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Thermodynamics of Hypersonic Leading Edge

A high emissivity (𝜀) is desired for maximizing the heat transfer from leading edge 

via thermal radiation.

Squire et al. [1]

Hypersonic Leading Edge

𝑞 𝑐𝑜𝑛𝑣 + 𝑞 𝑐ℎ𝑒𝑚 = 𝑞 𝑐𝑜𝑛𝑑 + 𝑞 𝑟𝑎𝑑      

[1] Squire, T. H. & Marschall, J. Eur. Ceram. Soc. 30, 2239–2251 (2010).

[2] Glass, D. E. doi:10.2514/6.2008-2682

D. Glass [2]
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Necessity of Ceramic Coating for Hypersonic TPS

A Passive TPS

Thermal Protective System (TPS)

Hot Structure

Surface

Heating Radiation

✓ High strength

✓ High thermal shock 

resistance

Susceptible to oxidation 

and ablation > 450oC

To improve the 

oxidation & ablation 

resistance

C/C as Hot Structure TPS Material

Previously Studied Ceramic Coatings [1]

ZrB2-SiC

❑ Oxidizes into m-ZrO2, B2O3, SiO2

❑ Above 1600oC, B2O3-SiO2 vaporizes

leaving the porous m-ZrO2 scale

ZrC-SiC

❑ SiC oxidizes into SiO2 that 

vaporizes at 1600oC

❑ ZrC oxidizes into porous ZrO2

Dense stabilized ZrO2 can be a suitable candidate as the protective ceramic top-coat for C/C.

[1] D. Ni et al., J. Adv. Ceram., vol. 11, no. 1, pp. 1–56, Jan. 2022.
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Plasma Sprayed ZrO2 as Coating for C/C

❑ Improved thermal shock resistance

❑ Presence of stabilizers in ZrO2 and ablation 

rates were not reported

Zhang et al. [1]

Front surface X-section micrograph

[1] Zhang et al., Surf. Coatings Technol., vol. 285, pp. 24–30, 2016.

Front surface X-section micrograph

Feng et al. [2]

❑ ZrO2 showed better ablation performance than ZrC

❑ Interlayer crack induced due to CTE mismatch

❑ Presence of stabilizers in ZrO2 was not discussed

[2] Feng et al., Ceram. Int., vol. 47, no. 15, pp. 21721–21729, 2021.

❖ ZrO2 coating on C/C offered improved ablation resistance and thermal shock resistance.

❖ Role of stabilizers in the phase change of ZrO2 was not addressed in these studies.
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Research Motivation and Objective

[1] Victor et al., Materials Today Communications 27 (2021): 102200.

[2] Guazzoni, G. E. (1972). Applied Spectroscopy, 26(1), 60-65.

[3] Tan et al., J. Eur. Ceram. Soc., vol. 36, no.-16, 2016.

[4] Liu et al., Ceram. Int., v. 45, no.10, 2019.

Phase Diagram of Sm2O3-ZrO2 
[1] 

Research Objective:

❑ Develop plasma sprayed t- and c-ZrO2 coating using 

Sm2O3 as stabilizer and emissivity modifier.

❑ Evaluate the ablation performance of Sm2O3-ZrO2

coatings.

Composition selected
✓ 6 mol% Sm2O3 (t phase)

✓ 11 mol% Sm2O3 (c phase)

Previous Sm-modified 

Systems
✓ 5 mol% Sm-ZrB2-SiC

ϵ = 0.9 at 1500oC [3]

✓ 4 mol% Sm2O3-HfO2

ϵ = 0.873 at 1600oC [4]

Emissivity of Sm2O3 at 1550oC [2]
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Experimental Method to Apply ZrO2 coating on C/C

1. C/C Substrate Preparation

2. Pack Cementation of SiC

3. Plasma Spray of ZrO2 Coating

Schematic of The Proposed Coating

Nomenclature 
6SZC  - 6 mol% Sm2O3 stabilized ZrO2 coating

11SZC - 11 mol% Sm2O3 stabilized ZrO2 coating

12YZC - 12 mol% Y2O3 stabilized ZrO2 coating

Successfully developed a method to apply 

ceramic coating on C/C substrate using pack 

cementation and thermal spray.

Material
CTE 

(ppm/oC)

ZrO2 11 ~ 12

SiC 5 ~ 6

C/C 2 ~ 3
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Pack Cementation of SiC on C/C
SiC-C/C-X-Section

100 µm

Resin

C/C

SiC

500 µm

As-received C/C surface

400 µm

Anchoring 

Channel

Surface treated C/C

400 µm

Pack cemented SiC

Pack cementation 

with

C, Si and Al2O3

1900oC/2h/Ar

Pre ablation 

treatment for 

30 s

Element Atomic %

C 80.92

Si 18.88

Al 0.20

EDS Analysis

Si(l) + C(s)  = SiC(s) 

Primary Reaction [1]

Al2O3 reacts with SiC,SiO2,and C; 

Creates diffusion paths for Si.

Role of Al2O3
[2]

Successfully deposited ~20 µm thick SiC as bondcoat on C/C to bridge CTE 

mismatch between ZrO2 and C/C.

[1] J. Pourasad,et al., Surf. Coatings Technol., vol. 323, pp. 58–64, 2017

[2] J. Hao, J. et al., J. Eur. Ceram. Soc., vol. 41, no. 2, pp. 1107–1113
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Surface Topography of As-Sprayed Coatings

20 µm

10mm

6 mol% Sm2O3-ZrO2 (6SZC)

20 µm

10mm

11 mol% Sm2O3-ZrO2 (11SZC)

10mm

12 mol% Y2O3-ZrO2 (12YZC)

20 µm

Void and Crack Network [1]

• Tensile or quenching stress 

• Cooling stress

• Phase transformation stress

• One-torch pass stress

Superimposed as residual stress

Successfully plasma sprayed t and c-ZrO2 coating on 

C/C substrate.

[1] L. Pawlowski, The Science and Engineering of Thermal Spray Coatings. Chichester, UK: John Wiley & Sons, Ltd, 2008.
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Mechanical Adhesion Between C/C and ZrO2 Coating

C/C

Coating

A well-defined mechanical adhesion is established between C/C substrate and 

ZrO2 coating by infiltrating materials into anchoring channels. 

Anchoring channels 

were induced by 

pre-ablating C/C 

substrates.

6SZC

200 µm

Anchoring channel

Resin

C/C

11SZC

100 µm

Anchoring channel

Resin

C/C

12YZC

200 µm

Anchoring channel

Resin

C/C
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Phases of As-sprayed Coatings

Coating Xm (%) Xt (%) Xc (%)

6SZC 3.60 96.40 -

11SZC 5.71 - 94.29

12YZC - - 100

Upon plasma spray, 6SZC demonstrated t’ phase 

whereas 11SZC and 12YZC demonstrated c phase.

Molar Phase Content 
Calculated According to Toraya et al.[1]

[1] H. Toraya et al., J. Am. Ceram. Soc., vol. 67, no. 9, p. C‐183-C‐184, 1984.



11

Ablation Performance of ZrO2 Coatings

10mm

6SZC after 60 s ablation

10mm

6SZC after 2X60 s ablation

11SZC after 60 s ablation

10mm

12YZC after 60 s ablation

10mm

6SZC successfully survived multiple 

ablation cycles without delamination.

Ablation testing was performed following ASTM E285-08(2020).

Ablation Torch Heat Flux ~ 4 MW/m2
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Improved Ablation Rates of ZrO2 Coatings

6SZC improved the ablation resistance of 

C/C by reducing mass ablation rate by 71% 

and linear ablation rate by 94%.
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Phase Transformation During Ablation Testing
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) Phase Transformation of 6SZC

❑ Residual 3.60% m-phase in as-sprayed coatings 

transformed into t-phase after 1st cycle of 60s 

ablation

❑ Peak shifted after 2nd cycle indicating an increase in 

d-spacing and lattice parameter

Phase Transformation of 11SZC

❑ Residual 5.71% m-phase in as-sprayed coatings 

transformed into c-phase 

❑ Peaks became pronounced and sharp indicating 

sintering and crystallization of the particles

Stress induced by phase transformation might 

contribute to crack formation during ablation.
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Cross-section of Ablated 6SZC

Despite cracks and fracture, the coating survived high heat flux ablation 

heating and demonstrated excellent mechanical adhesion with C/C.

10mm

Hot zone

Major protrusion

Fractures

Minor protrusions

1 Minor 

protrusions

500 µm

Resin

C/C

X-section of ablated 6SZC

Major 

protrusion6SZC
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Protrusions in Ablated 6SZC Microstructures

200 µm

Buckling

Anchoring

Fracture

Resin

C/C 200 µm

Minor ProtrusionMajor Protrusion

BucklingFracture
Resin

C/C

Void

200 µm

Anchoring

Ablation test caused the separation between two sublayers of the plasma sprayed coatings. 

❑ Porous coating-top 

exhibited buckling and 

fracture

❑ Dense coating-bottom 

demonstrated anchoring
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Summary

A 2-layer ablation and oxidation 

resistant ceramic coating system 

was developed and applied on 

C/C substrates using pack 

cementation and plasma spray.

Plasma sprayed coatings 

were ablation tested using an 

oxyacetylene torch. 6SZC 

survived multiple cycles of 

60s ablation torch testing.

6SZC improved the ablation 

resistance of C/C by reducing 

mass ablation rate by 71% and 

linear ablation rate by 94%.

The coating segmented into two 

sublayers during processing. 

The bottom sublayer established 

a well-defined mechanical 

adhesion with C/C via anchoring.
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