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Abstract: ZrSiO4 bulk was prepared by pressureless sintering process and ZrSiO4 coating was 
deposited on the SiCf/SiC substrate using air plasma method. The microstructures of ZrSiO4 bulk and 
ZrSiO4 coating are both dense. A preliminary study of a water vapor corrosion test for ZrSiO4 bulk 
and ZrSiO4 coating was performed under the conditions of 1.013×105 Pa, 90%H2O/10%O2, 1300 ℃, 
and low gas velocity. Results show that some pores appear on the surface of the ZrSiO4 bulk. The 
main crystal phase is ZrO2 and the weight loss of ZrSiO4 bulk is only 0.236 mg/cm2 after corrosion. 
The ZrSiO4 coating peels off from the substrate after 109 h. The number and intensity of diffraction 
peaks of ZrO2 in the coating increase, and the major crystal phase of the coating is still ZrSiO4. A 
porous microstructure accompanied with cracks is observed on the surface of ZrSiO4 coating after 
corrosion. 
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1  Introduction 

The efficiency and core power of gas turbine engines 
used in aircraft are directly related to the turbine inlet 
temperature, where a higher operation temperature 
provides better turbine performance [1]. While the 
nickel-based superalloys (1100 ℃) cannot endure 
higher temperatures (up to 1316 ℃) due to the low 
melting points of the metallic components [2], silicon 
carbide fiber/silicon carbide (SiCf/SiC) substrate has 
been widely considered as the most promising 
component of next-generation aircraft gas turbine 
engines [3,4]. The protection of the silica layer makes 
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it possible to use SiCf/SiC in dry air. However, when 
exposed to combustion environment containing water  
vapor, SiCf/SiC is oxidized and is subsequently 
corroded to form gaseous silica hydroxide, causing 
weight loss and failure of ceramic components [5].       

In order to successfully apply silicon-based ceramics 
in high temperature combustion environment (up to 
1316 ℃), an environmental barrier coating (EBC) was 
developed to protect it from water vapor corrosion and 
to improve the temperature durability of hot section in 
combustion environment [3,6]. The EBC materials 
must have chemical stability at high temperature, low 
thermal conductivity, and a coefficient of thermal 
expansion (CTE) that matches the substrate to avoid 
cracking between the layers [4,7,8]. Therefore, many 
materials were examined as candidates for EBC, which 
are expected to prevent oxidation degradation of 
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silicon-based ceramics [9,10]. And in order to improve 
the comprehensive performance of environmental barrier 
coating, the low CTE materials such as rare earth 
silicate, RESi2O5, and RE2Si2O7 coatings (RE = rare 
earth elements, including Sc, Yb, Er, and Lu) have 
been developed [6,11,12]. 

Even though rare earth silicates exhibit excellent 
water vapor resistance, the Si–O bonds in silicates 
react with water vapor to cause the material recession 
[6,13–15]. As a result, new EBC materials have been 
developed in recent years. Among the low thermal 
expansion silicate compounds, ZrSiO4 is a potential 
material because its thermal stability is more preferable 
and its CTE (4.43×10–6 (℃)–1) is almost the same as 
that of silicon-based ceramics ((4–5)×10–6 (℃ )–1) 
[16,17]. In the case of silicon nitride with ZrSiO4, the 
ZrSiO4 layer and the substrate remain adherent during 
the test, and ZrSiO4 sample has a low corrosion rate 
[18], which makes ZrSiO4 have potential applications 
in the field of EBCs. But there are currently few 
reports on ZrSiO4 as a water corrosion coating. In this 
paper, the water vapor corrosion behavior of ZrSiO4 
ceramic and ZrSiO4 coating at 1300 ℃ was investigated 
and the recession mechanism was revealed.  

2  Experimental 

2. 1  Preparation of ZrSiO4 bulk and ZrSiO4 coating 

The main raw material used in this work was ZrSiO4 
powders (≥ 99.9%, 1–3 µm, Huizhou Ruier Chemicals 
Technology Co., Ltd., Guangdong, China). The ZrSiO4 
bulk was prepared by pressureless sintering process at 
1400 ℃, sintered twice for 5 h. And the as-sintered 
density was measured according to the Archimedes 
principle. The SiCf/SiC composite materials with the 
size of 17 mm × 15 mm × 3 mm were provided by 
Research Center of Composite Materials. The coated 
sample was composed of the SiCf/SiC substrate and 
the ZrSiO4 layer. The spray powders with high 
flowability were obtained by spray drying granulation 
method. The slurry for spray drying which was 
composed of ZrSiO4 powders, polyvinyl alcohol (PVA, 
0.5 wt%), and deionized water was ball milled for 2 h. 
Ball milling is used to crush the powders and reduce 
the agglomeration phenomenon between the powders. 
The solid content of slurry was 30 wt%. The powders 
were obtained by spray granulation and calcination at 
1400 ℃. The powders with the size in the range of 

30–65 μm were collected as the thermal spraying 
feedstock. The substrates were grit-blasted to gain 
rough surface which can increase the bonding strength. 
Then the sprayed powders were deposited on the 
substrate with the rough surface by air plasma spraying 
process to obtain the ZrSiO4 coating (about 120 μm in 
thickness). The ZrSiO4 coating was decomposed after 
the air plasma spraying, thus the sample was subjected 
to a heat-retaining treatment in Ar at 1400 ℃ for 2 h 
after air plasma spraying according to the reference 
[19]. The spray parameters are shown in Table 1. 

2. 2  Water oxygen corrosion test 

The schematic diagram of water vapor corrosion test 
equipment is shown in Fig. 1. The test conditions were 
as follows: 90%H2O/10%O2 gas flow rate at 0.17 cm/s, 
1.013×105 Pa, 1300 ℃. Gas mixture was generated by 
a tube furnace (GSL-1600X, Hefei Kejing Material 
Technology Co., Ltd.) and a gas generator (LVD-F1, 
Hefei Kejing Material Technology Co., Ltd.). By 
setting the known oxygen flow and controlling the 
flow of water vapor at a flow ratio of 9:1, the facility 
could produce 90%O2 and 10%H2O. The flow rate was 
calculated by summing the flow of oxygen and water 
vapor, and then dividing by the cross-sectional area of 
the furnace tube. Tube furnaces were vacuumed prior 
to the experiment. The exposure time was 14 h and the 
time interval was 10 h. The ZrSiO4 bulk and ZrSiO4 
coating were placed on the alumina crucible. And the 
samples were slowly taken out from the furnace tube at 
regular intervals to accurately record the weight 
change to detect changes in the structure and phase of 
the samples. The ZrSiO4 bulk and the ZrSiO4-coated 
SiCf/SiC were exposed multiple times to avoid 
repeatability and uncertainty of the results, and the 
final results were averaged. 

2. 3  Analysis and characterization 

The weight change of the specimens was determined 
by the electronic balance (FA2044J, Yueping Science 
Instrument Co., Ltd, Shanghai, China). The surface 
morphology of ZrSiO4 bulk and the surface and 
cross-section morphology of ZrSiO4 coating were 

 

Table 1  Parameters used in the air plasma spraying 

Arc current 
(A) 

Primary Ar 
(SCFH)

Secondary 
He (SCFH) 

Powder 
feed rate 

(rpm) 

Ar carrier gas 
flow rate 
(SCFH) 

Spray 
distance 

(mm)

850 90 30 3.0 10 75 
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Fig. 1  Schematic diagram of experimental equipment for water vapor corrosion. 
 

characterized by scanning electron microscope (SEM, 
Philips S-4800, Hitachi Ltd., Yokohama, Japan); the 
phase compositions of ZrSiO4 bulk and ZrSiO4 coating 
were determined by X-ray diffractometer (XRD, 
RIGAKU D/Max-rB, Rigaku International Corp., 
Tokyo, Japan) with the scan rate of 4 (°)/min, and the 
composition of the ZrSiO4 coating was analyzed by 
energy spectrum analyzer (EDS). 

3  Results and discussion 

3. 1  Water oxygen corrosion behavior of ZrSiO4 
bulk 

The microstructure of the ZrSiO4 ceramic bulk before 
and after corrosion is shown in Fig. 2. It can be seen 
that the surface morphology of the sample before 
corrosion is flat and dense, and the relative density of 
ZrSiO4 bulk measured by Archimedes principle is 
above 98% (Fig. 2(a)). There are many pores and the 
grains grown after corrosion (Fig. 2(b)); the relative 
density of ZrSiO4 bulk is 93.40% and the pores may be 
caused by volatilization of gases. 

Figure 3 shows the phase composition of the  
ZrSiO4 bulk before and after corrosion. Before the 
experiment, a small amount of ZrO2 diffraction peaks 
exist in ZrSiO4 bulk (Fig. 3(a)). After corrosion, the 
intensity of the diffraction peaks of ZrO2 increases. The 
main crystal phase is ZrO2, and a small amount of 
ZrSiO4 diffraction peaks exist in the bulk (Fig. 3(b)). 
The ZrSiO4 phase decomposed into SiO2 and ZrO2 
above 1500 ℃ [20], and the corrosion test was 

performed at 1300 ℃ that is much lower than 1500 ℃. 
Therefore, during the corrosion test, the ZrO2 phase 
was generated by the reaction of ZrSiO4 and H2O 
according to Eq. (1) rather than by thermal 
decomposition. The pores in Fig. 2(b) were caused by  

 
 

 
 

Fig. 2  Microstructure of the ZrSiO4 bulk (a) before and 
(b) after corrosion. 

 

 
 

Fig. 3  Phase composition of the ZrSiO4 bulk (a) before 
and (b) after corrosion. 

 
the volatilization of Si(OH)4 gas produced in Eq. (1), 
and the grain growth was due to long-term exposure to 
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1300 ℃. 

ZrSiO4(s) + 2H2O(g) → ZrO2(s) + Si(OH)4(g)  (1) 

The weight change curve of ZrSiO4 ceramic bulk is 
shown in Fig. 4. With the increase of corrosion time, 
the mass change of the bulk is very small. And the 
weight loss of the sample is only 0.236 mg/cm2 after 
230 h, which is due to the volatilization of Si(OH)4 gas 
during the corrosion experiment.  

3. 2  Water oxygen corrosion behavior of ZrSiO4 
coating 

The weight change curve of ZrSiO4 coating is shown 
in Fig. 5 under the condition of corrosion at 1300 ℃. 
It can be seen that the mass loss rate per unit area of 
the sample protected by ZrSiO4 coating is small, and 
the sample has been in steady gain state in the early 
corrosion test. After 109 h, the coating peels off. 

From the cross-sectional morphology of ZrSiO4 
coating in Fig. 6, it can be seen that before corrosion 
the coating is uniform and dense. In addition, there are 
no penetrating cracks and pores throughout the coating  

 

area, and no obvious defects are present at the interface 
between the coating and the substrate. Therefore, the 
coating structure does not form oxygen and water 
vapor channels, and it can isolate the intrusion of oxygen 
and water vapor (Fig. 6(a)). After the corrosion, it appears 
from the SEM results (Fig. 6(b)) that the crack occurs 
in the ZrSiO4 coating near the underlying SiCf/SiC, but 
not at the interface. The EDS results are also consistent 
with formation of a thermally grown SiO2 layer. 

Figure 7 shows the surface morphology of ZrSiO4 
coating before and after corrosion. The surface of the 
coating is relatively flat and most of the powder 
particles are completely melted and spread out, 
showing a flat topography (Fig. 7(a)) before the 
corrosion experiment. After 109 h of water vapor 
corrosion test, a porous microstructure accompanied 
with some cracks (Figs. 7(b) and 7(c)) is observed on 
the surface of ZrSiO4 coating.  

Table 2 shows the ratio of Si and Zr in the ZrSiO4 
coating at different corrosion time. It can be seen that 
the ratio of Si and Zr decreases first and then increases. 
It can be seen from Fig. 8 that the major crystalline 

 

  
Fig. 4  Weight loss of ZrSiO4 bulk in 90%H2O/10%O2 
at 1300 ℃. 

 

Fig. 5  Weight loss of ZrSiO4 coating in 90%H2O/10%O2 
at 1300 ℃. 

 

 
 

Fig. 6  Morphology of the section of the ZrSiO4 coating (a) before and (b) after corrosion. 
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Fig. 7  Surface morphology of the ZrSiO4 coating (a) before and (b) after corrosion and (c) magnified of (b). 
 

Table 2  Ratio of Si and Zr in ZrSiO4 coating at 
different corrosion time 3. 3  Recession mechanism of ZrSiO4 coating 
 Before corrosion Corrosion 85 h Corrosion 109 h 

Si/Zr 0.90 0.35 0.44 

  

 
 

Fig. 8  Phase change of ZrSiO4 coating (a) before and (b) 
after corrosion. 

 
phase of the coating is ZrSiO4, and a small amount of 
ZrO2 is present before corrosion (Fig. 8(a)). After 
109 h of corrosion, the number and intensity of 
diffraction peaks of ZrO2 in the coating increase, but 
ZrSiO4 is the major crystal phase of the coating (Fig. 8 
(b)). 

A small amount of SiO2 was volatilized during the 
spraying process, thus a small amount of ZrO2 is 
present in the ZrSiO4 coating after the heat-retaining 
treatment (Fig. 8(a)). From the recession mechanism of 
ZrSiO4 bulk, the phase change, and the decrease of Si 
content in the coating after corrosion, it can be 
determined that ZrSiO4 reacted with H2O to form ZrO2 
and Si(OH)4 gas during the experiment (Fig. 9(a)). 
Thus the porous microstructure in Fig. 7(c) is due to 
the volatilization of Si(OH)4 gas, and therefore the 
surface is depleted in SiO2 with a relative enrichment 
in ZrO2 (The EDS map of Figs. 7(a) and 7(b)). The 
corrosion of ZrSiO4 under water vapor conditions is a 
preferential corrosion in grain boundary of ZrSiO4. The 
increase in porosity of ZrSiO4 after the corrosion test is 
in good agreement with a past result (pressurized 
steam test of ZrSiO4 coating) [21]. In addition, the 
thermal expansion coefficient of ZrO2 (10.5×10–6 (K)–1) 
produced by reaction (1) is very different from that of 
ZrSiO4 and the SiCf/SiC substrate, which results in a 
certain residual stress during the cooling process. In 
the long-term water oxygen environment at high 
temperature and cooling conditions, the internal 
residual stress increases, leading to internal cracks in 
the coating (Fig. 9(b)). The pores and cracks in the 

 

   
 

Fig. 9  Corrosion recession mechanism of ZrSiO4 coating in water vapor corrosion environment: (a) initial stage of 
volatilization, (b) pores and a large amount of ZrO2 grains appear in the surface layer, and (c) late in the corrosion process. 
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coating form the O2 and H2O channels. O2 and the 
substrate react to produce SiO2, resulting in an increase 
in the weight of the sample. Volatilization of Si(OH)4 
gas generated by the reaction of SiO2 with H2O and the 
reaction of ZrSiO4 with H2O, result in the sample 
weight decrease (Fig. 5). But ZrSiO4 is the main 
crystal phase in the coating after corrosion, indicating 
that the ZrO2 produced by reaction (1) reacts with the 
SiO2 formed by the oxidation of the substrate to form a 
certain amount of ZrSiO4. 

After 109 h, due to the volatilization of Si(OH)4 gas, 
the presence of high thermal expansion coefficient of 
ZrO2, and the oxidation of the substrate, there are 
many defects in the coating and the coating separates 
from the substrate, resulting in premature coating from 
the substrate peeling off.  

4  Conclusions 

In this paper, the dense ZrSiO4 ceramic bulk was 
prepared by pressureless sintering process, and the 
dense ZrSiO4 layer was successfully deposited on 
SiCf/SiC substrate using air plasma spray method. The 
water vapor corrosion behavior of ZrSiO4 bulk and 
ZrSiO4 coating at 1300 ℃ was investigated. After the 
corrosion, the weight loss of the ZrSiO4 bulk is only 
0.236 mg/cm2. A porous microstructure is observed on 
the surface of the ZrSiO4 coating due to the 
volatilization of Si(OH)4 gas. The ZrSiO4 coating peels 
off after 109 h and some cracks appear on the surface 
of the coating. During the corrosion test, the ZrO2 
produced by the reaction of ZrSiO4 and H2O in the 
coating reacts with the SiO2 formed by the oxidation of 
the substrate, thus ZrSiO4 is the main crystal phase of 
the coating. The durability is a key factor for EBC 
materials, but such ZrSiO4 coating could not withstand 
more than 200 h at 1300 ℃ in combustion environment. 
Therefore, ZrSiO4 materials need to be improved in 
terms of EBC materials. 
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