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Abstract: As the demand for aerospace vehicles to withstand high temperatures, ultra-high speeds, and
extremely harsh service environments becomes increasingly prominent, there are higher requirements for
thermal protection materials in terms of temperature resistance, durability, and reliability. Surface coating
technology has become one of the effective ways to improve the oxidation and ablation resistance of
composite materials in high-temperature environments. Among these, ceramic coatings, with advantages
such as high melting point, high hardness, good chemical stability, and excellent oxidation and ablation
resistance, have become a key research direction in the field of surface coating technology. Well-performing
ceramic coatings can protect the substrate from harsh external environments such as high temperatures,
oxygen-rich conditions, and strong airflow, thereby extending the service life of composites and promoting
their application in fields such as aerospace and marine. Addressing the extreme service environments faced
by high-Mach-number vehicles, this paper systematically reviews the research progress in high-
temperature performance testing technology for ceramic coatings, based on current advancements in testing
performance. It focuses on a comprehensive comparative analysis of three core evaluation technologies:
static oxidation resistance, thermal shock resistance, and dynamic oxidation ablation, including their
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testing methods, principles, applicable ranges, and limitations. To address some of the bottlenecks faced

by antioxidant ablation ceramic coatings in performance evaluation, future efforts should focus on

developing multi-field coupled simulations, establishing performance prediction frameworks, and

promoting standardization of testing, to overcome technical barriers and accelerate the research,

development, and application of high-performance coatings.

Key words: anti-oxidation ablative coating; performance testing; oxidation property; thermal shock

resistance ; ablation test
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Fig.1 Schematic diagram of complex aerodynamic environment ahead of a hypersonic vehicle in a stationary position>”
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Table 1 Comparison of static oxidation test methods

[51-54]

Static oxidation Environmental condition Advantage

Limitation

Atmospheric
oxidation
high oxygen partial pressure

developed

Steady-state high temperature at Equipment is simple,

established international standards have been temperature — and

low-cost, easy to Test temperature is mostly below 1600 C ,

standard atmospheric pressure, operate, capable of long-term testing, and well- making it impossible to simulate high-

high-pressure  transient

conditions

Low pressure Simulating extreme environments Simulated temperature is higher, and the Equipment is complex, the cost is higher, and

oxidation such  as

pressure and sudden changes in with the changing oxygen partial pressure

oxygen partial pressure

high-altitude  low transient thermal stress interacts synergistically the testing protocols have not yet been

standardized
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Table 2 Comparison of methods for testing thermal shock resistance

[68-74]

Feature Water quenching Gas quenching Oil quenching
Cooling medium Water Alr, inert gas Silicone oil
Cooling rate High Low Intermediate
Heat transfer coefficient Yes No No

Thermal stress concentration High Low Intermediate
factor

Suitable coating type

strength coating

coatings, materials sensitive to oxidation

Advantage

failure,  short

simulating extreme conditions
Limitation Bubble interference

Testing cycle is relatively long

High toughness, high adhesion Ultra-high temperature ceramic coatings, Vast majority of ceramic coatings are

high-toughness  intermetallic compound porous coatings and coatings containing

non-oxide phases

Severe cooling, rapid induction of Stress is stable and causes minimal coating Moderate cooling rate, widely applicable
testing  cycle, damage, making it suitable for long-term

cyclic testing

Medium contamination, not easy to clean
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Fig.2 V-tail force-thermal test(a) ,aileron force-thermal test(b) , flap force-thermal test(c) ,and leading edge assembly force-thermal test(d)
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Fig.3 Diagram of aerodynamics thermal loading test simulating system

[91]

(a)photograph of computer control system for aerodynamic heating simulation; (b)schematic diagram of aerodynamic heating simulation system ;

(¢)photograph of hydraulic loading equipment ; (d)photograph of silicon control power regulator equipment
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Fig.4 Structure of graphite heating devices!

(a)3D model of modular graphite heating unit; (b)assembly of graphite radiant; (c)graphite heating assembly composed of

multiple individual heating elements; (d)graphite heating elements with oxidation resistance coating
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Fig.5 Laser heating principle and experimental setup

(a)schematic diagram of laser ablation; (b)laser ablation process; (c)laser ablation system
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Table 3 Comparative analysis of radiative heating tests'!* 1%/
Test method Sample size Advantage Limitation
Quartz lamp Suitable for small to medium-sized Simple design and low cost;suitable for Thermal uniformity dependent on lamp spacing/

heating flat plates or blades; for large
method areas, multiple lamp arrays or a
moving platform are required
Graphite Suitable for medium to large sized
heater specimens, and can be directly
integrated into the test rig
Laser Suitable for any size through the
heating optical system, but the laser beam
method must be scanned uniformly

prolonged steady-state heating; enables

large-area uniformity with lamp arrays

High power density and rapid heating;
modular platform integration; water-
cooling for stable temperature control

Extremely high power density and
instantaneous heating ; local controllability

for complex temperature fields

orientation;  significant  non-uniformity on large
specimens ; maximum temperature limited by lamp power
(1500 C) ;high maintenance requirements

Limited service life; susceptibility to high-temperature

oxidation ;requires inert atmosphere or vacuum

High equipment costs; sensitivity to optical viewport

condition and sample surface reflectivity
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Table 4 Wind tunnel types and applications (Mach number) " 1%!

Wind-tunnel type Mach-number range ~ Application

Low-speed tunnel Ma<<0.3
Subsonic tunnel 0.3<<Ma<<0.8

material evaluation
Trans-sonic tunnel 0.8<Ma<<1.2

studies
Supersonic tunnel 1.2<Ma<5

distribution
Hypersonic tunnel 5<Ma<<10

catalysis
High-enthalpy Ma=10

hypersonic with tunnel

Basic aerodynamics, acoustic tests, low-speed vehicle studies, calibration

Aerodynamic-acoustic coupling, icing/precipitation tests, aircraft subsonic layout, low-temperature

Shock-boundary-layer interaction, variable-angle control surfaces, supersonic leading-edge separation

High-speed aerodynamic layout, shock-wave experiments, scramjet inlet testing, heat-flux & pressure

Re-entry vehicle thermal protection, ablative-coating evaluation, non-equilibrium chemistry, wall

Extreme-heat-flux testing, material ablation at ultra-high temperatures, extreme-velocity re-entry

studies, high-temperature chemical kinetics
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