time 60
min) they were taken out and cooled to room temperature
for weighing. Mass of the specimens was measured by an
electronic precision balance with sensitivity of #0.1 mg.
The mass loss (AW) of specimens were calculated using
Eq.(1).

Aw = (mo - ml)/ S 1)
Where mq is the original mass of coated C/C composites; m;
is the mass of coated C/C composites after oxidation at high
temperature; and S is the surface area of the sample. The
final mass loss of specimens was the average oxidation rate
of three specimens.

The crystalline structure of the coating was measured
with X-ray diffraction (XRD). The morphologies of the
specimens and the element distribution of the coatings were
analyzed by scanning electron microscopy (SEM), equipped
with energy dispersive spectroscopy (EDS).

2544


app:ds:bias

Fu Wenbin et al. / Rare Metal Materials and Engineering, 2016, 45(10): 2543-2548

2 Results and Discussion

2.1 Microstructure of the as-received coating

A typical surface image of C/C composites is present in
Fig.3. The surface of C/C composites is coarse, many
grooves and big holes can been seen and some holes are
even more than 50 um in diameter, which has a great
influence on the morphology of the coating.

The surface morphology of the coated C/C composites is
shown in Fig.4a. It can be seen that the coating is compact
and smooth, and the grains are spherical with uniform size.
A few cavities resulted from those as-noted big holes of the
C/C matrix surface can be observed as well, which is not
favorable to protecting C/C matrix. Consequently, a sol-gel
method is adopted to fill the cavities and the surface
morphology of the coating after sol-gel process is shown in
Fig.4b.

Fig.4  Surface micrographs of the coated C/C composites:

(a) before sol-gel process and (b) after sol-gel process

The cross-section morphology of the coated C/C
composites is shown in Fig.5. It can be found that the
evenness and uniformity of the coating is very good
(Fig.5a). The whole coating is about 155 pum in thickness
(SiC bonding layer is about 35 um, SiC/ MoSi, alternating
multi-layer is about 120 pm), which is completely
consistent with the coating thickness as we designed in
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Fig.5 SEM micrographs (a~c) and EDS spectra of spot 1 (d1) and
spot 2 (d) of the cross-section of the coating
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Fig.1, indicating that the coating thickness can be
controlled precisely by setting deposition time using the
magnetron sputtering method (Fig.5b). It is also clearly
observed that SiC and MoSi, grains are grown into the
surface normal direction, showing columnar microstructure
typical for that of films prepared by the sputtering
deposition method, in the as-deposited sample, which is
disadvantageous to suppress the diffusion of oxygen across
the grain boundary. From Fig.5c, we can find that there are
two Kinds of layers characterized as black (Spot 1) and grey
(Spot 2). By EDS analysis (Fig.5d), the black and grey
layers can be distinguished as SiC and MoSi, (thickness of
SiC layer is about 1 pm, and MoSi, about 7 pm ),
respectively, which accords with the designed structure
(Fig.1). In addition, compared with the research of Zhang et
al'™ the interface between the C/C matrix and the coating
is obvious, which shows that the adhesion strength of the
coating is relatively poor.

XRD patterns from the sample before and after the
sol-gel process are shown in Fig.6. Before the sol-gel
process, no detectable typical MoSi, peaks can be seen and
this indicates that the coating is amorphous or poorly
crystalline, which results from the short deposition time of
the outmost layer (too short to completely crystallize). After
the sol-gel process, the MoSi, peak becomes broader and a
weak broad SiO, peak appears.

2.2 Oxidation behavior

Fig.7 illustrates the oxidation resistance of C/C and
coated C/C composites at 1500 < in air. It can be found
that the bare C/C composite has a poor oxidation resistance,
and its mass loss percent is up to 28.8 <10 g/cm? after
oxidation at 1500 <€ for 60 min. Whereas the coated C/C
exhibits a superior oxidation resistance, and its mass loss is
only 3.2 X10%g/cm?. Therefore, the as-prepared coating can
provide oxidation protection for C/C composites at 1500 €
for 60 min.
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Fig.6 Surface XRD patterns of the coated C/C composites
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Fig.7 Oxidation resistance of C/C and coated C/C composites in
air at 1500 €€ for 60 min

In oxygen-containing environment, the coated C/C
samples would react with oxygen as follows:

2SiCiy+ 30,4 —2Si0,+ 2CO) (1)
SiCly + 2054 —Si0ys + COszq @
5MOSizs+ 70— 2M0sSizs) + 4SiOs) @3)
2MOSiy+705— 2M0Osg + 4SiOy )
2Cg) * Ozq—2C0, ®)
Ci*tOzg— COyq) (6)

Reactions (1)~(3) lead to net mass gain, and reactions
(4)~(6) cause net mass loss. Therefore, the mass loss of the
coated specimens during oxidation mainly results from the
oxidation of the C/C substrate and the volatilization of
oxidation production (SiO,, M0O,).

Fig.8 shows the surface image of the coated C/C
composites after oxidation at 1500 <€ in air for 60 min. It
can be found that a smooth glass film is formed on the
coating surface. Besides, we can also find several
microcracks caused by shrinkage of amorphous silica
during rapid cooling (the coating would suffer tensile stress
because of its larger thermal expansion coefficient than that
of C/C composites) and holes left by the escape of gases
(MoO, with high vapor pressure at high temperatures™) on
the surface of the coating. Holes are not considered as the
main reason of the mass loss of the coated specimens,
because the coating under these holes would be oxidized
again and a new glass phase would be produced.

From Fig.9, the XRD pattern of the coating after
oxidation at 1500 <€ for 60 min shows that the as-noted
glass layer is SiO, glass, which is produced due to the
oxidation of SiC and MoSi, (as shown from Egs.(1)~(4)),
and can efficiently protect C/C matrix from oxidation
owing to its very low oxygen permeability. Compared with
the XRD patterns of the coating before oxidation (Fig.6),
MosSis, a new phase appears, which is in accordance with
the reaction (4). Meanwhile, the MoSi, peak becomes
sharper than that of Fig.6, indicating that the crystallinity
degree of the coating increases after oxidation.

2546



Fu Wenbin et al. / Rare Metal Materials and Engineering, 2016, 45(10): 2543-2548

Fig.8 Surface SEM micrograph of the coated specimens after
oxidation at 1500 <€ for 60 min
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Fig.9 Surface XRD patterns of the coated C/C composites after
oxidation at 1500 <€ for 60 min

Fig.10 shows the cross-section images of the coated C/C
composites at different magnifications after oxidation at
1500 <€ in air for 60 min. It can be seen that the outermost
layer of the coating is covered by a glass film, which is in
accordance with the above description. No debonding are
detected in the coating, which shows high bonding strength
and good thermal compatibility between layer-to-layer. The
glass film is thin and the whole coating thickness has no
obvious change, which can be inferred that the depletion of
the coating is slight and only the surface of the coating is
oxidized. In addition, a penetration crack along the
boundary of two columnar grains can be found in the
coating and the oxidation attacking of C/C matrix happens
beneath the cross-crack. Therefore, the penetration cracks
provide a channel for the diffusion of oxygen and are the
main reason for the oxidation of C/C substrate. The further
research about how to eliminate the penetration cracks is
needed.

2.3 Oxidation mechanism of the coated C/C
composites

According to the analysis of the micro-morphology of the
SiC/MoSi, multilayer coating and the oxidation behavior of

Fig.10 Cross-section SEM micrographs of the coated specimens
after oxidation at 1500 <€ for 60 min: (a) low
magnification and (b) high magnification

the SiC/MoSi, multilayer coated C/C composites, the
oxidation mechanism of the SiC/MoSi, multilayer coated
C/C composites can be proposed. Fig.11 shows the
oxidation mode of the coated C/C composites. When
oxidation begins, both coating and substrate expand due to
the thermal effect, which results in two results: On the one
hand, the interaction between columnar grain boundaries
weakens even therefore leading to the generation of crack
along the grain boundaries; but on the other hand, the
coating obtains compressive stress because of its larger
CTE than that of C/C composites and the compressive
stress distributes in a trend as the picture shows, which
contribute to inhibit the propagating of microcrack, and the
better adhesion between the coating and the C/C substrate,
the better this inhibition effect. Meanwhile, the columnar
grain boundaries is prone to attacking by oxygen in
oxygen-containing environment, which would result in the
fracture and discontinuity of the grain boundary. Despite
generation only on the surface of the coating in the initial
oxidation stage, the microcrack, as the oxidation proceeds,
will expand along the as-noted fractured and discontinuous
grain boundary and finally become a penetration crack,
which provides a channel for the diffusion of oxygen. By
this time, the glass layer on the surface of the coating is too
thin to cover the crack completely. Consequently, C/C
matrix will be oxidized by oxygen diffusing through the
penetration crack at 1500 <€ before the crack is fully sealed.
After the top of has the penetration crack is blocked by SiO,
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