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Anti-ablation Property of ZrB2/SiC/Ta20s Coatings Prepared
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Liu Yanbo?, Guo Jiayi*, Ma Zhuang?,

Sun Shijie!,

Luan Xingtao?

! National Key Laboratory of Science and Technology on Materials under Shock and Impact, Beijing Institute of Technology, Beijing 100081,

China; 2 China Ordnance Industrial Standardization Research Institute, Beijing 100081, China

Abstract: To improve the anti-ablation property of carbon/carbon (C/C) composites, the double-layer coatings with SiC/Al,O3 as an
inner layer and ZrB,/SiC/Ta,Os as an outer layer were prepared by atmosphere plasma spraying. The phase composition,
microstructure and element distribution of the coatings before and after ablation were analyzed using X-ray diffraction, scanning
electron microscopy and energy dispersive X-ray spectroscopy, respectively. There are no cracks on the surface coating and the
connection of two coatings and the SiC/Al,O3 coating with substrate is well. The distribution of elements Zr, Si and Ta on the
coating are similar, which indicates the good homogeneity of coating. Ablation resistance of coated C/C was tested by the
oxyacetylene flame at 1800 <C. The mosaic structure formed during the ablation process is conducive to prevent the diffusion of O,
and the Ta-Si-O glassy layer formed on the surface coating has a protective effect. The coating exhibits a good anti-ablation ability.
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With the increasing of velocity, some hot structure compo-
nents of hypersonic vehicles will be applied at ultrahigh tem-
perature which exceed the work temperature of conventional
materials, such as nose cone and leading edge.

C/C composites are considered as one of the most promis-
ing materials for hot structure components of hypersonic ve-
hicles, due to their excellent mechanical properties such as
high strength, low density, high stiffness and good thermal
shock resistance at high temperaturet?. However, C/C will be
oxidized rapidly when the temperature is over 723 K in the
oxidizing atmosphere!®. The insufficient anti-ablation property
limits the further application of C/C in hypersonic vehicles.
Depositing the anti-ablation coatings is considered to be an
effective way to improve the anti-ablation property of C/C!.

As a kind of ultra high temperature ceramics (UTHC), ZrB,
and ZrB,-based ceramics are considered to be candidate mate-
rials of anti-ablation coatings for C/C, due to their high melt-
ing point, suitable CET, good mechanical and anti-ablation
property at high temperature®™. ZrB, combined with SiC
shows a good oxidation resistance at temperature lower than
1700 <T due to the formation of a silica outer-layer™®. As the
flight speed of hypersonic vehicles increases, the temperature
of thermal protection systems will exceed 1700 <C and the sil-
ica outer-layer of ZrB,-SiC may be quickly removed, and
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cause the failure of coating. Therefore, it is necessary to im-
prove the anti-ablation property of ZrB,-SiC at temperature
higher than 1700 <C. To add oxides of appropriate melting
point to coating material is one of the effective methods.
Ta,Os has a higher melting point of 1872 <C than SiO, and add
it to the ZrB,/SiC is hopeful to improve the anti-ablation
property of coatings. In this study, the Ta,Os was doped into
ZrB,-SiC by spray drying and it is the first time to adopt this
method.

Atmosphere plasma spraying (APS) is an effective method
to prepare the ultra high temperature ceramics coatings on the
C/C composites. The temperature of plasma arc is higher than
10000 <C, and its jet velocity is up to hundreds of meters per
second. The jet gas can be controlled as inert atmosphere. The
APS is especially suitable for the preparation of high melting
point ceramic coating. B. Wen et al. ® prepared the ZrC coat-
ing by APS. The coatings exhibited a dense structure, a good
bonding with substrate and outstanding anti-ablation ability. X.
Song et al."”! prepared the YSZ coatings by APS successfully
and studied the shock resistance of coatings. In the present
work, the ZrB,/SiC/Ta,05 composite powder was synthesized
and the coating was prepared by APS and it is the first time to
adopt this method.

The phase and microstructure of the coatings was ana-
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lyzed. The ablation property was evaluated by oxygen acet-
ylene flame. The anti-ablation and failure mechanism were
studied.

1 Experiment

1.1 Raw materials and spray drying process

The ZrB, (1~3 um, purity>99.9%, China New Metal,
CNM), SiC (0.5~1.5 pm, purity>99.9%, China New Metal,
CNM), and Ta,0s (0.5~1.5 um, purity>99.9%, Jiangxi Branch
Material Co. Ltd) particles were chosen as the raw materials.
The volume content of ZrB,, SiC and Ta,Os was 67.5%,
22.5% and 10%, respectively. The solid solution ratio was
40%. The raw materials, water glass adhesive, deionized water
were mixed in stirring ball mill device for 2 h. The composite
powder was obtained by spray drying
1.2 ZrB,/SiC/Ta,Os coatings preparation

The C/C was provided by the Hunan Jiuhua Carbon
Hi-Tech Co. Ltd with a density of about 1.7 g/cm®. The di-
mension of samples is ©25.4 mm>6 mm, which were cut from
bulk 2D C/C. The anti-ablation coating has two layers. The
bonding layer was SiC/Al,O; coating and the thickness was
0.1 mm. The surface layer was ZrB,/SiC/Ta,0Os coating and
the thickness was 0.2 mm. The coatings were both prepared by
APS (SG-100, Praxair Surface Technologies, U.S.). The main
parameters of ZrB,/SiC/Ta,Os coating are primary gas (Ar),
second gas (He) and powder feed rate.
1.3 Ablation test

The anti-ablation property of coatings was tested by oxygen
acetylene flame which was caused by FP-73 (PRAXAIR-
TAFA Inc, USA). The flow rate of C,H, was 50 L/min and
that of O, was 25 L/min. The distance between the nozzle tip
of the oxygen acetylene flame gun and the surface of coatings
was 70 mm. The temperature of coating surface was measured
by infrared temperature measuring device (Marathon MR).

The ablation behavior of coatings was assessed under
1800 <C at 30 and 60 s. The anti-ablation property was char-
acterized by mass ablation rate and the value was the average
ablation rates of coatings that assessed at different time and it
is 3.209%10" g s,
1.4 Characterization

The phase composition, microstructure and element distri-
bution of the powder and coating were analyzed by X-ray dif-

fraction (XRD, D8, Bruker-AXS, Germany) and scanning
electron microscopy (SEM, S-4800, HITACHI, Japan)
equipped with energy-dispersive spectroscopy (EDS).

2 Results and Discussion

2.1 Characteristics of the composite powder

The composite powder is nearly spherical according to Fig. 1a,
which is good for the preparation of coatings. The cross-section
morphology shown in Fig.1b illustrates the composite powder is
homogeneous and there are no cracks. The size range of pow-
ders are from 10 um to 100 wm and the most are between 40 pm
to 60 um, which is consistent with the observation results of
SEM and meets the requirements of APS.

The micromorphology of composite powder is shown in
Fig.2. The combination of grey particles and dark substance is
close. The distribution of element Si and Ta is similar, indi-
cating that the SiC and Ta,Os are mixed uniformly under the
effect of water glass glue. The size of ZrB, is larger and the
grey particles are mainly ZrB, as shown in the result of EDS
and the composite powder is suitable for coating preparation.

Fig.1 Morphologies of composite powder: (a) surface and (b) cross-
section

Fig.2 Morphology of cross-sectional composite powder (a) and element distribution of Zr (b), Si (c), and Ta (d)
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2.2 Characteristics of the coating
Fig.3 shows the macrograph of the ZrB,/SiC/Ta,O5 coated

sample. It can be seen that the coating is integrity and uniform.

There are no cracks on the surface of coating, which is condu-
cive to protect the C/C.

Fig.4 shows the XRD pattern of the coatings. The main
phase are ZrB,, SiC and ZrO,. During the process of coating
preparation, ZrB, is oxidized to form the ZrO,. The Ta,Os are
not detected due to the small amount.

The ZrB,/SiC/Ta,O5 composite powders were semi-melted
and deposited directly on the SiC/Al,O; coated C/C substrate
during the plasma spraying. Fig.5a shows the morphology of
surface coating. It can be seen that there are some voids dis-
tributed on the coating, which may be due to the evaporation
of gases such as SiO and B,0O; produced during the spraying
process at high temperature. Since the melting point of com-

Fig.3 Morphology of specimen
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Fig.4 XRD pattern of coatings

posite powders is high, the particles are not totally melted in
the spraying process and formed cluster structure. Fig.5b
shows the enlargement of Fig.5a. The composite powders
were combined during the process of spraying, forming the
lamellar structure. Some particles were melted completely and
separated out during cooling, forming the flocculent particles
which deposit on the lamellar substance shown in Fig.5b. The
distribution of elements Zr, Si and Ta are uniform shown in
Fig.6. The raw materials were mixed uniformly by spray dry-
ing. And the component of coating is uniform, which is con-
ducive to the protection of coatings.

The cross-section image of substrate, SiC/Al,O; coating and
ZrB,/SiC/Ta,05 coating is shown in Fig.7. The coating pre-
sents a typical lamellar structure. No obvious crack or void is
found at the interface between inner layer and outer layer, in-
dicating that the connection of two coatings and the SiC/Al,O4
coating with substrate is well. The SiC/Al,O; coating relieves
the mismatch of thermal expansion coefficient between C/C
and ZrB,/SiC/Ta,Os coating. It is beneficial to improve the
stability of coatings during ablation. Fig.8 shows the enlarged
morphology of the ZrB,/SiC/Ta,05 coating and there are no

Fig.5 SEM surface morphology of coating (a) and its magnification (b)

Fig.6 Morphology of coating surface (a) and element distribution of Zr (b), Si (c), and Ta (d)
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obvious cracks and the holes are small, which may be caused
by the escape of gas. The distribution of elements Zr, Si and
Ta are similar, indicating that the homogeneity of coating is
well.
2.3 Ablation test

The phases of the coating after ablation are mainly ZrO,
and ZrB, according to the result of XRD shown in Fig.9. SiC
was oxidized into SiO, during the ablation, which has a great
loss. The molten SiO, and Ta,Os have a rapid solidification in
the ablation cooling process, which may be the reason why it
is not detected.

Fig.8 Morphology of cross section of ZrB,/SiC/Ta,Os coating (a) and elements distribution of Zr (b), Si (c), and Ta (d)
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Fig.9 XRD pattern of the coating after ablation

The temperature of ablation flame decreases gradually from
ablation center to the edge, leading to the different conditions
of glass phase material produced during ablation. And the
surface morphology of the coating is different. After ablation
at 1800 <€ for 30 s, the surface of coating can be divided into
center, transition and margin three parts shown in Fig.10a, 10b,
10c, respectively.

A mosaic structure is formed on the center region according
to Fig.10a. The granular particles were covered by the molten
substance and its main composition is ZrO, according to the
results of EDS shown in Fig.11la. The element distribution of
Si and Ta on the center region is similar and the coating is
compact without cracks according to Fig.12. During the abla-
tion, a Ta-Si-O glassy layer™ is formed on the coating, which
coats the ZrO, and plays a positive role in preventing the pen-
etration of O,. Since the temperature of flame is high and the

air erosion is larger, the molten substance loses a lot. The
melting point of SiO, is lower than that of Ta,Os, and it is
easier to evaporate. The gradual loss of molten substance
causes the exposure of ZrO,. The distribution of element Ta is
uniform, which is good to form a uniform layer of glass barri-
er, prevent the diffusion of O, and protect C/C.

Fig.10b shows the region of transition. It is relatively
smooth and there are no cracks and pores. The margin region
has pores according to Fig.10c. Some obvious cracks occur on
the margin region shown in Fig.10d, which can be attributed
to the volume change of SiO, during solidification and cooling.
It can be seen that the spherical particles are distributed on the
margin region, which is formed by the molten droplets during
cooling under the action of surface tension.

The evaporation of glass phase material and the impact of
flame on the center region is bigger. The ZrO, particles play a
supporting role and the molten substances fill the pores. It is
beneficial to protect the ZrO, from blowing off and stopping
the infiltration of O,. The temperature of transition region is
lower and the ZrO, is surrounded by the glass phase material,
forming a dense structure. The temperature of margin is low-
est and the amount of glass substance cannot be sufficient to
fill the defects like cracks.

During the ablation, the materials of coating was oxidized
and formed the oxidation products consisting of ZrO,, B,0,,
SiO,, CO and CO,. The B,0; was quickly evaporated in the
process of ablation due to the low melting point and high va-
por pressure. Some of it will possibly react with SiO, or dis-
solve into it to form a borosilicate glass with a higher melting
point. The molten Ta,0Os can fill the defects of the coating



76 Liu Yanbo et al. / Rare Metal Materials and Engineering, 2018, 47(S1): 072-077

Fig.12 Cross section morphology of center region after ablation for 30 s (a) and elements distribution of Zr (b), Si (c), and Ta (d)

and prevent the further penetration of O, at a higher tempera-
ture, forming the protection at the whole temperature range.

During the ablation, the glass phase material covered the
surface of coating and formed a dense structure around the
cavity after cooling. With the ablation time increasing, the
evaporation loss of glass materials causes the lack of sealing
the pores and the single ZrO, particles can be blown away by
oxyacetylene flame with high temperature, high velocity and
pressure, leading to the diffusion of O, and the failure of the
coating.

3 Conclusions

1) ZrB,/SiC/Ta,0s coating is prepared by APS on the sur-
face of SiC/Al,O; coated C/C composites. The combination of
two coatings and the SiC/Al,O; coating with substrate is well,
which relieves the mismatch of thermal expansion coefficient
between C/C and ZrB,/SiC/Ta,0Os coating.

2) The distribution of elements Zr, Si and Ta are similar, in-
dicating that the homogeneity of coating is well and it is con-
ducive to protect the C/C. The mosaic structure formed during
the ablation process is conducive to prevent the diffusion of
0,, and the Ta-Si-O glassy layer formed on the surface coating
has a protective effect.

3) The oxidation products form the protection for C/C in the

whole temperature range. With the ablation time increasing,
the evaporation loss of glass materials and the wastage of
ZrO, cause the failure of coatings.

References

1 Yang Y, Li K, Zhao Z et al. Ceramics International[J], 2017,
43(1): 1495

2 Dhami T L, Bahl O P, Awasthy B R. Carbon[J], 1995, 33(4): 479

3 Fang Q G, Shan Y, Cao C et al. Ceramics International[J], 2015,
41(3): 4101

4 Zhang Y, Yang B, Zhang P et al. Ceramics International[J],
2015, 41(10): 14 579

5 Zhang Y L, Hu Z, Yang B et al. Ceramics International[J], 2015,
41(2): 2582

6 Zou X, Fu Q, Liu L et al. Surface and Coatings Technology[J],
2013, 226: 17

7 HeJ, Wang Y, Luo L et al. Journal of the European Ceramic
Society[J], 2016, 36(15): 3769

8 Wen B, Ma Z, Liu Y et al. Ceramics International[J], 2014,
40(8): 11 825

9 Song X, Liu Z, Suhonen T et al. Surface and Coatings Technol-
ogy[J], 2015, 270: 132

10 QulJL,FuQG, ZhangJP etal. Vacuum[J], 2016, 131: 223


http://xueshu.baidu.com/s?wd=paperuri%3A%2857c050fa5c6ad25439096aa57f5634e6%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS027288421631882X&ie=utf-8&sc_us=1324576138283901612
http://xueshu.baidu.com/s?wd=paperuri%3A%286b2d1211af977a56d0eacb11b605adc7%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2F000862239400173W&ie=utf-8&sc_us=1796810711359866057
http://xueshu.baidu.com/s?wd=paperuri%3A%2847f8035759ffb78cd4a96812ec38a8b1%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0272884214018677&ie=utf-8&sc_us=17421815161079171965
http://xueshu.baidu.com/s?wd=paperuri%3A%2896c02e12d0837e3f4ef894f8421c6a21%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS027288421501487X&ie=utf-8&sc_us=15804749332812236938
http://xueshu.baidu.com/s?wd=paperuri%3A%2862d4bf46052b99f2f3b8639c5ce5a895%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0272884214017398&ie=utf-8&sc_us=17947249985854682132
http://xueshu.baidu.com/s?wd=paperuri%3A%28dbb42adf9f18abbb7f7eb3ffccffb501%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0257897213002909&ie=utf-8&sc_us=16564170875471046940
http://xueshu.baidu.com/s?wd=paperuri%3A%28550f1c7e840b114f2a405d019622f6f8%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0955221916300875&ie=utf-8&sc_us=9018853672379578284
http://xueshu.baidu.com/s?wd=paperuri%3A%28550f1c7e840b114f2a405d019622f6f8%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0955221916300875&ie=utf-8&sc_us=9018853672379578284
http://xueshu.baidu.com/s?wd=paperuri%3A%286b356d85c1d3bc083a24d6177fc959be%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0272884214005446&ie=utf-8&sc_us=2585393009711107889
http://xueshu.baidu.com/s?wd=paperuri%3A%28ba8d2e40d2f581749266137d560bf07c%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0257897215002005&ie=utf-8&sc_us=8884209057425672812
http://xueshu.baidu.com/s?wd=paperuri%3A%28ba8d2e40d2f581749266137d560bf07c%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0257897215002005&ie=utf-8&sc_us=8884209057425672812
http://xueshu.baidu.com/s?wd=paperuri%3A%28e974d0fe735c45e7164e9ac74c18cb4d%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0042207X16301956&ie=utf-8&sc_us=2029816344220558489

Liu Yanbo et al. / Rare Metal Materials and Engineering, 2018, 47(S1): 072-077 77

EEFELRHIE ZrB,/SiC/Ta,0x & Bk it fefff ot

Mt #Et, 5okt AMEA Y ZENE 2
(1. JbER%: sl R R R HE i SeEe =, Jbat 100081)
(2. T g T AR LR 7 BT, Jbat 100081)

8 B AT RECICEAMEHTTRE R, WS E TUHRIEEC/ICRE H % T SiCIALOs N JZ M ZrB2/SiCITa;0s5MZ HIXUZIRE, 1l
IXRD, SEMANEDSZ T 1 i /ZBE vl J5 AOMIAH AL RO SEMIAN S A o RIATIR 2RI BEA REUF N Z 55k, WEEINEZ
%G REF. JTRZr. Siv TafERERI ML, HRRRIEA AR B LR KIETELB00 CTFXTERZ Ik e
REMEAT . SRl FE T s B IR 5 M R T B SN, Ta-Si-OE Z IR i 18 T iR B IR, X RIG IR RCR
WRZRRI T BRI RE .

REEIE: C/C; kel HRMREAH; Ta-Si-OBIHR

e Wt 5, 1978 4E4:, fi4, BhEERFRA, JbatE TRk, Jbat 100081, E-mail: xiaopangjia@163.com



