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To develop a high emissivity coating on the low thermal conductivity ZrO, ceramic insulation for reu-
sable thermal protective system, the MoSi,-ZrO,-borosilicate glass multiphase coatings with SiBg ad-
dition were designed and prepared with slurry dipping and subsequent sintering method. The influence
of SiBg content on the microstructure, radiative property and thermal shock behavior of the coatings has
Keywords: been investigated. The coating prepared with SiBg included the top dense glass layer, the surface porous
SiBs coating layer and the interfacial transition layer, forming a gradient structure and exhibiting superior
High emissivity coating compatibility and adherence with the substrate. The emissivity of the coating with 3 wt% SiBg addition
Fibrous Zr0, ceramic was up to 0.8 in the range of 0.3-2.5 pm and 0.85 in the range of 0.8-2.5 pm at room temperature, and
Thermal shock behavior the “V-shaped grooves” surface roughness morphology had a positive effect on the emissivity. The MZB-
3S coating showed excellent thermal shock resistance with only 1.81% weight loss after 10 thermal cycles
between 1773 K and room temperature, which was attributed to the synergistic effect of porous gradient
structure, self-sealing property of oxidized SiBs and the match of thermal expansion coefficient between
the coating and substrate. Thus, the high emissivity MoSi,~ZrO,-borosilicate glass coating with high
temperature resistance presented a promising potential for application in thermal insulation materials.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

High friction heat resulting from the acute friction between a
vehicle surface and the atmosphere leads to a severe increase in
surface temperature during hypervelocity flights, which leads to
reduced lifetime and performance of space vehicles material. The
reusable thermal protective system (RTPS) consisting of high
emissivity coatings used on the surface and a low conductivity
insulation used inside could decrease the surface temperature by
radiation and prevent heat transfer via thermal conduction. A
mathematical model proposed by Van Wie [1] suggested that
under an identical heat flux the wall temperature of a hypersonic
vehicles is reduced by 573 K when its surface emissivity is in-
creased from 0.5 to 1.0 at Mach 10. Alfano and Guazzoni et al. [2,3]
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also stated that radiation heat transfer is the only method for
heating and cooling in outer space applications. Clearly, optimizing
the emissivity can make a significant difference in reducing the
surface temperature. Recently, porous fibrous ZrO, ceramics with
“bird's nest” structure have been considered as a candidate ma-
terial for thermal insulation under conditions of ultra-high
temperatures and in various harsh environments due to the out-
standing characteristics, including low density, extreme high-
temperature stability and low thermal conductivity [4]. Thus, as a
logical choice, a high emissivity coating must be designed and
prepared on the fibrous ZrO, ceramic insulation substrate.

To date, a series of high emissivity coatings have been designed
and prepared on the alloys and ceramic matrix composites for
thermal protective system, including SiC [2,5,6], metal oxides(y-
Al,03 [7], TiO5 [8], SiO; [9], ZrO, [10]), rare-earth oxide(CeO, [11]),
transition metal modified LaMgAl;10q9 system [12,13], etc.. In
addition to the pursuit of high emissivity, the other properties
such as thermal shock resistance and oxidation resistance, should
be also taken into account when high emissivity coatings are used
at high temperatures [14]|. However, single component coating
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could rarely possess these comprehensive properties. Designing
multiphase coatings has been considered an effective way to solve
the problem. The multiphase coating comprises of at least two
phase: a crystalline phase and an amorphous phase, or two dif-
ferent crystalline phases, in which at least one is capable of ab-
sorbing and re-radiating thermal energy named as emissivity
agent. The other phase is like a binder, which can provide high
strength, thermal expansion characteristics similar to their intend
substrates, and adequate bond strength with the substrate [15].

MoSi, is a potential matrix material for high temperature ap-
plication, and it was widely researched in the fields of oxidation
protective coating [16,17], high emissivity coating [18,19] and
heating elements because of its high melting point (2293 K),
prominent high-temperature oxidation resistance (1973 K) and
corrosion resistance and high emissivity [20]. Among the binders,
SiO, glass does not exhibit attractive viscosity and wetting char-
acteristics as a binder. Although B,03 glass combines thermal
stability with appropriate viscosity and wetting to provide pro-
tection over a wide temperature range both as a coating and a
sealant, this material volatilizes rapidly at high temperatures. The
best compromise should be a thermally stable borosilicate glass
with a high melting point and appropriate wetting properties and
viscosity [21-23]. In our previous study, MoSi,-borosilicate glass
coating was developed for fibrous ZrO, ceramic insulation, though
the emissivity of the coatings were reached 0.8, the thermal shock
behavior was undesirable, and quite a few cracks are unavoidable
in the coating during thermal shock tests [18]. ZrO; is an intensely
attractive alternative reinforcing phase for MoSi,, the addition of
ZrO, into MoSi, may block the path of oxygen diffusion, therefore
restrain the pest oxidation [24]. Besides, the addition of ZrO, could
solve the mismatch of the coefficient of thermal expansion be-
tween fibrous ZrO, ceramics and the coating. Furthermore, ZrO,
possesses high melting point, high emissivity at high temperature
[25] and can react with SiO, to produce ZrSiO4, which exhibits
excellent chemical stability, high melting point and infrared
emissivity [26]. The last but not the least, to improve the thermal
stability of borosilicate glass, ZrO, was added into as introduced in
some recent investigations [27]. Considering the advantages
mentioned above, introducing ZrO, into MoSi,-borosilicate glass
coating would be a potential design to form the MoSi,-ZrO,-
borosilicate glass coating on the fibrous ZrO, ceramic insulation.
Moreover, SiBg exhibited excellent self-healing property due to the
formation of borosilicate glass (including SiO, and B,0s3) at high
temperature [28], which not only can remain as a flux after being
oxidized during the preparation process to fusion at the sintering
temperature [29], but also can seal the micro-defects (holes or
cracks) and improving the oxidation resistance and thermal shock
resistance [16,30].

In the present work, a high emissivity MoSi,-ZrO,-borosilicate
glass multiphase coating system was prepared on fibrous ZrO,
ceramic insulation using MoSi, as high emittance agent, bor-
osilicate glass as binder, ZrO, as a reinforced phase and SiBg as
annexing agent by slurry dipping and subsequent sintering
method. The effect of SiBg content on the microstructure, radiative
property and thermal shock behavior of the as-prepared coatings
were investigated.

2. Experimental
2.1. Preparation of the coatings

Fibrous ZrO, ceramics (25mmx25mmx5mm and
15 mm x 15 mm x 5 mm) (Anhui Crystal New Materials Co. Ltd.,

China) with a density of 0.47 g/cm® were used as the substrates.
The large size substrates (25 mm x 25 mm x 5 mm) were used for

radiation property test, while the small size substrates
(15 mm x 15 mm x 5 mm) were used for thermal shock test. A
schematic diagram showing the oriented structure of the material
is presented in Fig. 1(a), and the microstructure of the fibrous ZrO,
ceramic in the plane of orientation of fibers (XY plane) is shown in
Fig. 1(b). This plane is perpendicular to the direction of minimum
thermal conductivity, and it can be observed that the fibrous ZrO,
ceramic can build a “birds nest” structure to obtain high porosity,
low thermal conductivity and relatively high strength.

A slurry was pre-prepared by method of ball milling. MoSi,
(Beijing HWRK Chem Co.,Ltd, China), ZrO, (Sinopharm Chemical
Reagent Co., Ltd, China), homemade high silica borosilicate glass
which was reported in Ref. [18] and SiBg (Alfa Aesar, MA, USA),
ethanol and silica sol were mixed in nylon ball-milling container
and ball milled by a planetary mill for 12 h at a rotation speed of
300 rpm, where mass ratio of the powders, ethanol, silica sol and
zirconia balls=1:1:0.1:2, and the compositions of the coatings
were listed in Table 1. Eventually, the particle size reached ap-
proximately 1-2 pm and the reduced particle size allowed effec-
tive impregnation of the outer surface. The coatings were prepared
on the surface of the treated fibrous ZrO, ceramic using the dip-
coating process. The coating thickness was controlled by the dip-
ping times. After drying at 333 K for 4 h and at 373 K for 2 h, the
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Fig. 1. (a) Schematic representation of fibrous ZrO, ceramic (b) SEM micrograph of
fibrous ZrO, ceramic: XY plane (inset refers to the photograph of fibrous ZrO,
ceramic).

Table 1
The compositions of the coatings.

Samples Composition (wt%)

MoSi, Zr0, Borosilicate glass SiBg
MZB 40 10 50 -
MZB-1S 40 10 49 1
MZB-3S 40 10 47 3
MZB-5S 40 10 45 5
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as-coated samples were then inserted into the furnace at 1573 K
for 10 min in air and cooled by rapid removal from the furnace at
atmospheric pressure to minimize stress in the coating.

2.2. Radiation property test

Reflectance spectra in the range of 0.3-2.5 pm were measured
using a UV-vis-NIR spectrophotometer (UVPC measurement
software, Shimadzu; Varian Cary5000, Varian), with BaSO,4 as the
reflectance sample. The total emissivity can be derived from the
reflectance spectrum according to Eq. (1):

[0 = Ra)Py(hyd
- b
A ' Py(A)dA 1

€r

where 1 is the wavelength, R(4) is the reflectance, Py(2) is given by
Planck's law, which is calculated according to Eq. (2):

G

Py = —
B = A lexpGlD) — 1] @)

where G =3.743 x 107" Wm?, G=1.4387 x 1072 mK. Calculation
of the total emissivity was performed using a MATLAB program
that incorporated Eqgs. (1) and (2).

2.3. Thermal shock behavior

To investigate the thermal shock resistance of the coating,
thermal cycling tests of coated specimens were performed be-
tween 1773 K and room temperature in air. Specimens were put
directly into the furnace of 1773 K for 10 min, and then were taken
out of the furnace for 10 min. Then, the specimens were put di-
rectly into the furnace again for the next thermal cycle. 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 (AW%) of the specimens was calculated by the
following equation:

My - % 100%
mg 3)

where my and m; are the weights of the specimens before oxi-
dation and after oxidation, respectively.

awg ="

2.4. Thermal expansion coefficient test

The linear thermal expansion behaviors of fibrous ZrO, cera-
mic, MoSi, and ZrO, using the bulk specimens have dimensions of
approximately 5 mm x 5 mm x 20 mm were determined with a
high-temperature dilatometer (Netzsch DIL 402C, Germany) from
323 Kto 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.

2.5. Characterization of the coatings

The surface morphology was examined by using a confocal
laser scanning microscope (CLSM). The CLSM images were ob-
tained on an Olympus LEXT OLS 4000 microscope powered by a
singer laser (1=405 nm) in the reflected light mode. The micro-
structure and the element distribution were surveyed using a
scanning electron microscope (SEM, Model JSM-6510, JEOL, Tokyo,
Japan) equipped with energy dispersive spectroscopy (EDS). The
phase composition of the coating surface was examined using a
Rigaku Miniflex X-ray diffractometer (XRD) with Cu-Ko radiation
(4=0.15406 nm).

3. Results and discussion
3.1. Microstructure of the coatings

XRD patterns of MoSi,-ZrO,-borosilicate glass coating surfaces
with different SiBg content are presented in Fig. 2. SiBg tends to be
oxidized above 873 K following Eq. (4) [28], making the SiBg phase
undetected in XRD patterns. The amorphous nature of glass near
22° can be observed, indicating that the coating surfaces include
the borosilicate glass, especially MZB-3S and MZB-5S coating
surfaces, which is because the oxidation products (SiO, and B,053)
of SiBg with high contents could react to form amorphous bor-
osilicate glass phase. The crystalline SiO, in MZB and MZB-1S
coating surfaces is not only the oxidation of SiBg and MoSi, during
the soaking at 1573 K according to Egs. (4)-(7) but also from the
partial borosilicate glass crystallized during the following cooling
process. Consequently, with the increase of SiBg content, crystal-
line SiO, phase gradually decreases and eventually disappear,
meanwhile the amorphous phase gradually increases and covers
the coating surfaces. Moreover, no visible MoSi, peaks are found in
MZB-3S and MZB-5S coating surfaces, therefore we can deduce
that the glass layer is thick enough to protect the X-ray from pe-
netrating it, since XRD penetration is typically within ten-odd to
tens micrometers related to the tested materials. Additionally,
MosSiz, MoO, and Mo are supposed to form from the productions
of the slight oxidation of MoSi, according to Egs. (5)-(7). As shown
in Fig. 3, the Gibbs-free energy, AG, for reactions (4)-(7) at dif-
ferent temperatures ranging from 473 K to 1873 K is calculated by
the FACT program[31]. Negative AG suggests that these reactions
are thermodynamically favorable and can occur under the heat-
treatment process.

SiBg(s)+11/20,(g)=SiO,(most stable)+3B,03(most stable) (4)

MoSia(s)+302(g)=Mo05(s)+2Si04(s) (5)
MoSix(s)+202(g)=Mo(s)+2Si04(s) (6)
MoSia(s)+7/505(g)=1/5MosSis(s)-+7/55i04(s) (7)

Fig. 4 shows the SEM images of the as-prepared MoSi,-ZrO,-
borosilicate glass coating surfaces. It is clearly that MZB coating is
dense but a visible crack appears (Fig. 4(a) and (e)). It may due to
the mismatch of thermal expansion coefficient between the

1 MoSi, 2 Zr0, 3 Si0, 4 Mo_Si, 5 Mo 6 MoO,
53
3 {212 , 6410414 6 15 1 Tsumsis,1
Y - TR
53%wt SiB,
J § 4 i1%wt SiB,
? ' 0%wt SiB._ |
J 3 ; s
LS L HIE IR N 1 PN bttt 1 i
20 30 40 50 60 70 80
2 theta/degree

Fig. 2. XRD patterns of MoSi,~ZrO,-borosilicate glass coating surfaces with dif-
ferent SiBg contents.
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coating and the substrate. Moreover, the existence of the o-cris-
tobalite phase proves that silica-based glassy phase crystallized
into P-cristobalite at 1573 K, and then the [3-cristobalite undergoes
a fp— o displacive phase transition when the temperature de-
creases to room temperature. This transition is often accompanied
by 3-5% volume change and might generate thermal stresses, re-
sulting in some micro-cracks of the coating [32]. After introducing
SiBg, it remains in the coating as a flux and oxidizes during pro-
cessing to ensure fusion at the sintering temperature. The bor-
osilicate glass formed from SiBg at high temperature can seal the
defects, resulting in no obvious micro-cracks in the coatings (Fig. 4
(f)-(h)). Nonetheless, more or less pores are observed on the
surface of the MZB-1S, MZB-3S, MZB-5S coatings except the MZB
coating, as blue arrows indicated in Fig.4(b)-(d), the number of the
pores in the coatings decreases and the size of the pores in the
coatings decreases firstly and then increases with increasing
content of SiBg. The MZB-1S coating with less SiBg cannot form a
thick glass layer, which results in some pores formed by emission
of gaseous byproducts (Fig. 4(b)). With the increase of SiBg, an
borosilicate glass with appropriate wetting and viscosity is gen-
erated in MZB-3S coating, which can seal the pores as well as
decrease the size and the amount of holes (Fig. 4(c)). However,
B,0s-rich borosilicate glass is presumably generated in the MZB-
S5 coating surface with the highest content of SiBg addition, and
once the temperature exceeds 1473 K, the evaporation of B,03
begins to occur, leading to some big pores in the surface (Fig. 4(d)).

-500
1000 _ EQ~M
4500 |- Eq'M
-2000 |-

+ Eq.5
2500 |-

-3000

AG(KJ mol™)

-3500 |-

-4000 -Eq.4

_4500 1 1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600 1800 2000

Temperature(K)

Fig. 3. Gibbs-free energy for reaction (1)-(4).
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By EDS and XRD analyses, the surface glass layer of MZB-1S, MZB-
3S, MZB-5S coatings can be identified as Zr-Si-O glass containing
“pinning phase ZrO,”. No obvious EDS peaks of B are observed
because it is a light element.

Cross-section SEM images of the MoSi,-ZrO,-borosilicate glass
coating with 3 wt¥% SiBg addition are shown in Fig. 5. Obviously, it
could be divided into three layers of MZB-3S coatings (Fig. 5(a)):
the top glass layer (I), the dense surface coating layer (II) and the
interfacial transition layer (III). The top glass layer is dense and the
density of the top glass layer mainly depends on the oxide from
ceramic oxide reacts and molten borosilicate glass. Below this
layer is the surface coating layer, from which it can be seen that
the coating is porous and with the thickness about 200 pm, and
the density of this layer is mainly depends on molten borosilicate
glass. Thus, it appears that the top glass layer is more compact
than the surface coating layer. Moreover, the interface between
layer (I) and layer (II) appears to be continuous, and no interfacial
gaps are detected. In the interfacial transition layer (III), part of the
coating material has infiltrated into the substrate through the
open pores of fibrous ZrO, ceramic insulation. Therefore, the ob-
tained coating has a pleasurable combination with the substrate,
and no obvious delamination is discovered, which is beneficial to
increasing the compatibility and adherence between the coatings
and the substrate. Consequently, the gradient distributions of the
porous structures along the thickness direction of coating were
designed. For the top dense coating, it can be used for waterproof
and antioxidant, and the porous coating can be used for enhancing
the adhesion and thermal shock resistant. The gradient coating
combines the advantages of the top dense coating and the surface
porous coating and is very suitable for porous fibrous ceramic [19].

To observe the difference of the cross-section morphology of
the coatings with different SiBg content, the cross-section CLSM
images and BSE images of the MoSi,-ZrO,-borosilicate glass
coatings are shown in Fig. 6. It can be identified that the thickness
of MZB, MZB-1S, MZB-3S, MZB-5S surface coating layers are ap-
proximately 160 pm, 190 pm, 190 pm, 220 pm, respectively. Ob-
viously, it could be divided into three layers of coatings: the top
oxidation layer, the dense surface coating layer and the interfacial
transition layer. On the top of the coatings are oxidation layers
which can be recognized manifestly in BSE images (Fig. 6(e)—(h)).
The thickness of the oxidation layer of MZB, MZB-1S, MZB-3S,
MZB-5S are approximately 3 pm, 10 pm, 30 pm, 70 pm, respec-
tively, which increases with SiBg addition. Whist, some bubbles
and pores are observed in the oxidation layer, especially MZB-3S
and MZB-5S coatings, which is caused by the evaporation of B,0s.

X \\‘
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4

SEI WV WDtimm S$S38

Fig. 4. Surface SEM images of the MoSi,-ZrO,-borosilicate glass coating, (a, e) MZB; (b, f) MZB-1S; (c, g) MZB-3S; (d, h) MZB-5S. (For interpretation of the references to color

in this figure, the reader is referred to the web version of this article.)
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Fig. 6. CLSM (a-d) and BSE (e-h) images of the MoSi,-ZrO,-borosilicate glass coatings, (a, e) MZB; (b, f) MZB-1S; (c, g) MZB-3S; (d, h) MZB-5S; (i-k) EDS analyses of the

coatings.

By EDS analyses, the white, grey and black phases can be re-
cognized as MoSi,, Zr-Si-O composite glass, SiO, or borosilicate
glass, respectively, which is consistent with the result of XRD.
The different structures observed above are achieved by adding
different amount of SiBg which can control the formation of liquid
phase during sintering. After introducing SiBg, there will be two
kinds of borosilicate glass existing in the coating, one is SiO,-ri-
ched borosilicate glass which comes from the original powders,
the other is B,0s-riched borosilicate glass which generated from
the oxidation of SiBg during sintering. Eventually, both of the
borosilicate glasses will fuse together to form a new borosilicate
glass, an increase in the SiBg content will promote the generation
of B,0s-riched borosilicate glass and decrease the viscosity of the
new borosilicate glass under high temperature due to the decrease
of the melting point of borosilicate liquid phase. Some studies

have indicated that in the SiO,-B,05 system, when the content of
B,03 increased from 0.5 wt% to 5 wt%, the melting point of the
borosilicate glass was reduced from 1700 °C to 1460 °C and the
viscosity of borosilicate glass was decreased with the increase of
B,0s3, which is due to that the increased B,03 enhanced the for-
mation of non-bridged oxygen atoms in [BOs]-triangular structural
units transforming the 3-D complex network structures such as
pentaborate and tetraborate to 2-D structures of boroxol and
boroxyl rings. These changes to more simple structures lowered
the viscosity [33]. Therefore a slight change in the amount of SiBg
can significantly change the structure of the prepared coatings.

3.2. The radiation property of the coating

Fig. 7 shows the spectral emissivity/absorptivity curves of the
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MoSi,-ZrO,-borosilicate glass coatings prepared with different
SiBg content. There is no significant differences among the emis-
sivity values of the coatings. The MZB-3S coating shows the
highest emissivity than that of the other three in the wavelength
of 0.3-2.5 pm, and the spectral emissivity of the MZB-5S coating is
lower than the others, especially in the wavelength of 1.5-2.5 pm.
The calculated total emissivity values in various regions of wave-
length are summarized in Table 2. In the range of 0.3-2.5 pm, the
trend of the total emissivity is increasing first and then decreasing
with the increase content of SiBg, and the maximum value can rise
to 0.8. Moreover, all kinds of the coatings are higher than 0.8 in the

1.0
>
s —MZB
2 06} —— MZB-1S
2 ——MZB-3S
< ——MZB-58
2 o4}
2
[
R
£
W o2}

OO 1 | " 1 1 2

03 05 1.0 1.5 2.0 25
Wavelength(um)

Fig. 7. Emissivity/absorptivity of the MoSi,-ZrO,-borosilicate glass coatings pre-
pared with different SiBg contents.

(a)
L

Z(pm)

near-infrared range (0.8-2.5 pm), and the MZB and MZB-3S coat-
ings can reach to 0.85. According to Wien's displacement law,
Amax=b|T, b=2.8977721(26) x 10~ m K; the blackbody intensity
is maximum at a given temperature at wavelength A and this
maximum shifts toward shorter wavelengths as the temperature is
increased. Therefore, the higher the temperature, the more
meaningful the emissivity of the short wavelength. The peak ra-
diant intensity of a blackbody occurs at 1.73 pm at 1673 K and at
1.27 pm at 2273 K, in the range of 1.27-1.73 pm, the MoSi,-ZrO,-
borosilicate glass coatings exhibit a high emissivity greater than
0.8, especially MZB and MZB-3S coatings, whose emissivity values
reach to 0.85.

As well known, not only the surface chemical composition, but
also the surface morphology has a great influence on the emissivity
of the coatings. A multitude of researchers have manifested that
there is a positive link between the emissivity and the surface
roughness [11,34,35]. Fig. 8 shows the surface roughness morphology
and 3D surface roughness morphology gradient map of the MZB-3S
coating. Whilst, the line profiles and roughness values of five dif-
ferent locations marked in Fig. 8(b) are presented in Fig. 8(c) and
summarized in Table 3, respectively, which are obtained from a CLSM

Table 2
The calculated total emissivity values in various ranges of wavelength.

Sample Calculated total emissivity

0.3-2.5 um 0.8-2.5 um 127-1.73 pm
MZB 0.7365 0.8550 0.8672
MZB-1S 0.7945 0.8226 0.8354
MZB-3S 0.8233 0.8576 0.8686
MZB-5S 0.7965 0.8208 0.8271

X(pm)

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

Location Rq (pm) Rsk (pm) a4 (A=0.3-2.5 pm)
A 6.019 —0.033 >1
B 5.514 —0.249 >1
C 6.134 —0.030 >1
D 8.556 0.032 >1
E 6.924 0.091 >1

study. The root mean square roughness (R;) calculates the root mean
square average of the profile deviation from the mean line (i.e., the

standard deviation of the height distribution): R, = /% Z?:]Ziz. The
skewness of the profile (Rsk) is the quotient of the mean cube value
of the ordinate values z(x) and the cube of Sq within the evaluation

length: Rsk = Rig(l ! 2,3) which provides a description of the

n &i=1
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 [36].
Wen et al. [37] divided the rough surfaces into three spectral regions
based on optical roughness, which is represented by the ratio of root-
mean-square (R,) surface roughness, o, to wavelength, 4 namely:
(1) Specular Region (0 < ¢/A < 0.2); (2) Intermediate Region (0.2 < o/
A < 1); and (3) Geometric Region (¢/4 > 1). For the different locations
marked with AB,CD,E of MZB-3S coating surface, the ¢/A ratio is
greater than 1 in the region of ultraviolet to near infrared (1=0.3-
2.5 pm). Hence, the ¢/A ratio of the coating lies in the Geometric
Region. In the Geometric Region, surfaces with a repeatable grooved
finish, such as V-shaped grooves, circular grooves, and pyramidal
grooves are commonly used to model the emissivity enhancement.
Combining the roughness profiles shown in Fig. 8(c), “V-shaped
grooves” model is more suitable to explain the phenomena of the
enhanced emissivity for the coating. As we know, most of the elec-
tromagnetic wave was reflected, and only a little was absorbed by
the coatings with a smooth surface. However, a significant absorp-
tivity increase and reflectivity decrease by small gradual slopes in “V-
shaped grooves” can be observed from the rough coating because
multiple reflection will be caused by the slope of the “V-shaped
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 ther-
mal radiation.

3.3. Thermal shock behavior of the coating

The weight change curves of MoSi,-ZrO,-borosilicate glass
coated samples during the thermal shock test between 1773 K and
room temperature are presented in Fig. 9. It can be seen that the
weight of MZB coating decreases with the increase of thermal
shock cycle, and weight loss of the coated sample is 7.36% after 10
cycles, which shows the poor oxidation protective ability and
thermal shock resistance. However, the initial weight gains are
observed in MZB-1S, MZB-3S and MZB-5S coatings, with a max-
imum of 1.29%, 3.57% and 1.19% after the first thermal shock cycle,
then a continuous weight loss occurs, and the cumulated weight
loss of MZB-3S coated sample is 1.81% after 10 cycles, which re-
veals the best thermal shock resistance.

To recognize the components on the surface of the coated
samples, the XRD patterns of the coated samples after thermal
shock test between 1773 K and room temperature are shown in
Fig. 10. As shown in Fig. 10(a), it can be seen that MoSi,, ZrO,, SiO,
and ZrSiO4 are the main components on the surface of the MZB
coating after 10 cycles, compared with the original components on
the surface of the coating (Fig. 2(a)), Mo,MoO, and MosSiz phases

10
—=—MzB
—e—MzB-1S
—A—MZzB-3S .________,./I/'
—v—MZzB-5S -—
5F l/ o =
— — v

O
\

\
L\
\

\

Number of thermal shock cycles

Fig. 9. Weight loss curves of MoSi,-ZrO,-borosilicate glass coated samples with
different SiBg content during the thermal shock test.

have begun to oxidize to form the volatilizable products (MoOs3)
according to Egs. (5)-(8), which leads to the weight loss of the
coated samples. Whist the ZrSiO4 phase is generated on the surface
of the coating, which is formed by ZrO, and SiO, according to Eq.
(9) at high temperature. For the MZB-1S coated sample, as shown in
Fig. 10(b), Mo, MoO, and MosSis phases still exist on the surface,
which is because the thicker glass layer formed on the as-prepared
MZB-S coating than MZB coating, retarding the oxidation and re-
sulting in less weight loss. While for MZB-3S and MZB-5S coated
samples, as shown in Fig. 10(c) and (d), three kinds of oxides can be
detected, including ZrSiOg4, ZrO, and SiO,. Combined with the board
bump at 22° in XRD patterns, it can be concluded that the formation
of Zr-Si-O compound layer with ZrSiO, dispersants generated on
the surface of the coatings, which can decrease the diffusion rate of
oxygen and improve stability of glassy layer [38].

MoSis(s)+305(g)=MoOs(g)+2Si0x(s) (8)
MosSis(s)+21/205(g)=5Mo05(g) + 35i04(s) (9)
Mo(s)+3/204(g)=Mo0s(g) (10)
Z10,(s)+ SiO5(s)=ZrSiO4(s) (11)

Fig. 11 shows the 3D surface morphology with CLSM images
before and after 10 thermal shock cycling times. By observing the
CLSM images (Fig. 11(a)-(d)), all of the as-prepared coating sur-
faces are glossy and crack free. The gloss is more and more bright
with the increase of SiBg content which is ascribed to the more
glass phase generated in the coatings. Whist, the distributions of
pores on the surface of different coatings such as the size and the
numbers are consisted with the SEM images shown in Fig. 4. After
10 cycling times, a porous layer is generated on the surface of the
MZB coating (Fig. 11(e)), which is because that the evaporation of
oxidation production (MoOs) during thermal shock test. Moreover,
the porous layer is mainly comprised of crystalline SiO,, ZrO,and
ZrSiO4 according to the result of XRD, compared with the amor-
phous glass phase, it can’t seal the pores in the coating, resulting in
the continuous weight loss of the MZB coated sample. As observed
in Fig. 11(f), though a glass layer is form on the surface of the
coating due to the addition of SiBg, the glass phase is not sufficient
to seal the pores. With the increase of SiBg, a compound Zr-Si-O
glass layer with appropriate wetting property and viscosity is
generated on the surface of the MZB-3S coating, which leads to no
micro-cracks and pores (Fig. 11(g)). Compared with the top glass
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Fig. 10. XRD patterns of MoSi,-ZrO,-borosilicate glass coating surfaces with different SiBg content after 10 thermal shock cycles (a): MZB; (b): MZB-1S; (c): MZB-3S; (d):

MZB-5S.

Fig. 11. 3D surface CLSM images of the MoSi,~ZrO,-borosilicate glass coatings before (a-

h) MZB-5S;

layer of the MZB-3S coating, a thicker glass layer covers the
MZB-5S coating (Fig. 11(h)).

Fig. 12 shows the surface SEM image of MZB-3S coating after 10
thermal shock cycles. It can be seen that a compound glass layer
with some “immiscible phases” cover on the surface of MZB-3S
coating, which forms a kind of “inlaid structure” (Fig. 12(a) and
(b) shows the magnification of part A in Fig. 12(a). Combined with
EDS (Fig. 12(c) and (d)) and XRD (Fig. 10(c)) analyses, region 1 and
region 2 could be distinguished as ZrSiO4 and amorphous SiO,. The
existence of ZrSiO4 can highly improve the stability of silicate glass,

d) and after (e-h) thermal shock test, (a, e) MZB; (b, f) MZB-1S; (c, g) MZB-3 S; (d,

which plays the role of “pinning effect”[39]. Furthermore, there is
no micro-cracks generated on the surface of the coating, which
demonstrated the excellent thermal shock resistance. Fig. 13 shows
the cross-section SEM image of MZB-3S coated fibrous ZrO, cera-
mic. It could be divided into two layers of MZB-3S coating: the
surface coating layer (I) and the interfacial transition layer (II). Some
holes are formed in the surface coating layer, which is due to the
volatilization of B,O3 and MoOs during the thermal shock test.
However, the formed bubbled holes on the surface can hardly pe-
netrate through the inner coating, they can be sealed with the
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Fig. 12. (a) Surface SEM image of MZB-3S coating after 10 thermal shock cycles; (b) magnification of part A in (a); (c) and (d) regions EDS analyses in (b).
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Fig. 13. (a) Cross-section SEM image of the MoSi,-ZrO,-borosilicate glass coating with 3 wt% SiBg addition after 10 thermal shock cycles; (b) magnification of part A in (a).

compound glass, which is helpful to prevent the coating from oxi- 16
dation. Fig. 13(b) shows the magnification of part A in the interfacial
layer in Fig. 13(a), a stable and densified glass phase is form to
connect the surface coating layer and the substrate, and no obvious
peeling off occurs on the interface. Thus, the dense surface coating
layer can act as the functions of high emissivity and oxidation re-
sistance, and the porous interfacial transition layer can reduce the
thermal stress and improve the thermal shock resistance.

It was reported that the coating stress . may be divided into
three components: o, = o; + o6, + 0, Where o, is the CTE mismatch
stress, o, is the growth stress and ¢, is the aging stress [40]. The
growth stress is a stress that develops during the coating deposi-
tion. The aging stress is a stress that results from many aspects
such as phase transformation, sintering, oxidation and chemical
reactions of the coating [41]. In this work, the coating stress may 0.0 . . . . . . .
consist mainly of the CTE mismatch stress and the aging stress. 200 400 600 800 1000 1200 1400 1600 1800
Fig. 14 shows the variations in thermal expansion rate with the Temperature(K)
temperature for MoSiy, ZrO, and fibrous ZrO, ceramic, the average Fig. 14. Variations in thermal expansion rate with the temperature for MoSi,, ZrO,
CTEs are 9.32 x 1075/K, 11.1 x 10~ %/K and 10.2 x 10~ 5/K, which and fibrous ZrO, ceramic.
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shows a little mismatch between the coating and the substrate in
consideration of the borosilicate glass composition in the coating,
causing the CTE mismatch stress. The aging stress is formed due to
the oxidation on the surface of the coating as well as the chemical
reactions between ZrO, and SiO,. Once the coating stress accu-
mulated enough, the micro-cracks will be inevitable generated.
However, no visible micro-cracks are detected during the thermal
shock test, which can be briefly inferred as follows: (1) the similar
thermal expansion coefficient between the coating and the sub-
strate; (2) the porous structure can reduce the thermal stress;
(3) the oxidized SiBg and borosilicate glass has a remarkable self-
healing and crack-sealing functions.

4. Conclusions

A high emissivity MoSi>-ZrO,-borosilicate glass multiphase
coating with SiBg addition on the low thermal conductivity ZrO,
ceramic insulation has been successfully prepared with slurry
dipping and subsequent sintering method. The coating prepared in
the presence of 3 wt% SiBg included the top dense glass layer, the
surface porous coating layer and the interfacial transition layer,
forming a gradient structure and exhibiting good compatibility
and adherence. The emissivity of the coating is up to 0.8 in the
range of 0.3-2.5 pm and 0.85 in the range of 0.8-2.5 pm at room
temperature, and the “V-shaped grooves” surface roughness
morphology had a positive effect on the emissivity. The MZB-3S
coating showed excellent thermal shock resistance with only 1.81%
weight loss after 10 thermal cycles between 1773 K and room
temperature, which was attributed to the synergistic effect of
porous gradient structure, self-sealing property of SiBg and the
match of thermal expansion coefficient between the coating and
substrate. Thus the MoSi,-ZrO,-borosilicate glass coating is at-
tractive for short-term applications for fibrous ZrO, ceramic in-
sulation exposed to the temperature up to 1773 K.
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