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Abstract In order to improve the oxidation resistance and
decrease the infrared emissivity of carbon/carbon(C/C)
composites, the SiC and SiC/ZrSiO4—SiO, (SZS) coating
were prepared by pack cementation and slurry painting
method. The phase compositions and microstructures of the
as-prepared coatings were characterized by X-ray diffrac-
tion, scanning electron microscopy and energy dispersive
spectrometer. The anti-oxidation property, failure and
infrared emissivity of single SiC coating and SZS coating
were investigated. The results show that the weight loss of
single SiC coated sample reached 2.1 £ 0.025 % after
58 h isothermal oxidation at 1,500 °C. While the SZS
coating exhibits superior oxidation resistance and can
protect C/C matrix from oxidation for more than 198 h
with a weight-gain of 3.67 £ 0.025 %. The failure mech-
anisms of single SiC coating are mainly resulting from
unself-healing defects caused by the CO, gas which gen-
erated during the oxidation process of SiC. The investi-
gation of infrared emissivity property reveals that, the
infrared emissivity of SZS coating increases gradually
from 0.45 to 0.72 between 3 and 14 um. The infrared
emissivity at 500 °C increases gradually from 0.2 to 0.65
between 3 and 14 pm. The coupled effect between dipole
moments and lattice vibration in higher temperature
becomes weaker, which in turn lead to the reducing of
infrared emissivity in turn. From the anti-oxidation and
infrared emissivity property point of view, the SZS coating
may be one of the most promising candidates for the anti-
oxidation at high temperature and low infrared emissivity
of C/C composite.
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1 Introduction

Recently, with the rapid development of electronic devices
and electromagnetic wave detection technique, thermal
infrared detection had become one of the main means of
detection, and thus more and more attention was paid to
improve the viability of thermal structures such as missiles
using in some harsh environments. For these requirement,
the high temperature resistance materials with low-infra-
red-emissivity are considered as one of the promising
solutions [1-4].

Carbon/Carbon (C/C) composites possess many advan-
tages such as light weight, high strength and modulus at
high temperature. And they are considered to be the most
promising candidate of high-temperature structural mate-
rials [5-7]. With the expanding application of C/C com-
posites in thermal structures, the requirement for low
infrared emissivity and good oxidation resistance of C/C
composites is more and more urgent. However, the infrared
emissivity of C/C composites reach up to a relatively high
value 0.8 [8], which is easily detected by an infrared
detector. Meanwhile, the oxidation of C/C composites
above 400 °C limits its application at high temperatures in
the oxidizing atmosphere environment [9, 10]. Thus, a
great deal studies on curing Achilles’ heel of C/C com-
posites have been carried out [11, 12].

The coating technology has considered to be the most
reasonable choice to solve these problems well over the
years [13, 14]. Silicon carbide (SiC) coating with good
physical and chemical compatibility to C/C matrix, was
widely used as the bonding layer between C/C and outer
ceramic layer to provide well protection for C/C com-
posites, and its infrared emissivity is at a relative low
rate when compared with C/C [15-17]. However, the
single SiC layer can not provide a long-term protection
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for carbon matrix [18-20]. Hence, Great efforts in order
to improve the anti-oxidation of C/C composites were to
focus on the silicon-based multilayer coatings [17, 18,
21, 22]. Zirconium silicates (ZrSiO4) has been consid-
ered as a candidate materials being applied at high-
temperature for its excellent chemical stability, low
coefficient of thermal expansion (4.1 x 107%°C at
1,400 °C) and infra-emissivity [23, 24]. In recent years,
ZrSiO4 coating prepared by the hydrothermal electro-
phoretic deposition (HTED) or sol-gel method has
manifested well performances in oxidation resistance
[25-27]. However, none of infra-emissivity studies of
these coatings have been reported yet.

In this paper, the SiC bonding layer was prepared by
pack cementation. And in order to simplify the prepa-
ration process, the ZrSiO4—SiO, coating on the SiC
coating was prepared by slurry painting technique for its
easy operation and relative low cost compared with
HTED and sol-gel. The SiC/ZrSi04—SiO, (SZS) coating
was expected to protect C/C composite at 1,500 °C for a
long time and reduce its infra-emissivity simultaneously.
The microstructures, the isothermal anti-oxidation
behavior at 1,500 °C and the infra-emissivity at 90 and
500 °C are primarily reported.

2 Experimental procedure
2.1 Preparation of coatings

The small specimen (20 x 20 x 5 mm) as substrates were
cut from bulk three-dimensional C/C composites (prepared
in Boyun new material Co. Limited, Changsha, China) with
a density of 1.70 g cm . The specimens were polished by
SiC abrasive paper and cleaned with ethanol, then followed
by drying at 120 °C for 2 h. The pack chemistries for pack
cementation included: Si 60-65 wt%, carbon black 5-10
wt%, B-SiC 10-30 wt% and Al,O; 0-5 wt%. All the
powders were analytically graded and mixed together by
ball-milling for 2 h. The C/C composites specimens and
the powder mixtures were placed in a graphite crucible,
and heated to 1,900 °C for 2 h in an argon atmosphere and
then held at 1,900 °C for 2 h to form the SiC coating. After
the preparation of SiC layer, the ZrSiO4—SiO, coating was
obtained on the as-prepared SiC coating surface by slurry
painting method. The slurry painting chemistries in this
procedure included: 20-60 wt% SiO,, 30-60 % ZrO, and
0-5 % sinter aids. All the powders were analytically gra-
ded and mixed together by ball-milling with the solution
containing 3 wt% polyvinyl alcohol (PVA) for 2 h. After
slurry painting process, the coated specimens were dried at
100 °C and then pre-oxidated at 1,500 °C for 1 h to form
the ZrSiO4—SiO, coating.
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Fig. 1 The XRD patterns of coatings a SiC coating, b SZS coatings
after pre-oxidation

2.2 Testing and characterization

The process of isothermal oxidation test was that the
specimens were placed in a mullite crucible and heated at
1,500 °C in ambient air in a tube furnace for a certain of
hours. The cumulative weight change percentages (Aw) of
the specimens were described by the following expression
and was reported as a function of time:

- n; — my

Aw =

x 100 % (1)
mgo

where mg and m; are measured by electronic balance with

sensitivity of +0.1 mg and represents the weight of the

specimens before and after oxidation respectively.

The morphology and phase composition of the coatings
was investigated by scanning electron microscopy (SEM,
Jeol-6300LV) combined with an energy dispersive spec-
troscopy (EDS) and X-ray diffraction (XRD) analyzer
(Rigaku Ltd., Japan, Cu Ka radiation).

The infra-emissivity of coating at 90 and 500 °C were
tested by the InSb/MCT detector.

3 Results and discussion
3.1 Microstructure of the coating

Figure 1 shows the XRD patterns of SiC coating prepared
by PC and the SZS coatings after pre-oxidation. As Fig. 1
shown, the SiC coating was mainly composed of o-SiC and
B-SiC. And the prepared SZS coating was mainly com-
posed of ZrSiO,4 and SiO,.

Figure 2 shows the SEM micrographs of SiC coating
surface, cross-section and element line scanning results. As
shown in Fig. 2a, the SiC coating was composed of small
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Fig. 2 SEM micrographs and element line scanning results of the SiC coatings a surface SEM graph, b cross-section SEM graph, ¢ element line

scanning curves

Fig. 3 SEM micrographs and
element line scanning results of
the SZS coatings after pre-
oxidation a surface SEM graph,
b cross-section SEM graph,

¢ EDS analysis result of Spot A,
d EDS analysis result of Spot B
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dense aggregates which were almost uniform and smaller
than 1 pm in diameter. In addition, this coating surface was
so fairly rough as to be beneficial for improving the com-
bination between outer coatings and SiC coating. Figure 2b
shows the cross-section SEM micrographs of SiC coating.
A porous lamellar structure with a thickness of more than
150 um and many flaws such as cracks and gaps were
observed on the side of this SiC coating. Nevertheless, the
porous structure could minimize the thermal stress caused
by the thermal expansion mismatch at high temperature
effectively [16, 24, 28-30]. Figure 2c shows the element
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line scanning results of the SiC coating. The Si and C
contents were basically stable in the main body of the SiC
coating. Correspondingly, the Si content was growing
increasingly from C/C matrix to the outside, while the C
content decreased gradually. It suggests that the gradient
composition of SiC coating was beneficial to reduce the
difference of thermal expansion coefficient between the
coating and the matrix [31].

Figure 3 shows the SEM micrographs and element line
scanning results of the SZS coatings after pre-oxidation. As
shown in Fig. 3a, a dense coating with a few cracks caused
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Table 1 The weight ratio of elements in different area and main
materials relating to the spots in Fig. 3

Element Spot A Spot B
(0] 33.73 40.66
Si 11.57 25.56
C 09.84 07.00
Zr 44.86 0.517
Main materials ZrSi0, SiO,

by thermal stress was observed. And the SZS coating
surface was composed of bump particles and glass phase.
In addition, the Fig. 3c, d show the spot EDS analysis
result of Spot A and Spot B marked in Fig. 3a. Further-
more, the elements and their weight ratios of different
shaped crystal were summarized in Table 1.

After synthesis analysis of these data, the bump particles
in Fig. 3a were mainly composed of ZrSiO,, and the glass
phase was SiO,. The element Al in Table 1 may be
imported from the mullite crucible during oxidation at
1,500 °C. Figure 3b shows the cross-section SEM graph of
the SZS coatings after pre-oxidation. The thickness of
coating was about 200 pm. And the bonding between inner
and outer coating was in a pretty well condition. Moreover,
the dense ZrSiO4—SiO, coating presented as a mosaic
structure that ZrSiO, was embedded into SiO,, and this
structure is conducive to relieve thermal stress caused by
the diversity of CTE (coefficient of thermal expansion)
between ZrSiO4 and SiO, coatings, and effectively pin the
glass phase to avoid the gasification of SiO, and the gen-
eration of diffusing defects for oxygen [32].

3.2 Anti-oxidation properties
Figure 4 displays the isothermal oxidation curves of SiC

and SZS coated C/C composites in ambient air at 1,500 °C.
The mass loss were calculated by using formula (1).
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The weight variations of C/C-SiC and SZS coated C/C
composites are due to the weight-loss from oxidation of
carbon and the weight-gain mainly attributed the oxidation
of SiC.

As Fig. 4a shown, the SiC coated sample gain weight
quickly within the first 2 h owing to the transformation of
SiC into SiO,. During the 2-41 h, the weight almost
remained stable that weight-loss and the weight-gain were
keeping in a balance. However, the weight began to
decrease after 41 h oxidation, and the weight-loss reached
0.5 £ 0.025 % at 55th hour. After 58 h oxidation, the
weight-loss of coated sample reached 2.1 £ 0.025 %, and
finally the coating failed.

Figure 4b shows the isothermal oxidation curves of SZS
coated C/C composites in ambient air at 1,500 °C. The
oxidation of SZS coated C/C composites can be divided
into two processes marked as A and B. Within 24 h (pro-
cess A), the sample got a rapid weight-gain. And from the
24 to 198 h (process B), the weight of sample remained
almost stable, which indicated that the coating displayed
good oxidation resistance in ambient air at 1,500 °C. In
addition, the quick weight gaining during the pre-oxidation
indicated the formation of a mass of SiO,. While after the
pre-oxidation, the rate of weight-gain decreased due to the
self-healing of SiO, which slacken the diffusion of O.

In brief conclusion, the SZS coating shows a pretty well
anti-oxidation performance.

Figure 5 shows the surface, cross-section SEM micro-
graphs and element line scanning curves of SiC coating
after 58 h oxidation in ambient air at 1,500 °C. Compared
with the rough surface before oxidation as shown in Fig. 2,
the coating surface shown in Fig. 5a became very dense
due to the formation of SiO, which could seal the defects
and effectively decrease the diffusion velocity of oxygen
[17, 33, 34]. Meanwhile, the micro-cracks were also
observed in the surface for rapid cooling of sample from
1,500 °C to room temperature. These cracks will be healed
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Fig. 4 The isothermal oxidation curve of the SiC and SZS coated C/C composites in ambient air at 1,500 °C a the oxidation curve of the SiC
coated C/C composites, b the oxidation curve of SZS coated C/C composites
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Fig. 5 The surface, cross-
section SEM micrographs and
element line scanning curves of
SiC coatings after 58 h
oxidation in ambient air at
1,500 °C a surface SEM graph,
b cross-section SEM graph,
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gradually at high temperature and almost have no detri-
mental effect. Whereas the pores on the coating surface as
shown in the cycled area of Fig. 5a were generated after
the breakage of CO, air bubble caused by the oxidation of
C. The pores can not self- healed quickly for the limited
liquidity of SiO,, and then promote the diffusion of oxygen
[24, 25, 35, 36].

As Fig. 5b shown, compared with the porous loose
structure before oxidation as shown in Fig. 2, the coating
experienced 58 h oxidation had became rather dense.
Meanwhile, some regular pores which may store the CO,
during the oxidation process were observed from the areas
of matrix to surface. And these pores were beneficial for
the diffusion of oxygen [16].

Figure 5c displays the cross section EDS line scanning
analyses of the SiC coating after 58 h oxidation in ambient
air at 1,500 °C. The EDS Line scanning analyses of O, C
and Si elements show that the coating can divided into
three parts, designated as part a, b and ¢ as shown in
Fig. 5c. In part a, it had a higher O content than the others
two parts, and the coating in this part was mainly com-
prised of SiO,. In part b, the C and O contents remained
balanced owing to the low oxygen diffusion rate of SiO,,
and the coating in this part was mainly composed of SiC

50 100 150 200 250

Distance/um

300

and SiO, phases. In part c, it had a highest C content, and
the main composition in this area was SiC.

Taken together, the SiC coating during the oxidation
was not completely oxidized into SiO, scale until it failed.
The SiO, scale over the residual SiC coating makes it
difficult for the CO, gas produced in the oxidation process
of Si0,/SiC interface and SiC/C interface to diffuse out,
which cause the increase of gas pressure and then form air
bubbles to separate the dense SiO, scale. The defects such
as large pores shown in Fig. 5a that air bubble left behind
can’t healed it quickly by the molten SiO, and then pro-
mote the diffusion of oxygen. And so, to some extent, the
dual-layer coating can solve this problem effectively.

Figure 6 shows the surface and cross-section image of
SZS coated sample after oxidation for different times in
ambient air at 1,500 °C. According to the Fig. 6a—c, the
outer coating surface after oxidation was pretty dense
without any large pores caused by breakage of CO, air
bubbles.

Figure 6d—f show the cross-section SEM micrographs of
SZS coating after 4, 46 and 198 h oxidation. From Fig. 6d,
e, it can be found that the inner-outer coating and the
matrix-inner coating were in a fairly good combination,
meanwhile the coatings was relatively dense without large
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Fig. 6 The surface and cross-section image of SZS coated sample after oxidation for different times in ambient air at 1,500 °C (a, d 4 h, b,
e 46 h, c, f 198 h, a—c surface SEM micrographs, d—f cross-section SEM micrographs)

pores. However, the combination of inner and outer coating
after 198 h oxidation was in rather bad condition as a great
quantity of holes were found in the interface bonding area
as shown in Fig. 6f. And the dense outer coating prevented
the CO, air to spread outward quickly. The CO, air bubbles
caused by the oxidation of SiC coating were stored at the
interface bonding areas and then the holes formed when the
sample were cut at room temperature. The outer coating
was heterogeneous including solid ZrSiO,4 and glassy SiO;,
and went against to the growth of the air bubbles. So the
CO, air can only spread through the micro-faults such as
micro-cracks and micro-pores or the melt SiO, of the outer
coating and the tiny holes can be healed by the SiO, rap-
idly. In brief, the outer-coating prevented the growing up of
air bubbles effectively so there were no large pores in the
coating surface as the single SiC coating.

3.3 The infrared emissivity of ZrSiO,—SiO,/SiC
coating

Nowadays, as one of the primary means of detecting, the
thermal infrared surveillance was mainly focus on 3-5 and
8—14 um wavebands [37, 38]. Thus a great attention was
paid to the infrared emissivity of coating within afore-
mentioned wavebands. The lower infrared emittance means
greater survivable ability of objects.

Figure 7 was the infrared emissivity of SiC coating (at
90 °C) and SZS coating (at 90 and 500 °C). As Fig. 7
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shown, the infrared emissivity curves of single SiC coated
sample at 90 °C were lower than 0.65 and increased
gradually from 0.45 to 0.6 within the wavelength range of
3-5 pm, and decreased rapidly from 0.6 to 0.2 between 5
and 12.2 pm wavelength, then drastically increased to 0.6
at 14 pm wavelength. In response to these circumstances, it
was related to the absorption of SiC. Notably, the rela-
tionship between infrared absorptivity o, infrared trans-
mittance t, infrared reflectivity p and infrared emissivity &
was shown in the Egs. (2), (3), (4), and (5) as follows:

l=o+p+r7 (2)

where 7 is almost equal to 0,

l—p=u (3)
Then

a=¢e 4)
It means

e=1-p (5)

The infrared wave absorption peak of SiC coating at
12.2 pm, which is consistent with the values reported by
previous literature [39], may mainly caused by the elec-
tronic transition and lattice vibrations. On one hand, the
frequency mismatch of SiC lattice vibration and infrared
wave weakened the vibration mode of coupling effect
between phonon and photon. On the other hand, the lattice
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Fig. 7 The infrared emissivity of SiC coating (at 90 °C) and SZS
coating (at 90 and 500 °C)

vibrations weakened the change of dipole moment which,
in turn, lowered absorption of infrared wave [39, 40]. This
means that there is stronger reflection, lower absorption
and lower infrared emissivity within the wavelength range
of 10-14 pm.

While coated by SZS coating, the infrared emissivity of
sample at 90 °C almost remained almost unchanged as
single SiC coated sample between 3 and 5 um wavelength
and increased gradually from 0.68 to 0.72 between 5 and
14 pm. Furthermore, the infrared wave reflection peak
disappeared. This was due to the oxidation of SiC into SiO,
during the pre-oxidation process. Additionally, the infrared
emissivity of the whole coating was also affected by the
outer ZrSiO4—Si0O, coating.

Compared with SZS coating at 90 °C, as shown in
Fig. 7, the infrared emissivity at 500 °C was obvious lower
and increased gradually from 0.2 to 0.65 between 3 and
14 pm according to the rising tendency of at 90 °C. Within
3-5 um wavebands this coating was lower than 0.4, and its
low infrared emissivity was beneficial to hide under the
detection of infrared detector. While at 8-14 um, the
coating at 500 °C without characteristics reflection of
infrared wave was comparatively higher than SiC coating
but lower than 90 °C. According to the fundamental
infrared physics laws, the higher temperature of an object
means lower IR emissivity. According to the Stefan-
Boltzmann equation and the law of conservation of energy,
the infrared emissivity of object was related to the tem-
perature, and its relevance was shown as Eq. (6) [41, 42]:

_ (4T3 + 20T*)e ©)
C T+ T+ Ty T? + T3 + 24T

€1

The & at T; can be deduced by the ¢ at a certain
temperature T and coefficient of linear expansion o

through this equation. While T1 > T, « was merely in the
orders of magnitude which was lower than 10~* but
greater than O, then ¢ <e. It indicates that with higher
temperature, the infrared emissivity will be lower. This
phenomenon can be explained by the fact that the influ-
ence of lattice vibration on infrared wave. The higher the
temperature of an object, the higher the lattice vibration
frequency. Thus, the coupled effect between dipole
moments becomes weaker, which lead to the reducing of
infrared wave absorption.

4 Conclusion

An anti-oxidation and low infrared emissivity SZS coating
for C/C composites were successfully prepared by pack
cementation with a later slurry painting. Compared to the
2.1 £ 0.025 % weight-loss of Single SiC coating for 58 h,
the as-prepared SZS coating can effectively protect the C/C
matrix from oxidation in the air at 1,500 °C for 198 h with
a mass gain of 3.67 £ 0.025 %. The reason for the failure
of SiC coating was that the breakage of large bubbles
caused by the gas generated from oxidation of C element
created the high-diffusivity path of oxygen. The SZS
coating can effectively prevent these air bubbles from ris-
ing up. The infrared emissivity of SZS coating increases
gradually from 0.45 to 0.72 between 3 and 14 pm, and the
infrared wave reflection peak disappeared compared with
SiC coating. The infrared emissivity at 500 °C was obvi-
ously lower and increased gradually from 0.2 to 0.65
between 3 and 14 compared with at 90 °C. From the anti-
oxidation and infrared emissivity property point of view,
the SZS coating may be one of the most promising can-
didates for the oxidation at high temperature and low
infrared emissivity of C/C composite.
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