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Abstract: In the high temperature ablation process, the TiC coating will be oxidized to TiO». The thickness of molten TiO, increases
when the temperature is higher than 2000 <€, which decreases the bonding strength of the coating. In the present study, the TiC/ZrO,
coatings with different contents of high melting phase ZrO, were deposited by plasma spraying, in order to improve the
anti-scouring property of TiC coatings. The phase structure, microstructure and composition of the coatings, before and after
ablation, were characterized by XRD, SEM and EDS, respectively. The ablation resistant mechanism of the coatings with high
melting phase ZrO, was discussed. Results indicate that the TiC/ZrO, coating shows good ability of ablation resistance, and its mass
loss is only 1.5x10 g ¢m™ s™* at 2000 €. The ZrO; layer formed during the ablation can restrain the further oxidation of inner TiC
and reduce the shearing force of oxyacetylene flame, which improves the anti-scouring property of the coatings.
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Carbon fiber composites with SiC matrix (C{/SiC
composites) are attractive materials for structural
applications due to their outstanding thermo-mechanical
properties and low density!™?. However, when the
temperature is much higher, the oxidation of C/SiC
composites restricts their further applications in oxygenic
environment®*.  To resolve this problem, ultra-high
temperature ceramic coatings, such as refractory carbide
coatings, are considered to be wused at ultra-high
temperaturel®.

Among carbides, SiC and HfC coatings are widely
investigated in recent years. However, at ultra-high
temperature (>2000 <€), they are incompetent to meet the
demand, because SiC coatings will be oxidized and
evaporated rapidly®, and the HfO, production of HfC
oxidation is porous and pulverous'™. Therefore, TiC, which
has high melting point temperature (above 2000 <€), high
thermal conductivity, and excellent thermal stability,
becomes a promising thermal protection system material,
because TiO,, formed during the ablation of TiC, could fill
the holes and cracks of coatings and in turn protect the
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C:/SiC composite substrates from oxidation. However, at
high temperature, the TiO, generation is easy to cause the
coating peeling off during high speed gas flow erosion'®, so
the protection effect of coating will be weakened. In order
to resist this phenomenon, some kinds of materials with
high melting point can be considered to be added in the TiC
coating as second phase particle. During the ablation, the
melting TiO, can be attached by these unmelted phases, and
may not be easily corroded, which may improve the
scouring resistance of the coating.

Up till now, several techniques have been developed to
modify the C¢/SiC composites surface, such as chemical
vapor deposition (CVD), embedding, painting, sol-gel and
plasma spraying*'®. According to some studies™*?, plasma
spraying is an efficient way to prepare compact coatings.

In the present paper, TiC/ZrO, (TZ) coating was prepared
on the Cy/SiC composites by plasma spraying. The
anti-ablation property with different contents of ZrO, was
evaluated under an oxyacetylene torch flame. The evolution
of morphology and microstructure of TZ coating during
ablation was also investigated.
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1 Experiment

C:/SiC composites were used as substrates, and the
specimens for ablation were in the size of 40 mm>30 mm>&
mm. The substrates were polished by 400 grit paper in order
to improve the surface roughness and the binding ability
between coatings and substrates can be improved. Polished
substrates were cleaned using acetone.

The spraying particles were prepared by spray granu-
lation using analytically pure raw materials: ZrO,

(93wt% ZrO,, 7wt% Y,03, diameter of 10~45 pum), and
TiC (99.9%, diameter of 20~80 pum). Due to the differ-
ent thermal expansion coefficients of ZrO, and TiC, the
content of ZrO, should not be too high. So the contents
of ZrO, were chosen as 10wt% and 20wt%. The TZ
coatings with different contents of ZrO, were deposited
on treated substrates with the plasma spraying parame-
ters shown in Table 1. The thickness of these coatings is
all 0.2 mm.

Table 1 Parameters of plasma spraying

. Primary gas Secondary gas Carrier gas Powder feed
Materials Current/A Ar/scfh* He/scth Ar/scfh rate/r min*
TiC+10wt%ZrO, (TZ1)
TiC+20wt%ZrO, (TZ2) 950 % 60 10 3.0
*scfh = standard cubic feet per hour
The ablation behaviors of these two kinds of TZ coatings
were tested using oxyacetylene ablation torch. The coated R A TiC
samples were placed vertically to the flame for 150 s. The A N :Z;%Z
fluxes of O, and C,H, were 30 and 50 L/min, respectively. a
During ablation, the distance between the nozzle tip of the = _,LLL ® o X xR
oxyacetylene gun and the surface of the coating was 155 2 N TIC+10WzI0,
mm, so the temperature of sample surface could be é 4
maintained between 1800~2000 <. After ablation, the B | 0 A
mass and linear ablation rates of samples could be obtained 3 L_},L%,}E%_
. iC+ %Zr ,
according to the formula below: 20 4'0 6'0 20

Rn,=Am/(St) 1)
where R, is the mass ablation rate, g cm?s™; Am is the
sample mass difference before and after ablation, g; S is the
area of ablation surface, cm?; t is the ablation time, s.

The phase composition of coatings was characterized by
X-ray diffraction (XRD, PANalytical Inc., X’Pert PRO
MPD, Almelo, the Netherlands) with Cu Ka radiation. The
surface morphologies and cross-sectional microstructure of
coatings were examined using scanning electron
microscope (SEM, HITACHI S4800, Tokyo, Japan) and the
chemical analysis of coatings was carried out by energy
dispersive spectrometer (EDS, TEAM, EDAXInc, USA,
New Jersey). The porosities of coatings were calculated by
Video Test-Master quantitative metallographic analysis
system through the cross-sectional microstructure.

2 Results and Discussion

2.1 Analysis of pre-ablation coating

Fig.1 shows the XRD patterns of TZ coatings with dif-
ferent contents of ZrO,. It is shown that the coatings are
composed of TiC and ZrO,, and only a little TiO, phase is
detected because of the oxidation during the plasma spray-
ing. There is no obvious phase composition difference be-
tween these two coatings.

Fig.2 is the surface morphologies of two TZ coatings. It

201(°)

Fig.1 XRD patterns of TiC/ZrO, coatings

Fig.2 Surface morphologies of TZ coatings: (a) TZ1 and (b) TZ2
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can be seen that the surfaces of coatings are compact with-
out obvious cracks and holes. This is because during plasma
spraying, ZrO, is much easier to flow and fill. But there is
still some swell on the two coatings caused by the unmelted
grains.

The cross-sectional microstructures of coatings are
shown in Fig.3. It can be seen that the TZ coatings have a
good adhesion to substrates, and no obvious cracks are ob-
served. Meanwhile, the porosities of coatings were obtained
by Video Test-Master quantitative metallographic analysis
system, in which the black part was regarded as hole. The
porosity of TZ1 and TZ2 coatings are 8.3% and 6.9%, re-
spectively. The low porosity indicates that these two TZ
coatings are dense and they may have good ablation re-
sistance properties.

From the point of composition distribution, the composi-
tions of TZ coatings prepared in the present study are uni-
formly distributed. In order to further clarify the distribu-
tion of ZrO,, an image processing is taken on the cross sec-
tion morphologies, and the black parts in Fig.4 represent
ZrO, (the white phase in Fig.3). It’s obvious that the ZrO,
phases are uniformly distributed in the TZ coatings.

2.2 Analysis of ablated coating
2.2.1 Ablation morphology and microstructure

Ablation is an erosive phenomenon with a removal of
material by a combination of thermo-mechanical, thermo-
chemical, and thermo-physical factors from high
temperature, pressure, and velocity of combustion
flamel*>4,

Fig.3 Cross section morphologies of composite coatings: (a) TZ1
and (b) TZ2

Fig.5 shows the surface macro morphologies of coatings
after ablation for 150 s. As shown in Fig.5, four distinct re-
gions (original coating region 1, border ablation region 2,
transitional ablation region 3 and central ablation region 4)
can be observed on the surface of the ablated samples, and
an obvious compact coating forms in region 4. The mor-
phologies of each region are apparently different. The area
ratio of compact region 4 of TZ2 coating is approximately
61.8%, which is almost twice larger than that of TZ1
(34.4%). The larger compact area the coating has, the better
ability to prevent the oxygen from diffusing inward the
coating will have. This phenomenon suggests that TZ2
coating has a better ablation resistant property.

In the compact region 4 of coatings (Fig.6), it can be seen
that there are no obvious cracks and holes, which suggests
that the ablated oxide layer is sort of plastic to release the
stress through deformation™!. Compared with the coating
TZ1, the surface of coating TZ2 is flatter and more compact.

100 pm

Fig.4 ZrO; distribution in TZ coatings: (a) TZ1 and (b) TZ2

a_ R

Fig.5 Macro morphologies of TZ coatings after ablation: (a) TZ1
and (b) TZ2
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Fig.6  Surface morphologies of the compact region of the
composite coatings: (a) TZ1 and (b) TZ2

This can be explained that ZrO, has a low thermal conduc-
tivity™, so the heat cannot diffuse easily. More heat depo-
sition causes the temperature of TZ2 surface much higher
than that of TZ1, which promotes the oxidation of TiC and
also the melting of TiO, on the surface. Therefore, TZ2
coating can form the dense structure rapidly and be flatter
than TZ1.
2.2.2 Ablation properties and behavior

During the ablation for 150 s, the mass ablation rate of
these two coatings (TZ1 and TZ2) are 1.8x10™ and 1.5x10™
g<m? s respectively. Compared to the TiC coating we
have investigated previously (1.9x10™ g<m?s™h)™ the
coating with added ZrO, exhibits a better ablation resistant
property. To a certain extent, the mass ablation rate
decreases with the content of ZrO, increasing, because the
high melting point phase ZrO, can resist the erosion of
flame. Therefore, TZ2 coating prevents the substrate from
ablation more efficiently.

In the oxyacetylene ablation, the following reactions can
occur:

TiC+20,—TiO,+CO, (2)

2TiC+30,—2Ti0,+2C0O 3)

Only the cross-section microstructure of TZ2 is exhibited
for analyzing, since the cross-section structure of TZ1 and
TZ2 coatings are similar. Fig.7 shows the cross-section mi-
crostructure and the EDS result of the compact region of
TZ2 coating. During the ablation, the TiC in the coating is
oxidized under oxyacetylene flame. It is apparent that after
ablation there is an obvious boundary in the coating, and
through the line scanning along the depth direction of the

Intensity/cps
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Fig.7 Cross-section microstructure (a) and EDS line scanning (b, c)
of the dense region of the composite coating TZ2

cross-section with EDS, it can be seen that around the
boundary ZrO, is enrichment. Due to the existence of dif-
fusion oxidation, TiC may diffuse to the surface and form
the surface TiO, layer. However, in the present study, the
ablation temperature cannot reach the melting point of ZrO,
and the content of TiC in the surface is large enough to be
oxidized and form the TiO, layer, so the enrichment of
ZrO, around the boundary is mainly caused by the fact that
TiO, has the lower melting point and lower density than
ZrO,. So during the ablation, TiO, melted and ZrO, sunk
under the melting TiO,. The formation of the melting TiO,
attaching to ZrO, can form a stable compact layer, and this
layer can not only restrain the further oxidation of inner TiC
and delay the thickness increasing of TiO,, but also reduce
the shearing force of oxyacetylene flame. Besides, the ZrO,
layer could be used as a thermal barrier layer to isolate the
heat to transfer to inside, and thus reduce the temperature of
the substrate. So TZ coating can provide a better ablation
resistant property than TiC coating. The ZrO, addition in
the TiC further improves the ablation resistant properties of
the coating.
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1) The TiC/ZrO, coatings show good ablation resistance
properties, especially the coating with the mass ratio of
20wt% ZrO,.

2) The minimum mass loss of the TiC/ZrO, coatings is
only 1.5x10* gem?s™ at 2000 € during oxyacetylene
ablation.

3) The ZrO, layer formed during the ablation can not
only restrain the further oxidation of inner TiC, but also
reduce the shearing force of oxyacetylene flame, which im-
proves the anti-scouring property of coatings.
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