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a b s t r a c t

A MoSi2-TaSi2-borosilicate glass porous coating was designed and prepared on fibrous ZrO2 ceramic with
slurry dipping and subsequent rapid sintering method. The microstructure, radiative property and
thermal shock behavior of the coating have been investigated. The results show the coating presents a
top Ta-Si-O compound glass layer and a porous MoSi2-TaSi2-borosilicate glass inner layer. The total
emissivity of the coating is up to 0.88 in the range of 0.3e2.5 mm and 0.87 in the range of 2.5e15 mm at
room temperature. The increased surface roughness leads to the increased emissivity, which can be
explained by “V-shaped grooves” model. The coating turns into a dense structure and presents an
interlocking structure in the interfacial layer after thermal cycling between 1673 K and room tempera-
ture 10 times, exhibiting excellent thermal shock resistance, which was attributed to the synergistic
effect of porous structure and the match of thermal expansion coefficient between the coating and
substrate.

© 2016 Elsevier B.V. All rights reserved.
Reusable launch vehicles (RLVs), such as the space shuttle,
repeatedly travel into or beyond, the earth's upper atmosphere and
then return to the earth's surface. During fight, the RLVs experience
extreme temperatures upon reentry to the atmosphere. Because of
the extreme temperatures, the vehicle and its contents must be
protected by a reusable thermal protective system, which consist-
ing of a high emissivity coating used on the surface and a low
thermal conductivity insulation used inside [1]. In the past decades,
the most predominate low density and low thermal conductivity
insulations are Lockheed Insulation (LI) and Alumina Enhanced
Thermal Barrier (AETB) [2]. In recent ten years, hybrid aerogel rigid
ceramic fiber insulation materials are springing up [3e5]. Recently,
porous fibrous ZrO2 ceramics with bird's nestelike structure have
drawn more attention due to the advantages of low density,
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extreme highetemperature stability and low thermal conductivity,
which is considered as a candidate material for thermal insulation
under conditions of ultraehigh temperatures and in various severe
environments [6]. Alfano et al. stated that radiation heat transfer is
the only method for heating and cooling in outer space application
[7]. Furthermore, a mathematical model proposed by Van Wie
suggested that under identical heat flux the wall temperature of a
hypersonic vehicle is reduced by 573 K when its surface emissivity
is increased from 0.5 to 1.0 at Mach 10 [8]. Thus, a high emissivity
coatingmust be designed and prepared on the fibrous ZrO2 ceramic
insulation substrate, which is desired to maximize the amount of
heat radiated from the surface.

Generally, the high emissivity coating comprises of at least two
phase: a crystalline phase and an amorphous phase, or two
different crystalline phases, in which at least one is capable of
absorbing and re-radiating thermal energy(emissivity agents) [9].
In the group of silicideebased compounds, transition metal dis-
ilicides such as MoSi2 and TaSi2 possess attractive combined
properties, including high melting point (MoSi2: 2293 K, TaSi2:
2473 K), relatively low density (MoSi2: 6.24 g/cm3, TaSi2: 9.14 g/
cm3) [10], acceptable mechanical property and excellent oxidation
resistance in air. They were mainly researched in the fields of the
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Fig. 1. (a) The SEM image of fibrous ZrO2 ceramic (inset refers to the photograph of
fibrous ZrO2 ceramic); (b) Pore size distribution of fibrous ZrO2 ceramic.
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oxidation protective coatings for carbon/carbon composites
[11e14] and the sintering aids for improving the densification of
ultraehighetemperatureeceramics [15,16]. However, high emis-
sivity coating which utilizes MoSi2 or TaSi2 as high emissivity ad-
ditives for low conductivity insulation is limited. In our previous
study, the emissivity of MoSi2 based coating is only 0.8 [17]. Though
the emissivity value of TaSi2 based coating could reach at 0.9, the
thermal shock resistance was unacceptable [18]. Since MoSi2 and
TaSi2 own different properties in the coating, both addition of
MoSi2 and TaSi2 is promising to further improve radiative property
and thermal shock resistance by right of the synergistic effect of
MoSi2 and TaSi2. The amorphous phase is like a binder which can be
coupled with good bonding characteristic to the porous substrate,
provide strength and tailor their thermal expansion characteristic
between the coating and the substrate, such as colloidal silicon
dioxide and borosilicate glass [19]. Additionally, the expected
oxidation products of TaSi2, SiO2 and Ta2O5 have melting points of
2000 K and 2145 K, which could exist as immiscible phases in the
borosilicate or silicate glass, which not only can increase the vis-
cosity and stability of the glass layer, but also can reduce their ox-
ygen diffusion rates [13,20].

To date, many methods such as pack cementation [13,21], in situ
reaction [14] and plasma spray [22,23] have been developed to
prepare MoSi2 and TaSi2 based coating for various substrates.
However the pack cementation and in situ reaction method need
high temperature conditions (above 2073 K) and long sintering
time (more than 2 h), plasma spray needs expensive deposition
techniques. The slurry and subsequent rapid sintering method has
been developed to prepare glass based coating for fibrous ceramic
[17,24] and carbon-bonded carbon fiber composites [25], taking the
advantage of the softened and molten properties of the glass in
high temperature.

Furthermore, considering the porous structure of ZrO2 ceramic
substrate, a similar porous coating should be designed, which could
relax the thermal shock stress, arrest the propagation of micro
cracks effectively and improve the thermal shock resistance. In the
previous studies, Fe2O3 was used as pore-forming agent in the
coating for C/C composite to improve the ablation resistance [26].
Ferrocene addition increased the porosity of ZrB2-SiC coating for
graphite and improved the thermal shock resistance [27]. More-
over, B2O3 content in MoSi2-BaO-Al2O3-SiO2 coating was adjusted
to prepare the gradient porous structure, which had better bonding
strength and thermal shock resistance [19].

In this work, MoSi2 and TaSi2 are synchronous introduced as the
emittance agents and the suitable content borosilicate glass is
controlled as binder to prepare the porous MoSi2eTaSi2eborosil-
icate glass porous coating by the dipping slurry and subsequent
sintering method on fibrous ZrO2 ceramic insulation. The micro-
structure, radiative property and thermal shock behavior were
investigated, as well as the thermal shock mechanism.

1. Experimental

1.1. Preparation of the coatings

Fibrous ZrO2 ceramics (25 mm � 25 mm � 5 mm and
15 mm � 15 mm � 5 mm) (Anhui Crystal New Materials Co. Ltd.,
China) were used as the substrates. The large size substrates
(25 mm � 25 mm � 5 mm) were used for radiation property test,
while the small size substrates (15 mm � 15 mm � 5 mm) were
used for thermal shock test. The microstructure of the fibrous ZrO2
ceramic is shown in Fig. 1(a). It can be observed that the fibrous
ZrO2 ceramic can form a “ bird's nest ” structure to obtain high
porosity, low thermal conductivity and relatively high strength.
Fig. 1(b) shows the pore size distribution of fibrous ZrO2 ceramic
determined by mercury intrusion method. The curve presents a
single peak (36.86 mm) with a narrow width, signifying uniform
pore size distribution.

A slurry was preeprepared by a method of ball milling. MoSi2
(55 wt%) and TaSi2 (25 wt%) (Beijing HWRK Chem Co., Ltd, China),
borosilicate glass (20 wt%), ethanol and silica sol were mixed in a
nylon ballemilling container and ball milled by a planetary mill for
6 h at a rotation speed of 400 rpm, where the mass ratio of the
powders, ethanol, silica sol and zirconia balls ¼ 1:1:0.1:2. Eventu-
ally, the particle size reached approximately 1e2 mm and the
reduced particle size allowed effective impregnation of the outer
surface. The coating was prepared on the surface of the treated
fibrous ZrO2 ceramic using the dipecoating process. The coating
thickness was controlled by the dipping times. After drying at 333 K
for 4 h and at 373 K for 2 h, the asecoated samples were then
inserted into the furnace at 1573 K in air and cooled by rapid
removal from the furnace at atmospheric pressure.
1.2. Radiation property test

For most practical purposed, thermal radiation is concerned
with a wavelength range of 0.1e100 mm, including the ultraviolet
and visible (l¼ 0.1e0.8 mm), near infrared (l¼ 0.8e10 mm), and far
infrared (l ¼ 10e20 mm) spectra [28]. Thus, reflectance spectra in
the 0.3e2.5 mm wavelength range were measured using a



Fig. 2. XRD patterns of (a) original powders and (b) The surface of
MoSi2eTaSi2eborosilicate glass coating.
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UVeviseNIR spectrophotometer (UVPC measurement software,
Shimadzu; Varian Cary 5000, Varian), with BaSO4 as the reflectance
sample. The diffused spectra in the 2.5e15 mm wavelength range
were obtainedwith FTeIR spectrometer (Frontier, PerkinElmer LLC)
equipped with a goldecoated integrating sphere. With reflection
measurement methods the emissivity (absorptivity) is obtained
indirectly from the measured reflectance based on the relation for
materials, ε ¼ A ¼ 1-R-T: ε, A, R and T being the emissivity, ab-
sorptivity, reflectivity, and transmissivity respectively. The total
emissivity can be derived from the reflectance spectrum according
to Eq. (1)

εT ¼

Z l2

l1

½1� RðlÞ�PBðlÞdlZ l2

l1

PBðlÞdl
(1)

Where l is the wavelength, R(l) is the reflectance, PB(l) is given by
Planck's law, which is calculated according to Eq. (2):

PBðlÞ ¼
C1

l5½expðC2=lTÞ � 1�
(2)

whereC1 ¼ 3.743 � 10�16 Wm2, C2 ¼ 1.4387 � 10�2 mK[29]. The
calculation of the total emissivity was performed using a MATLAB
program that incorporated Eqs. (1) and (2).

1.3. Determination of surface parameters

In order to provide a numerical evaluation of the surface, the
asperity height of the roughness profile is quantified by amplitude
parameters (such as Rq, Rsk etc …), and all expressed in micro-
meters. The root mean square roughness (Rq) calculates the root
mean square average of the profile deviation from the mean line
(i.e., the standard deviation of the height distribution):

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
Pn

i¼1Z
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i

q
The skewness of the profile (Rsk) is the quotient of

the mean cube value of the ordinate values z(x) and the cube of Rq

within the evaluation length: Rsk ¼ 1
R3
q
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, which provides

a description of the asymmetry of the profile and it is close to zero
for a Gaussian height distribution, whereas a positive values is
indicative of a flat surface with peaks, and a negative value a
bearing surface with valleys [30].

1.4. Thermal shock behavior

To investigate the thermal shock resistance of the coating,
thermal cycling tests of coated specimenswere performed between
1673 K and room temperature in air. Specimens were put directly
into the furnace of specific for 10 min, and then were taken out of
the furnace for 10 min. Then, the specimens were put directly into
the furnace again for the next thermal cycle, and the total
number of thermal cycle is 10. At the designated time, the weight
of these specimens was measured by the electronic balance with a
sensitivity of ±0.1 mg. Weight change percentage (DW%) of
the specimens was calculated by the following equation:
DW% ¼ m0�m1

m0
� 100% (3), where m0 and m1 are the weights of the

specimens before oxidation and after oxidation, respectively.

1.5. Thermal expansion coefficient test

The linear thermal expansion behaviors of fibrous ZrO2 ceramic,
MoSi2 and TaSi2 using the bulk specimens have dimensions of
approximately 4 mm � 5 mm � 20 mm were determined with a
high-temperature dilatometer (Netzsch DIL 402C, Germany) from
323 K to 1673 K in Ar atmosphere. Data was continuously recorded
at a heating rate of 10 K/min during heating, and they were cor-
rected using the known thermal expansion of a certified standard
alumina.

1.6. Characterization of the coatings

The surface morphology was examined using a confocal laser
scanning microscope (CLSM). The CLSM images were obtained on
an Olympus LEXT OLS 4000 microscope powered by a singer laser
(l ¼ 405 nm) in the reflected light mode. The microstructure and
the element distribution were surveyed using a scanning electron
microscope (SEM, Model JSMe6510, JEOL, Tokyo, Japan) equipped
with energy dispersive spectroscopy (EDS). The phase composition
of feedstock and the coating surface were examined using a Rigaku
Miniflex Xeray diffractometer (XRD) with CueKa radiation
(l ¼ 0.15406 nm).

2. Result and discussion

2.1. Microstructure of the coating

Fig. 2 presents the XRD patterns of the feedstock powders and
the surface of aseprepared MoSi2eTaSi2eborosilicate glass coating.
As shown in Fig. 2(a), MoSi2 and TaSi2 diffraction peaks with strong
intensity can be detected in feedstock powders, meanwhile the
amorphous nature of glass near 22� can be observed, indicating
that the borosilicate glass is included. Besides of the phases of
MoSi2, TaSi2 and borosilicate glass, Mo5Si3, Mo and MoO2 are also
recognized in aseprepared coating surface, which are responsible
for the formation of the oxidation products of MoSi2 based on Eqs
(4), (7) and (8). It is well known that different oxidation products
will be generated at different oxygen partial pressures (PO2). In fact,
the formation of MoO3 is commonly observed in the initial oxida-
tion of MoSi2, but the MoO3 layer offers no protection to continued
oxidation and MoO3 is the most volatile phase in the PO2 range
1e105 Pa at 1473 K. And the borosilicate glass phase does restrict
oxygen transport and provides a reduced oxygen activity so that
MoO2 and Mo form, which are the stable phases for the PO2 range



Fig. 3. Gibbs-free energy for reactions (4)e(10) as described in Section 2.1 of the text.
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10�6e1 Pa and PO2 < 10�6 Pa [31]. Moreover, TaO and Ta2O5 phases
are supposed to form from the products of the sight oxidation of
TaSi2 based on Eqs. (5) and (9) during the preparation process of the
coating. The crystalline SiO2 is not formed only the oxidation of
MoSi2 and TaSi2 during the soaking at 1573 K according to Eqs.
(4)e(9) but also from the partial borosilicate glass crystallized
during the following cooling process. Additionally, Na2MoO4
diffraction peak with week intensity is detected near 17�, which is
obtained through the reaction between Na2O and MoO3 according
to Eq. (10). As shown in Fig. 3, the Gibbsefree energy, △G, for re-
actions (4)e(10) at temperatures ranging from 473 K to 1873 K is
calculated by the FACT program. Negative △G demonstrates that
these reactions are thermodynamically favorable and can occur
under the heatetreatment process.

MoSi2(s) þ 7/5O2(g) ¼ 1/5Mo5Si3(s) þ 7/5SiO2(g) (4)

TaSi2(s) þ 5/2O2(g) ¼ TaO(s) þ 2SiO2(s) (5)

MoSi2(s) þ 7/2O2(g) ¼ MoO3(g) þ 2SiO2(s) (6)

MoSi2(s) þ 2O2(g) ¼ Mo(s) þ 2SiO2(s) (7)
Fig. 4. (a) Macrograph of the aseprepared MoSi2eTaSi2eborosilicate glass coated fibrous ZrO
MoSi2(s) þ 3O2(g) ¼ MoO2(s) þ 2SiO2(s) (8)

TaSi2(s) þ 13/4O2(g) ¼ 1/2Ta2O5(s) þ 2SiO2(s) (9)

Na2O (most stable)þMoO3 (most stable) ¼ Na2MoO4(most
stable) (10)

Fig. 4 (a) shows the macrograph of the aseprepared
MoSi2eTaSi2eborosilicate glass coated fibrous ZrO2 ceramic. The
CLSM image of the surface of the coating is presented in Fig. 4 (b),
which is glossy, dense, without micro cracks and with an “island”
structure. Fig. 4 (c) shows the magnification of region A in Fig. 4(b),
and the SEM image of corresponding region A is shown in Fig. 4(e).
By the EDS analysis, the surface comprises of Ta, Si and O elements,
which suggests that a Tae Sie O glass layer is generated in the
surface of the coating. Fig. 4(d) shows the magnification of region B
in Fig. 4(b), fromwhich it can be seen that the transparent particles
exist as “immiscible phases” embedded the continuous glass phase,
and the corresponding SEM image is shown in Fig. 4(f), which
presents dispersed cluster configuration. It has been reported that
the transition metal oxides exist as “immiscible phases” in the
borosilicate or silicate glass, which not only can increase the vis-
cosity and stability of the glass layer, but also can reduce their ox-
ygen diffusion rates [32]. Thus, a compound glass layer generated
during the prepare process could act as an oxidation resistance
layer.

Fig. 5(a) shows the crossesection SEM micrograph of the
fibrous ZrO2 ceramic coated MoSi2eTaSi2eborosilicate glass
coating. The coating consists of two parts: surface coating layer
(zone I) and interfacial transition layer (zone II). The surface
coating layer displays a porous structure with the thickness of
approximately 150 mm, which is clearly shown in magnified SEM
image (Fig. 5(b)). In the interfacial transition layer, part of the
coating material has infiltrated into the substrate through the
open pores of fibrous ZrO2 ceramic insulation and combined ZrO2
fiber well through the continuous glass phase. Therefore, the ob-
tained coating has an excellent combination with the substrate,
and no obvious delamination is discovered between the coating
and the substrate, which is beneficial to increasing the compati-
bility and adherence between the coatings and the substrate.
Fig. 5(c) shows the crossesection backscatter micrograph of the
MoSi2eTaSi2eborosilicate glass coating. On the top of the coating,
there exists a grey layer with the thickness of 10 mm
2 ceramic; (bed) The CLSM images of the coating; (eeg) The SEM images of the coating.



Fig. 5. (a) Crossesection SEM micrograph of the fibrous ZrO2 ceramic coated MoSi2eTaSi2eborosilicate glass coating; (b) magnification of region A; (c) Polished crossesection BSE
micrograph of the coating about region B and element distribution maps of region C.
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approximately which is marked with two blue lines. By EDS
analysis, it can be seen that the top layer mainly consisted of O, Si
and Ta elements, which can be recognized as TaeSieO glass layer.
Correspondingly, the element distribution map of Mo also verifies
the thimbleful of Mo in the top oxidation layer. At the same time,
Ta, Si and O are uniformly distributed in the coating. Fig. 6 show
the illustration of the preparation of the MoSi2-TaSi2-borosilicate
glass porous coating, the porous fibrous ZrO2 ceramic are surround
by raw material consisted of MoSi2, TaSi2 and borosilicate glass,
and part original coating composition has permeated into the
substrate. In the sintering process, the top surface coating
composition will react with oxygen to form a uniform Ta-Si-O
compound glass layer that resists further oxidation. The borosili-
cate glass in the inner coating will be molten and connect with
MoSi2 and TaSi2 particles together, as well as the fibrous ZrO2
Fig. 6. Illustration of the preparation of the Mo
ceramic, which will build a strong bonding between the coating
and the substrate.

2.2. The radiation property of the coating

Fig. 7 (a) and (b) shows the spectral reflectivity and emissivity in
the wavelength range of 0.3e2.5 mm and 2.5e15 mm of the
MoSi2eTaSi2eborosilicate glass coating, respectively. As shown, the
spectral reflectivity curves present low reflectivity values both in
UVeviseNIR and middleeinfrared range. In the wavelength range
of 0.3e2.5 mm, with the increase in the wavelength, the reflectivity
gradually increases and the emissivity reduces from 0.9 to 0.85. The
stepelike spectral reflectivity curve is similar to that of the binary
carbide and boride ultraehigh temperature ceramics [33,34],
which is attributed to their semi-metal electronic structures [35].
Si2-TaSi2-borosilicate glass porous coating.



Fig. 7. (a) The spectral reflectivity and emissivity of the MoSi2eTaSi2eborosilicate glass
coating in the wavelength range of 0.3e2.5 mm (b) 2.5e15 mm (c) Histogram of the
calculated total emissivity in various wavelengths.

Fig. 8. (a) The surface roughness morphology of the coating (b) 3D surface roughness
morphology gradient map of the coating (c) The line roughness profiles of different
positions marked in (b).

Table 1
The roughness values of five different locations.

Location Rq (mm) Rsk (mm) s/l(l < 10 mm)

A 15.789 �0.223 >1
B 12.692 �0.091 >1
C 11.624 0.033 >1
D 10.640 �0.246 >1
E 12.862 0.243 >1

G. Shao et al. / Journal of Alloys and Compounds 690 (2017) 63e7168
According to the Plank's law, when the blackbody temperature
is at 1273 K, 97% of the electromagnetic energy emitted by a
blackbody in thermal equilibrium is below 14 mm, and 76% is below
5 mm. Fig. 7(c) shows the histogram of the calculated total emis-
sivity in various wavelengths. In the range of 0.3e2.5 mm, the total
emissivity is higher than 0.88, and the emissivity is about 0.87 in
the range of 3e5 mm, while in the range of 8e14 mm, the emissivity
is only 0.8. In fact, an ideal blackbody at 1400 K emits nearly 5% of
its energy in the band 8e14 mm [36]. According to Wien's
displacement law, lmax ¼ b/T, b ¼ 2.8977721(26) � 10�3 m K; the
blackbody intensity is maximum at a given temperature at wave-
length lmax, and this maximum shifts toward shorter wavelengths
as the temperature is increased. Therefore, the higher the tem-
perature, the more meaningful the emissivity of the short wave-
length. When the temperature is in the range of 1673 K and 2273 K,
the largest radiation wavelength shifts from approximately 1.73 to
1.27 mm; in the range of the wavelength, the MoSi2eTaSi2ebo
rosilicate glass coating exhibits a high emissivity greater than 0.86.

It is well known that not only the surface chemical composition,
but also the surface morphology has a great influence on the
emissivity of the coatings. It was reported that there is a positive
link between the emissivity and the surface roughness [37e39].
Fig. 8 shows the surface roughness morphology and 3D surface
roughness morphology gradient map of the coating (a partial view
of 2560 mm� 2560 mm is shown in order to better highlight surface
defects). Besides, the line profiles and roughness values of five
different locations marked in Fig. 8(b) are presented in Fig. 8(c) and
summarized in Table 1, respectively, which are obtained from a
CLSM study. Wen et al. [40] divided the rough surfaces into three



Fig. 9. Weight change curve of MoSi2-TaSi2-borosilicate glass coated samples after 10
thermal shock cycles.

Fig. 10. XRD patterns of MoSi2-TaSi2-borosilicate glass coating surfaces after 10 ther-
mal shock cycles.
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spectral regions based on optical roughness, which is represented
by the ratio of rootemeanesquare (Rq) surface roughness, s, to
wavelength, l; namely: (1) Specular Region (0<s/l < 0.2); (2) In-
termediate Region (0.2<s/l < 1); and (3) Geometric Region (s/
l > 1). For the different locations marked with A, B, C, D, E of
MoSi2eTaSi2eborosilicate glass coating surface, the s/l ratio is
greater than 1 in the region of ultraviolet to near infrared
(l ¼ 0.1e10 mm). Hence, the s/l ratio of the coating lies in the
Geometric Region. In the Geometric Region, surfaces with a
repeatable grooved finish, such as Veshaped grooves, circular
grooves, and pyramidal grooves are commonly used to model the
emissivity enhancement. Combining the line roughness profiles
shown in Fig. 8(c), “Veshaped grooves” model is more suitable to
explain the phenomena of the enhanced emissivity for the coating.
As we know, most of the electromagnetic wave was reflected, and
only a little was absorbed by the coatings with a smooth surface.
However, a significant absorptivity increase and reflectivity
decrease by small gradual slopes in “Veshaped grooves” can be
observed from the rough coating becausemultiple reflectionwill be
caused by the slope of the “Veshaped grooves” surface. Therefore,
compared with the smooth surface, the rough coatings exhibit
lower reflectivity and higher absorptivity, which leads to high
emissivity according to Kirchhoff's law of thermal radiation.

2.3. Thermal shock behavior

The weight change curve of MoSi2-TaSi2-borosilicate glass
coated sample during the thermal shock test between 1673 K and
room temperature is shown in Fig. 9. The initial weight gain is
observed in the coated sample, with a maximum of 1% after the
first thermal shock cycle, then a continuous weight loss occurs,
and the cumulated weight loss of the coated sample is only 2.38%
after 10 cycles, which shows the stable thermal cycling oxidation
resistance.

Fig. 10 shows the XRD pattern of MoSi2-TaSi2-borosilicate glass
coated sample after 10 cycles. It can be found that MoSi2, SiO2,
Ta2O5 are the main components on the surface. Ta2O5 and partial
SiO2 are generated form the oxidation of TaSi2, which results in the
initial weight gain during the thermal shock test. Compared to the
original components on the surface of the coating (Fig. 3(b)), the
peaks of MoSi2, Mo andMo5Si3 phases have decreased, it is because
that these phases are depleted slowly with the formation of vola-
tilizable products (MoO3) according to Eqs. (6), (11) and (12),
resulting in the continuous weight loss of the coated samples.
Moreover, a new NaTaMoO6 phase is detected on the surface, which
can be inferred according to Eq. (13).

Mo5Si3(s) þ 21/2O2(g) ¼ 5MoO3(g) þ 3SiO2(s) (11)

Mo(s) þ 3/2O2(g) ¼ MoO3(g) (12)

Na2MoO4(s) þ MoO3(s)þTa2O5(s) ¼ 2NaTaMoO6(s) (13)

Fig. 11 displays the surface SEM image of MoSi2-TaSi2-borosili-
cate glass coating after 10 thermal shock cycles. No macro cracks
are observed on the surface (Fig. 11(a)), and some crystalline like
and rod like phase acted as the “immiscible phase” generate in the
surface of the coating, which forms a kind of “inlaid structure”.
Fig. 11(b) and (c) show the magnification of region A and B in
Fig. 11(a). Combined with EDS (Fig. 11(d), (e) and (f)) and XRD
(Fig. 10) analyses, spot 1, spot 2 and spot 3 could be distinguished as
Ta2O5, SiO2 and Ta2O5 respectively. It could be inferred that SiO2
content in glass and glass melting temperature will gradually in-
crease as B2O3 evaporates form original borosilicate glass and SiO2
generated form the oxidized TaSi2 with increasing thermal shock
cycles, which results in the formed compound glass. The generated
crystalline SiO2 improve the viscosity of the compound glass,
leading to the micro cracks couldn't be sealed.

Fig.12(a) shows the cross-section SEM images of MoSi2eTaSi2e
borosilicate glass coated fibrous ZrO2 ceramic. It could be divided
into two layers of the coating: the surface coating layer (zone I) and
the interfacial transition layer (zone II). The surface coating layer
presents a dense and crack free structure with the thickness of
approximately 120 mm, which is clearly shown in magnified SEM
image (Fig. 12(b)). During the thermal shock test process, the
porous coating gradually transforms into a dense coating, which is
attributed to the viscous flow of molten borosilicate glass. Fig. 12(c)
shows the magnification of region B in Fig. 12(a), the interfacial
transition layer is a fiber reinforced composite and presents an
interlocking structure, which contributed to the tight bond be-
tween the coating and substrate.

It was reported that the coating stress sc may be divided into
three components: sc ¼ st þ sg þ sa, where st is the CTE mismatch



Fig. 11. (a) Surface SEM image of MoSi2-TaSi2-borosilicate glass coating after 10 thermal shock cycles; (b) magnification of region A in (a); (c) magnification of region B in (a); (def)
EDS analysis of the coating.

Fig. 12. (a) Cross section SEM image of MoSi2-TaSi2-borosilicate glass coating after 10 thermal shock cycles; (b) magnification of region A in (a); (c) magnification of region B in (a).

Fig. 13. Variations in thermal expansion rate with the temperature for MoSi2, TaSi2 and
fibrous ZrO2 ceramic.
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stress, sg is the growth stress and sa is the aging stress [41]. The
growth stress is a stress that develops during the coating deposi-
tion. The aging stress is a stress that results frommany aspects such
as phase transformation, sintering, oxidation and chemical re-
actions of the coating. In this work, the coating stress may consist
mainly of the CTE mismatch stress and the aging stress. Fig. 13
shows the variations in thermal expansion rate with the tempera-
ture for MoSi2, TaSi2 and fibrous ZrO2 ceramic, the average CTEs are
9.32 � 10�6/K, 9.78 � 10�6/K and 10.2 � 10�6/K, which shows a
little mismatch between the coating and the substrate in consid-
eration of the borosilicate glass composition in the coating,
causing the CTE mismatch stress. During the process of thermal
shock test, the samples will suffer quick heating and cooling, the
aging stress is formed due to the oxidation of the coating
materials during the thermal shock test. Then, the volume ratio, rV,
of the converted coating products to the initial coating

is:rV ¼ ½2MWTa2O5 =rTa2O5þ8MWSiO2
=rSiO2 �

4MWTaSi2
=rTaSi2

, where MW is the molecular

weight and r is weight density of each species. The molecular
weights of TaSi2, Ta2O5 and SiO2 are 237.13, 441.89 and 60.084,
respectively and the density of TaSi2, Ta2O5 and SiO2 are 9.14 g/
cm3, 8.2 g/cm3 and 2.2 g/cm3, respectively. Thus, the conversation
of TaSi2 to Ta2O5 and SiO2 will correspond to a total increase of
the coating volume by 314%, which will lead to stresses in the
coating, once the coating stress accumulated enough, the micro
cracks appear in the surface of the coating, the presence of these
micro cracks provide the inward diffusion channels for the oxy-
gen, and thus progressively accelerate the oxidation and the
failure of the coating. However, no destructive micro cracks are
detected during the thermal shock test, which can be briefly
inferred as the porous structure of the coating and the similar
thermal expansion coefficient between the coating materials and
the substrate.
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3. Conclusion

A high emissivity MoSi2-TaSi2-borosilicate glass porous coating
was designed and successfully developed on the low thermal
conductivity fibrous ZrO2 ceramic by slurry dipping and subse-
quent rapid sintering method. The as-prepared coating maintains a
top Ta-Si-O compound glass layer and a porous MoSi2-TaSi2-boro-
silicate glass inner layer. The total emissivity of the MoSi2-TaSi2-
borosilicate glass porous coating is up to 0.88 in the range of
0.3e2.5 mm and 0.87 in the range of 2.5e15 mm at room temper-
ature. The coating is without macro crack and spallation, turning
into a dense structure in the surface layer and presenting an
interlocking structure in the interfacial layer after thermal cycling
between 1673 K and room temperature 10 times, which was
attributed to the synergistic effect of porous structure and the
match of thermal expansion coefficient between the coating and
substrate. Thus, the high emissivity MoSi2-TaSi2-borosilicate glass
porous coating with high temperature resistance presented a
promising potential for application in thermal insulation materials.
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