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Abstract: Mullite/ZrB

2

-MoSi

2

 coating was deposited on carbon/carbon(C/C) composites to protect against ablation by atmospheric 

plasma spraying (APS). The microstructure and morphology of the coating were characterized by X-ray diffraction, scanning 

electron microscopy and energy dispersive spectroscopy. The ablation resistance of the coating was investigated at different 

temperatures with oxypropylene torch. The results show that the mass ablation rates of the Mullite/ZrB

2

-MoSi

2

 coated C/C 

composites are 3.49×10

-3 

g/s and 3.77×10

-3

 g/s after ablation at 1700 and 1800 °C for 60 s, respectively, which exhibit good ablation 

resistance compared with the single-layer ZrB

2

-MoSi

2

 coated. The increase of ablation resistance can be attributed to the formation 

of a silicates glass film, which acts as a thermal barrier and self-seals the defects of the coatings.
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Carbon/carbon (C/C) composites are very promising 

structural materials which can keep great mechanical 

properties at high temperature above 2000 °C

[1]

. Recently, C/C 

composites have been widely applied to space vehicles and 

turbine engines for their outstanding properties, such as high 

strength-to-weight ratio and excellent thermal shock 

resistance

[2,3]

. Nevertheless, the poor ablation resistance in the 

oxygen-containing atmosphere at the ultra-high temperature 

plume with high-speed gas flow becomes a fatal weakness to 

their applications. Ceramic coatings have been approved to be 

an effective method to protect C/C composites from ablation

[4-6]

.

Among the ultra-high temperature ceramic (UHTC) coatings, 

ZrB

2

-based coating, which has extremely high melting 

temperature and superior thermal conductivity, has been 

considered as one of the most attractive materials for thermal 

protection system

[7-9]

. Furthermore, SiC and MoSi

2

 are 

introduced into ZrB

2

 coating to improve its ablation resistance 

due to the formation of SiO

2

 glass with self-sealing ability at 

high temperature

[10,11]

. But, the viscosity of SiO

2 

glass will 

decline when ablation temperature exceeds 1650 °C, which 

leads to the rapid volatilization of SiO

2

 glass and a single 

ZrB

2

-based coating fails to provide long-term protection for C/C 

composites at elevated temperature

[12]

. Then, multilayer 

coatings have attracted much attention for anti-ablation of C/C 

composites. A lot of multilayer coatings such as ZrB

2

-CrSi

2

-

Si/SiC, ZrSiO

4

/SiC and MoSi

2

-SiC-TaC have been reported

[13-15]

. 

Mullite (3Al

2

O

3

·2SiO

2

) coating has applied widely as 

environmental barrier coating (EBC) for its high thermal and 

chemical stability, lower oxygen permeability, good erosion 

resistance associated with the sealing properties of silica

[16,17]

.

Up to now, mullite coatings were prepared by sol-gel

[18]

, 

CVD

[19]

, and supersonic plasma spraying

[20]

 for SiC-coated 

C/C composites, and they all exhibited remarkable oxidation 

protection ability in static air under ambient pressure below 

1500 °C. But little research had been conducted on the 

ablation behavior of mullite in an erosive environment with 

ultra-high temperature, high pressure and high velocity of 

combustion gas flow.
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In the present work, multilayer mullite/ZrB

2

-MoSi

2

 coating 

was deposited on C/C composites by atmospheric plasma 

spraying (APS) technique. The ablation resistance of the 

coated C/C composite was investigated by oxypropylene torch 

test and the microstructures and phase compositions of the 

mullite/ZrB

2

-MoSi

2

 coating after ablation were also discussed.

1  Experiment

Bulk C/C composites with a density of 1.70 g/cm

3

 were cut 

into small specimens (Φ30 mm×20 mm) to be used as 

substrates. The specimens were hand-polished using SiC paper, 

then cleaned ultrasonically with ethanol and dried in air. The 

mixture of 60 wt% ZrB

2

 and 40 wt% MoSi

2

powders (Eno 

Material Co. Ltd. China) was manufactured by means of ball 

milling, spray drying and thermal treatment in turn to ensure

good flowability and intensity of particles. Mullite powder

with a particle size in the range 45~75 µm was purchased 

from Beijing Sunspraying Technology Co. Ltd. China.

Mullite/ZrB

2

-MoSi

2

 (M/ZM) coatings were deposited on the 

C/C substrate using a plasma spray system (MF-P1000, GTV,

Germany). The detailed parameters are listed in Table 1. 

While, the single-layer ZrB

2

-MoSi

2

 (ZM) coating with a 

thickness of about 200 µm was deposited as a control.

The ablation test of coated samples was carried out under 

oxypropylene torch system. The experimental ablation set-up 

and practical image (Oriental Renpro Technologies Co. Ltd. 

China) are shown in Fig.1. The oxypropylene gun tip has 

seven same symmetric distribution nozzles with inner 

diameter of 2 mm. The sample was placed in a graphite 

concave fixture and exposed to the flame vertically with 

estimated temperature for 60 s. The surface and back-face 

temperature of the samples were measured by an infrared 

pyrometer and a thermocouple, respectively. The distance 

between gun tip and sample surface was 30 mm. The mass 

ablation rates were calculated by the mass change of the 

samples before and after ablation test. Compared with a

traditional ablation test, the condition of ablation test in the 

paper was more rigorous. The details of ablation test can be 

found in Table 2.

The phase composition and morphology of the coated 

composites were analyzed by X-ray diffraction (XRD, 

D8-Advance, Bruker) and scanning electron microscopy 

(FE-SEM, Nova-Nona-430, FEI) equipped with energy 

dispersion spectroscopy (EDS).

2  Results and Discussion

2.1 Phase composition and microstructure

Fig.2a shows the surface SEM morphology of the ZM inner 

coating deposited by the first step of APS. It is obvious that 

the surface is rugged and rough, which is beneficial for the 

mechanical bonding of the following mullite coating. The 

corresponding XRD pattern can be found in Fig.2b. It reveals 

that the inner coating is mainly composed of ZrB

2

, MoSi

2

 and 

ZrO

2

. The oxidation of part MoSi

2

 at temperature above 1000 

°C leads to the formation of Mo

5

Si

3

 phase

[21]

.

Another mullite coating was then deposited on the ZM 

inner coating by the second step of APS with the parameters

listed in Table 1. Fig.3a displays the SEM images of the 

coated mullite. The surface of the coating exhibits a 

homogeneity structure without crack, as well as a low porosity. 

It is well known that good melting degree, narrow size 

distribution and high kinetic energy of feedstock particles can 

all reduce porosity. As shown in Fig.3b, the multilayer coating 

exhibits typical two-layer structure: the outer mullite layer 

(60~80 µm) and inner ZrB

2

-MoSi

2

 layer (100~120 µm).

Fig.1  Oxypropylene torch system for measuring ablation resistance 

of the coated specimen

Table 1  Details of plasma spraying parameters for ZrB

2

-MoSi

2

 and mullite coatings

Coating

Spraying

current/A 

Spraying

voltage/V 

Primary gas

Ar/L·min

-1

 

Second gas

H

2

/L·min

-1

 

Powder feed

rate/g·min

-1

 

Spraying

distance/mm

ZrB

2

-MoSi

2

700 75 40 11 7 110

Mullite 630 69 40 11 8 100

Table 2  Details of ablation test

Samples Flux of C

3

H

6 

/

L·min

-1

 

Flux of O

2

/

L·min

-1

 

Surface

temperature/°C

Ablation

time/s 

Mass ablation

rate/×10

-3

 g·s

-1

 

1# (ZM) 7 31 1700 60 6.38

2# (M/ZM) 7 30 1700 60 3.49

3# (ZM) 8 35 1800 60 8.63

4# (M/ZM) 8 34 1800 60 3.77

Cold water

Thermocouple

Infrared pyrometer

Air compression

C

3

H

6

O

2

Gun tip
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Fig.2  SEM morphology of ZrB

2

-MoSi

2

 coating (a) and XRD 

patterns of the ZrB

2

-MoSi

2

 feedstock and the coating (b)

Fig.3 SEM images of surface (a) and cross-section (b) of mullite 

coating

Moreover, an interlock structure without obvious penetra-

tion crack can be found between inner ZM layer and outer 

mullite layer, which indicates perfect interface bonding. Fig.4 

shows the XRD patterns of mullite feedstock and as-sprayed

Fig.4  XRD patterns mullite feedstock (a) and as-sprayed (b) coating

coating. They are both mainly composed of orthorhombic 

3Al

2

O

3

-2SiO

2

 mullite and a small amount of Al

2

O

3

 and SiO

2

. 

While, there is a broad hump at low 2θ angles, which indicates 

that an amorphous glassy phase is present in the as-sprayed 

coating. During atmospheric plasma spraying process, the 

rapid quenching rate of molten droplets of mullite feedstock 

can result in amorphous phase.

2.2  Ablation resistance of the coating

The ablation results of the single layer and multilayer 

coating specimen are listed in Table 2. When the surface 

temperature at ablation center of coated sample comes to 1700 

°C, the mass ablation rates of 2# sample is 3.49×10

-3

 g/s after 

ablation duration of 60 s, which is reduced by 45% compared 

with 1# sample. With the increase of heat flux, the mass 

ablation rates of both samples increase. The mass ablation rate 

of 4# sample is 3.77×10

-3

 g/s after ablation for 60 s at 1800 °C, 

while 3# sample is 8.63×10

-3

 g/s.

Fig.5 presents the macrographs of the C/C sample with 

single ZM coating and multilayer M/ZM coating after ablation 

for 60 s. As shown in Fig.5a, there are a great quantity of 

yel low porous films which are formed and diffusely 

distributed in the ablation center of 1# sample, and part of 

them crack and peel from the sample surface. In Fig.5b, the 

M/ZM coating of 2# sample keeps relatively complete and the 

surface is still uniform. Three distinct ablation regions (central 

ablation region, transitional ablation region and outer ablation 

region) can be distinguished out depending on surface color 

and ablation morphology. In Fig.5c, the ablation holes are 

visible at the ablation center of 3# sample. It results in the 

direct exposure of C/C composite under the oxypropylene

flame, which implies that the single ZM coating loses its 

protective ability as the ablation temperature increases up to 

1800 °C. The central region of 4# sample shows deep pits, but 

the coating is still integrated in border region (Fig.5d).

Fig.6 represents XRD patterns of the 1# and 2# coated C/C 

samples after ablation for 60 s. The phases of 1# sample are 

mainly ZrO

2

 and SiO

2

. During ablation test, ZrB

2

, MoSi

2

 and 

Mo

5

Si

3

 are oxidized to form ZrO

2

, SiO

2

, B

2

O

3

 and MoO

3

.
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Fig.5 Morphologies of different coated C/C composites after ablation for 60 s under different heat fluxes with the oxypropylene flame: (a) 1# 

ZM coating, (b) 2# M/ZM coating, (c) 3# ZM coating, and (d) 4# M/ZM coating

Fig.6 XRD patterns of different coated C/C composites after 

ablation for 60 s under the oxypropylene flame

The coating of 2# sample is mainly composed of crystalline 

mullite phase (ZrO

2

 phase is a minor phase), whereas Al

2

O

3

and SiO

2

 peaks disappear in the M/ZM coating after ablation, 

suggesting a reaction between free alumina and silica during 

ablation test.

Fig.7a shows the surface SEM morphology of ablation 

center region of 2# sample. The uniform surface with ablation 

pits is observed from the M/ZM coating in center region, in 

which some wire-shape mullite crystals with the size of 2~3 

µm could be distinguished as well. It is the quick cooling of 

the sample that induces the formation of little cracks. From the 

cross-sectional morphologies of the coatings (Fig.7b), inner 

ZM coating can be divided obviously into three layers (e.g. 

as-sprayed layer, transitional layer, loose layer). Some 

micropores can be found on the loose layer, which might be 

attributed to the escape of SiO and B

2

O

3 

generated from the 

oxidation of ZM inner coating as the ablation temperature is 

up to 1700 °C. However, the formation of SiO

2

 glass as a 

buffering layer will gradually seal the pores of ZM inner layer 

and mullite outer layer, which has contributed to the 

appearance of a dense mullite outer layer. There are two major 

reasons for this phenomenon. Firstly, there are complex 

relations between glass composition and viscosity. In general,

the viscosity of SiO

2

 glass increases with enhancement of the

Fig.7 SEM morphologies of surface (a) and cross-section (b) for the 

M/ZM coating of 2# sample after ablation in center region

cation bond strength in the same condition, and the 

introduction of mullite may improve the viscosity of SiO

2

glass. Secondly, mullite layer is a good thermal barrier, which 

could hinder the heat transfer and gas flow. Therefore, the less 

glass may be evaporated in the short ablation time.

Fig.8 shows the SEM morphology of 4# sample in center 

region after ablation for 60 s. When the surface temperature of 

specimen is up to 1800 °C, part of the ablation products in the 

ablation center are blown away by the gas flow. Two primary

reasons for the phenomenon can be deduced. Firstly, the 

shearing force of the oxypropylene flame during ablation 

increases with the increase of gas flow rate. Secondly, the 

viscosity of SiO

2

 glass decreases with the temperature 

increasing, which can result in the formation of more pores 

and cracks in the coating. As shown in the enlarged image
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Fig.8 SEM morphologies of low (a) and high (b) magnification and 

EDS analysis of 2# sample after ablation in center region

 (Fig.8b), the width of microcrack is about 3 µm. According 

to the EDS result, the molten products near the microcrack are 

composed of ZrO

2

 and mullite. The ablation temperature is 

close to the melting point (1850 °C) of mullite, which may 

lead to the formation of liquid phase. Then ablation pores and 

microcracks are filled with liquid mullite, which can reduce 

inward diffusion of oxygen and exhibit good ablation resistance. 

Without protection of mullite coating, the SiO

2

 glass would be 

consumed quickly that results in the formation of many pores

and cracks in the single ZrB

2

-MoSi

2

 coating. Oxygen can 

diffuse through the coating and directly attack the C/C 

composite by the defects in the ZrB

2

-MoSi

2

 layer. With ablation 

time extending, the coating would be debonded gradually by the 

high-speed gas flow of oxypropylene flame, leading to the 

degradation of the protective ability of the coating.

Fig.9 shows the schematic diagram of mullite/ZrB

2

-MoSi

2

coating ablated with the oxypropylene flame. During the 

ablation test, the following reactions could take place

[22]

:

2ZrB

2

(s) + 5O

2

(g) =2ZrO

2

(s) + 2B

2

O

3

(g)       (1)

2MoSi

2

(s) + 7O

2

=2MoO

3

(g) + 4SiO

2

(l)   (2)

SiO

2

(s) + 3Al

2

O

3

·2SiO

2 

(s) = Silicates glass (m)   (3) 

Silicates glass (m) = Al

2

O

3

 + SiO

2

(s) (4)

In the initial stage of ablation, oxygen can diffuse into the 

interface between ZM inner layer and mullite outer layer 

through the microcracks and voids of the mullite coating, 

which will result in the oxidation of ZrB

2

 and MoSi

2 

and the 

formation of ZrO

2

, B

2

O

3

, MoO

3

 and SiO

2 

(Eqs.(1) and (2)). 

When the surface temperature of the specimen reaches to 1700 

°C, the porous structure would be formed with the evaporation 

of B

2

O

3

, MoO

3

 and SiO

2

. Part of SiO

2

 may gradually seal the

Fig.9 Schematic diagram of the ablated coating under the oxypro- 

pylene flame 

ZM inner layer and mullite layer. As a result, the mullite layer 

could be gradually dissolved into coating. The thicker silicates 

glass can be formed with the dissolution of the mullite layer, 

which will act as a thermal barrier and improve the ablation 

resistance of the coating due to the low oxygen permeation 

constant and good self-cure ability. In general, the chemical 

erosion is the main ablation behavior of the coating under the 

low heat flux. With the heat flux of oxypropylene flame 

increasing, the quick volatilization of the glass film (Eq.(4)) 

may lead to the further diffusion of oxygen through the 

formed defects and the decrease in coating thickness. What is 

more, the silicates glass would be blown away by the 

high-velocity and high-temperature gas flow gradually due to 

the severe mechanical denudation.

3  Conclusions

1) A mullite/ZrB

2

-MoSi

2

 coating is prepared on C/C 

composites by atmospheric plasma spraying. 

2) This multilayer mullite/ZrB

2

-MoSi

2

 coating exhibits 

better ablation resistance at 1700 and 1800 °C compared with 

single ZrB

2

-MoSi

2

 coating, which contributes to the formation 

of silicates glass acting as a thermal barrier to oxidation and 

mechanical erosion. 

3) With the increase of heat flux, the failure of the 

multilayer coating is attributed to the consumption of the glass 

film due to the increase of chemical erosion and mechanical 

denudation.
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