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bstract

iCN–Sc2Si2O7 environmental barrier coatings were fabricated on the surface of C/SiC composites at low temperatures by adding Li2CO3 as
intering aids. With this addition, the fabrication temperature could be lowered about 100–200 ◦C. The shrinkage of the polysilazane–Sc2Si2O7

ars with and without Li2CO3 was tested by dilatometer. The results indicate that the shrinkage speed of the polysilazane–Sc2Si2O7 bar with

i2CO3 is faster than the one without Li2CO3, indicating that the Li2CO3 greatly promotes the sintering of polysilazane–Sc2Si2O7. Water-vapor
orrosion behavior of the SiCN–Sc2Si2O7 coated C/SiC composites was carried out at 1250 ◦C. The results reveal that the SiCN–Sc2Si2O7 coatings
an effectively protect the C/SiC composites. The corrosion resistance of SiCN–Sc2Si2O7 coatings is not degraded by adding Li2CO3.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Continuous fiber-reinforced silicon carbide matrix ceramic
omposites (CFCC-SiC) have been considered as promising
tructural materials for high temperature applications due to their
xcellent properties at high temperatures, such as damage tol-
rance, high strength, and durability.1,2 The CFCC-SiC can be
sed in dry and clean oxidation environments at elevated tem-
eratures because a protective dense silica layer will be formed
n the surface of the composites.3,4 However, in the wet envi-
onments, the formed silica layer will be deteriorated by water
apor due to the formation of volatile silica hydroxide, resulting
n the mass loss and failure of the composites.5–7 Consequently,
nvironmental barrier coatings (EBCs) are applied on the top
f CFCC-SiC components to prevent them from water vapor

8–11
ttack.
Several technologies have been developed for preparation of

BCs including chemical vapor deposition (CVD),12 plasma
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pray,13 laser ablation,14,15 sol–gel process, 16 and slurry
rocess.17,18 Compared with other technologies, the slurry pro-
ess is able to fabricate EBCs on complex shaped components
t low cost.18 However, this technology requires very high
eat-treatment temperature to obtain dense coatings. The high
emperature can damage the composites to some extent.19 For
xample, the properties of SiC fibers in the SiC/SiC composites
re degraded at high temperatures as a result of carbothermal
eduction reaction and �-SiC grains growth in the fibers.19,20

he technology of fabricating the EBCs at low temperatures is
hus highly desired.

In order to decrease the sintering temperature of ceramics,
ppropriate sintering aids can be added to improve the atoms
iffusivity by increasing the number of crystal defects and
ecreasing the resistance of mass transference.21 In this study,
i2CO3 was chosen as the sintering aids. In addition, liquid
olysilazane was added during the preparation of the Sc2Si2O7
lurry for the coatings. The liquid polysilazane can not only serve
s a binding agent to prevent the coatings from cracking dur-
ng heat-treatment, but also it can promote the densification of

22
eramics. Moreover, the resultant ceramics from polysilazane
how good oxidation resistance at high temperatures.4,23

In this paper, the SiCN–Sc2Si2O7 coatings were fabricated
n the 2D C/SiC composites at relatively low temperatures with

http://www.sciencedirect.com/science/journal/09552219
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he slurry of Sc2Si2O7, polysilazane, and Li2CO3. The sinter-
ng process was characterized by dilatometer. The water-vapor
orrosion behavior of the coated C/SiC composites was studied
t 1250 ◦C for 200 h. The results indicated that the addition of
i2CO3 did not deteriorate the corrosion resistance of Sc2Si2O7.

. Experimental

The liquid polysilazane (Institute of Chemistry, Chinese
cademy of Science, Beijing, China) and scandium disilicate

Sc2Si2O7) were chosen as starting materials. The viscosity of
olysilazane was 12–200 cp at room temperature. The Sc2Si2O7
owders were prepared using a sol–gel process. Sc(NO)3·6H2O
analytical reagent, Qing Da Fine Chemical, Yutai, China)
nd tetraethoxysilane (TEOS, Tianjin Bodi Chemical, Tian-
in, China) were used as the raw materials in this process.
c(NO)3·6H2O and TEOS were dissolved in ethanol and dis-

illed water solution, with added HNO3 to maintain a pH of about
–4. The solution was stirred using a magnetic stirrer at room
emperature for 12 h until the TEOS was fully hydrolyzed. The
olution was then heated in an oven at 60 ◦C for 10 h and 120 ◦C
or 5 h to evaporate all of the solvent, followed by heat-treatment
t 1000 ◦C to obtain the powders. Li2CO3 (analytical reagent,
uchen Chemical, Tianjin, China) was selected as the sintering
dditive. Two-dimensional (2D) C/SiC composites used in this
tudy were prepared by chemical vapor infiltration (CVI). The
etail fabrication process was described in Reference 24.

The 50 wt% polysilazane was dissolved in ethanol. After
tirring for 30 min, the polysilazane solution was obtained.
ccording to the weight percent of polysilazane/Sc2Si2O7, the
0 wt% Sc2Si2O7 powders were added into the polysilazane
olution. Two weight percent Li2CO3 (Li2CO3/Sc2Si2O7) was
lso added into the solution. The mixture was then ball milled in
shock-type high-energy ball-milling machine (QM-3A High
peed Vibrating Ball Mill, Nanjing T-Boat Scietech instru-
ents & Equipment Co. Ltd., Nanjing, China) at 120 rpm for

0 min to obtain a polysilazane–Sc2Si2O7 slurry. The slurry
as uniformly brushed on the suface of 2D C/SiC compos-

tes, followed by heat-treatment in an oven at 70 ◦C for 5 h
nd 150 ◦C for 5 h, respectively. The polysilazane–Sc2Si2O7
oated C/SiC samples were heat-treated at 400 ◦C for 1 h under
rgon to allow polysilazane further thermal cross-linking. The
olysilazane–Sc2Si2O7 coatings were then pyrolyzed at 900 ◦C
or 2 h, followed by heat-treatment at 1250 ◦C for 2 h with the
rotection of argon to obtain the SiCN–Si2Si2O7 coatings. Detail
tudy about the evolution of the polysilazane to SiCN ceramics
t high temperatures can be found elsewhere.25 The obtained
iCN ceramics are amorphous with a pyrolysis yield of about
0%. The final content of SiCN ceramic in the coatings can be
stimated to be about 15%. The coatings without Li2CO3 were
repared using the same process.

To study the sintering process, the mixture of
olysilazane–Sc2Si2O7 with and without Li2CO3 was

◦
eat-treated at 400 C for 2 h. The obtained powders
ere then pressed to rectangular samples with the size of
5 mm × 4 mm × 4 mm. The thermal dilatometer (NETZSCH
IL 402 C, Selb, Germany) was used to analyze the shrinkage

L
d
(
c
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f the samples from room temperature to 1500 ◦C with a
amping rate of 1 K/min.

The water vapor corrosion behavior of Sc2Si2O7 coated
/SiC composites was investigated in 50% H2O–50% O2 water
apor flow at a rate of 8.5 × 10−4 m s−1 (the flowing rate was
stimated at room temperature) with a total pressure of 1 atm at
250 ◦C. The water vapor was introduced into the alumina tube
y means of oxygen carrier gas bubbling through the distilled
ater heated at 81.7 ◦C. Heating tape was used to keep the tube

t a temperature of 120 ◦C on the water vapor entrance side of
he furnace, which prevented condensation of the water vapor.
he water vapor that condensed at the exit side of the tube was
ollected and used to verify our experimental conditions of 50%
2O–50% O2. The samples were put on the alumina boat cru-

ible, and then pushed into the tube furnace. The corrosion time
as up to 200 h. After corroded for 5 h, 10 h, 20 h, 50 h, 100 h,
50 h, and 200 h, the samples were taken out from the furnace
nd cooled to the room temperature in a desiccator quickly for
eight test. At 10 h, 50 h, 100 h, and 200 h, five corroded samples
ith coatings were taken out for flexural strength test. As com-
arison, the C/SiC samples without SiCN–Sc2Si2O7 coatings
ere also corroded under the same conditions.
The weight change as a function of corrosion time was mea-

ured using an electronic balance with an accuracy of 0.01 mg
Mettler Toledo AG135, Schwerzenbach, Switzerland). At least
ve samples were used for measurement. The average value was
btained for each point.

The flexural strength of samples was measured using a three-
oint bending test (Sanscmt 4304, Shenzhen, China) with a span
f 30 mm. The loading rate was 0.05 mm min−1. The dimen-
ion of the samples was 40 mm × 5 mm × 3.5 mm. At least five
amples were used for each point on the plot.

The microstructures of the samples were observed by scan-
ing electron microscope (JEOL-6700F, Tokyo, Japan) and
he elemental analysis was conducted by energy-dispersive
pectroscopy (EDS). X-ray diffraction (XRD) investigation
as carried out by using a Rigaku D/max-2400 diffractome-

er (Tokyo, Japan) with Cu K� radiation. Data were digitally
ecorded in a continuous scan in the range of angle (2θ) from
0◦ to 70◦ with a scanning rate of 0.08◦ s−1.

. Results and discussion

.1. Characterization and sintering process of
iCN–Sc2Si2O7-coated C/SiC composites

Fig. 1 shows the surface morphologies of the SiCN–Sc2Si2O7
oatings with and without Li2CO3. As shown in Fig. 1a, there
re a lot of pores on the surface of the SiCN–Sc2Si2O7 coatings
ithout Li2CO3. By contrast, the surface of SiCN–Sc2Si2O7

oatings with Li2CO3 (Fig. 1b) is smooth without obvious cracks
nd pores. The enlarged morphologies of the SiCN–Sc2Si2O7
oatings (Fig. 1c and d) indicate that the coatings without

i2CO3 are porous (Fig. 1c), while the ones with Li2CO3 are
ense by the formation of liquid phase between the particles
Fig. 1d). Fig. 2 shows the cross-section of the SiCN–Sc2Si2O7
oatings with Li2CO3, in which there are a few pores with
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F CO3 heat-treated at 1250 ◦C for 2 h under argon: (a) the surface of SiCN–Sc2Si2O7

c O3; (c) the enlarged morphologies of SiCN–Sc2Si2O7 coatings without Li2CO3; (d)
t
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ig. 1. Surface morphologies of SiCN–Sc2Si2O7 coatings with and without Li2
oatings without Li2CO3; (b) the surface of SiCN–Sc2Si2O7 coatings with Li2C
he enlarged morphologies of SiCN–Sc2Si2O7 coatings with Li2CO3.

he size of micrometers. It is believed that the existing pores
ad resulted from the mass loss during the pyrolysis of
olysilazane.26

When the polysilazane–Sc2Si2O7 coatings with Li2CO3
re heat-treated at high temperatures, the Li2CO3 is decom-
osed to give Li2O and CO2. Liquid phase is formed
etween the particles because of the low eutectic temperature
resent in the Li2O–SiO2 system in the temperature range of
040–1300 ◦C.27,28 Mass transference through the liquid phase
ecomes easy. Sintering speed is thus enhanced. So the sinter-
ng process can take place at low temperatures. Fig. 3 shows

he shrinkage curves (solid lines) of the polysilazane–Sc2Si2O7
ectangular samples with and without Li2CO3. The differential
oefficient of the shrinkage curves (dL/dt, dotted lines) expresses

ig. 2. Cross-section of SiCN–Sc2Si2O7 coatings heat-treated at 1250 ◦C for
h under argon.

Fig. 3. Shrinkage curves of polysilazane–Sc2Si2O7 rectangular samples with
and without Li2CO3: (a) shrinkage curve of polysilazane–Sc2Si2O7 rectan-
gular sample without Li2CO3; (b) shrinkage curve of polysilazane–Sc2Si2O7

rectangular sample with Li2CO3.
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he shrinkage speed/sintering speed of the samples. As can be
een, the sintering process for the samples with/without Li2CO3
ll begins at about 1100 ◦C. The shrinkage before 1000 ◦C is
ue to the pyrolysis of the polysilazane. For the sample without
i2CO3, the densification peak is shown at 1260.5 ◦C (Fig. 3a).
he total shrinkage of the sample is about 3.68%. Fig. 3b shows

he shrinkage curve of the rectangular sample with Li2CO3. The
ensification peak is also shown at about 1260 ◦C. However,
he total shrinkage of the sample with Li2CO3 is over 7.8%
beyond the measurability), which is much higher than that of
ample without Li2CO3. The results indicate that the sintering
s enhanced by adding Li2CO3.

The XRD pattern of the SiCN–Sc2Si2O7 coatings indicates
hat the main phases are Sc2Si2O7, SiC, and a little of SiO2
Fig. 4). The signal of crystal SiC is from C/SiC matrix. The
ignal of SiO2 is from the free silica in Sc2Si2O7. There is no sig-
al of SiCN because the SiCN is still amorphous at temperatures
elow 1400 ◦C.25,29

.2. Water vapor corrosion behavior of the SiCN–Sc2Si2O7

oated C/SiC composites

Water vapor corrosion behavior of the SiCN–Sc2Si2O7
oated C/SiC composites was carried out at the temperature of
250 ◦C. Fig. 5 shows the cross-sectional morphologies of C/SiC
omposites with and without SiCN–Sc2Si2O7 coatings after

◦
ater vapor corrosion at 1250 C for 200 h. It can be seen that
he C/SiC composites are well protected by the SiCN–Sc2Si2O7
oatings (Fig. 5a). Carbon fiber inside are not oxidized by
xygen/water vapor even after corrosion for 200 h. There is

r
(
t
C

ig. 5. The cross-sections of 2D C/SiC composites with and without SiCN–Sc2Si2O
ith SiCN–Sc2Si2O7 coatings and embedded EDS analysis of the reaction zone; (b
icrograph taken from “I” area marked in (b).
ig. 4. XRD pattern of SiCN–Sc2Si2O7 coating heat treated at 1250 C for 2 h.

reaction zone between the coatings and substrate. The EDS
pectrum of the reaction zone shows that the compositions in
his zone are mainly silicon and oxygen, which indicates that
he zone is composed of silica. It is believed that the silica
ayer originates from the oxidation of SiC by oxygen diffusing
hrough the SiCN–Sc2Si2O7 coatings.26 The silica layer can be
enefit for the oxidation resistance by preventing oxidative gas
iffusion through. For the composites without SiCN–Sc2Si2O7
oatings, CVD SiC coating is exposed to the water-vapor envi-
onment, the coating is oxidized to form lots of pores and cracks
Fig. 5b and c). These pores and cracks offer the channels for

he steam/oxygen penetrating the coating to attack the SiC and

fibers inside. The carbon fibers are almost burnt out, leaving

7 coatings corroded in water vapor at 1250 ◦C for 200 h: (a) the composites
) the composites without SiCN–Sc2Si2O7 coatings; (c) higher magnification
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Fig. 6. Corrosion behavior of the 2D C/SiC composites with and without
SiCN–Sc2Si2O7 coatings in water vapor at 1250 ◦C for 200 h: (a) weight change
as a function of corrosion time; (b) residual flexural strength as a function of
c
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12. Mulpuri RP, Sarin VK. Synthesis of mullite coatings by chemical vapor
deposition. J Mater Res 1996;11(6):1315–24.
orrosion time.

lot of holes inside. SiC matrix and CVD SiC coating lose their
rotection to carbon fibers in water vapor.

Fig. 6a shows the weight loss of the C/SiC composites with
nd without SiCN–Sc2Si2O7 coatings as a function of corrosion
ime. It is known that the water vapor will remove the silica
ayer, which formed by the oxidation of CVD SiC coating.5–7

he carbon fibers will then be attacked by the oxidative gas,
eading to the weight loss of C/SiC composites. However, the
/SiC composites with the SiCN–Sc2Si2O7 coatings show lit-

le weight change in water vapor. A little weight gain can
e observed after corrosion for 100 h due to the oxidation of
iC by oxygen diffusing through the SiCN–Sc2Si2O7 coat-

ngs. The residual flexural strengths of C/SiC composites with
nd without SiCN–Sc2Si2O7 coatings as a function of corro-
ion time are shown in Fig. 6b. The C/SiC composites with
iCN–Sc2Si2O7 coatings can keep about 83.3% of the original
exural strength even after corroded at 1250 ◦C in water vapor
or 200 h, while the C/SiC composites without SiCN–Sc2Si2O7
oatings have only about 11.9% of their original flexural strength
fter corroded at the same conditions. The results indicate that

he SiCN–Sc2Si2O7 coatings can effectively block the water
apor attack. The corrosion resistance of the SiCN–Sc2Si2O7
ramic Society 32 (2012) 705–710 709

oatings is not obviously affected by adding Li2CO3 as a sinter-
ng additive.

. Conclusion

The SiCN–Sc2Si2O7 coatings were fabricated on the sur-
ace of C/SiC composites by using the liquid polysilazane and
c2Si2O7 as starting materials. The Li2CO3 was added as a
intering additive. The dense SiCN–Sc2Si2O7 coatings were
btained after heat-treated at 1250 ◦C for 2 h under argon. The
reparation temperature was lower 100–200 ◦C than that without
i2CO3.

Water vapor corrosion of the C/SiC composites with and
ithout SiCN–Sc2Si2O7 coatings were carried out at 1250 ◦C

or 200 h. The results showed that the SiCN–Sc2Si2O7 coatings
ould effectively block the water vapor attack at high tempera-
ures, and the sintering additive did not deteriorate the corrosion
esistance of the SiCN–Sc2Si2O7 coatings. The Li2CO3 can be
hosen as a sintering aid to lower the preparation temperature
f SiCN–Sc2Si2O7 coatings.
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