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Thermal protection systems (TPS) are critical components in aerospace engineering, In re-entry 

vehicles (RVs) where extreme thermal and mechanical stresses occur during atmospheric re-entry. 

Contemporary TPS materials, such as reinforced carbon-carbon (RCC) and silica-based ceramics, 

have served well in the past missions to space. However, future aerospace applications demand 

enhanced thermal resistance, reusability, and environmental durability from the TPS. This thesis 

explores the potential of high entropy oxide ceramics (HEOCs) as next-generation thermal barrier 

materials. 

HEOCs are a class of materials composed of multiple elements in near-equimolar ratios, leading to 

high entropy and stabilization of single-phase structures. These materials exhibit unique properties, 

including thermal stability (up to ~1600 °C), low thermal conductivity and improved mechanical 

performance due to entropy-driven effects, such as lattice distortion, cocktail effect and sluggish 

diffusion effects. A comparative analysis of selected HEOCs, particularly rare-earth zirconates and 

aluminium-based garnets was conducted against contemporary TPS materials. This highlighted their 

potential from moderate to high temperatures in aerospace environments depending on further 

application in the field. 

The findings suggest that although HEOCs may not yet match the extreme temperature thresholds of 

current materials like the RCC, but the HEOCs studied exhibited a combination of thermal insulation, 

mechanical robustness, and structural tunability ranking them as promising candidates for future 

reusable thermal barrier applications. 
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1 Introduction 

Thermal protection systems in aerospace applications require specific properties in the used 

materials. Thermal protection systems (TPS) should endure extremely high temperatures, 

oxidation, and could resist aerodynamic forces. All of which are present in the event of an 

atmospheric re-entry vehicle (RV). As is in the case of the National Aeronautics and Space 

Administration’s (NASA’s) Apollo program, during re-entry the shockwave plasma of the 

nose region reached temperatures ca. 10,727 °C at a speed of Mach 36 [1]. This is why TPS is 

essential in space vehicles specifically during the atmospheric re-entry phase of the flight [2]. 

Current challenges in TPS include environmental concerns, material development challenges, 

repairing difficulties regarding in-space repairs and self-healing TPS materials. Important 

factors in these materials are mass efficiency, reusability and material properties including 

thermal shock resistance and oxidation resistance. For example, in NASA Space Shuttle 

Orbiters (SSO), the nose cones and wing lead edges used TPS materials including reinforced 

carbon-carbon (RCC) coated with silicon carbide (SiC). The RCC is used to withstand 

temperatures up to 2400 °C and SiC coating is to prevent oxidation. [2] 

The main goal is to determine whether high entropy oxide ceramics (HEOCs) could offer a 

solution to future thermal barriers. Ultra-high temperature ceramics (UHTC), ultra-high 

temperature ceramic matrix composites (UHTCMC) and structural oxide-based composites 

are already used in space engineering as TPS materials with promising results [2]. This lays 

the groundwork for possible uses regarding HEOCs as next-generation thermal barriers in 

thermal protection systems. 

1.1 Methodology 

In the making of this thesis AI tools, specifically ChatGPT, has been used to organize 

reference documents and find information within them using keywords. All text is produced 

without the help of an AI tool. AI has also been present in the making and arranging of the 

table of contents for this thesis.  

Most of the sources were searched from ScienceDirect. Aerospace books on history, physics 

and journals online were also used. These documents help understand the topic in context and 

were searched online. Used keywords in the search include the following: thermal barriers, 

space shuttle, HEO, HEOC, TPS, atmospheric re-entry, high-entropy rare-earth etc.  
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Most sources used are published in the recent years. In newer topics, such as HEOCs the 

sources are published in the past five years. In the selection process of papers, a quick 

inspection of the paper, number of citations and date of publishing were done before deciding 

whether it should be a potential reference. These papers were then noted and categorized by 

relevance set by the table of contents.  

Comparison of data and selection process of the materials in the thesis was made using the 

same process as mentioned above, with an addition of reading multiple papers on the 

materials and seeing the results section. A few of promising candidates were introduced in 

this thesis, regarding their found properties by their relevance in aerospace thermal protection 

systems.  
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2 Literature review 

The goal of this literature review is to gain an overall understanding of the thermal barriers 

used in aerospace industry and the possible usage of high entropy oxide ceramics as thermal 

barriers in future aerospace or space shuttle applications.  

2.1 History of Thermal Barriers in Aerospace Industry 

In the 1950s and the 1960s it was believed that there is no material in existence to withstand 

the thermal heating in the re-entry process and so the term “thermal barrier” was introduced. 

In essence the thermal barrier (TB) or thermal protection system (TPS) is a system designed 

to protect the RV against aerodynamic heating encountered in the re-entry phase of the 

spaceflight. Many TPS technologies have been developed since to make RVs safer for re-

entry. [2] 

The first NASA space shuttle mission took place in April 1981 [3]. After the first mission 

numerous subsequent missions took place. All these missions contained a shuttle and were 

launched into an orbit around the earth. Space shuttles upon returning from the orbit during 

the re-entry phase encounter high temperatures with speeds around Mach 25 [1]. In terms of 

NASA’s shuttle program, the last mission took place in 2011 upon the retirement of the 

shuttle program [3]. NASA has since then stated in 2015 that more efficient TPS are required 

for future space missions [2]. 

2.2 Importance of Thermal Protection Systems 

In general, the thermal protection systems are designed to prevent the RV, and the possible 

crew or cargo within, from aerodynamic heating damage. This heat shielding property should 

be accomplished without significantly increasing the weight of the protection system to keep 

the RV intact during the spaceflight. In addition, the TPS must be able to resist oxidation to 

function as a heat shield during atmospheric re-entry. [2] 

2.2.1 Aerodynamic Heating and Drag 

First an equation to gain a better understanding of the importance of heat protection in TPS 

regarding atmospheric RVs. Equation 1 defines aerodynamic heating as 

𝑞𝑤 ≈
1

2
𝜌∞𝑉∞

3𝐶𝐻. (1) 



8 
 

Where 𝑞𝑤 is the heat flux [
𝑊

𝑚2
] , 𝜌∞ is the freestream air density [

𝑘𝑔

𝑚3
], 𝑉∞

3 is the freestream 

velocity [
𝑚

𝑠
] and 𝐶𝐻 the heat transfer coefficient. The main idea presented in the equation 1 is 

that heat flux increases with the cube of the velocity of the vehicle. This means that 

aerodynamic heating caused by air friction increases rapidly during the re-entry phase when 

speeds reach Mach 25 as mentioned above. [1] 

In addition to equation 1, equation 2 defines aerodynamic drag as 

𝐷 =
1

2
𝜌∞𝑉∞

2𝑆𝐶𝐷. (2) 

Where 𝐷 is the aerodynamic drag force [𝑁], 𝜌∞ and 𝑉∞ are the same as in equation 1, 𝑆 is the 

reference area [𝑚2] and 𝐶𝐷 is the drag coefficient. As seen in equation 2, the aerodynamic 

drag increases with the square of the velocity of the vehicle. This means that the growth of 

aerodynamic heating is more rapid at high velocities than the growth of aerodynamic drag. [1] 

2.2.2 Shape of the Re-entry Vehicle 

In 1951 Ames laboratory started working on safe re-entry when H. Julian Allan coined his 

famous blunt body concept. In the concept Allan and Eggers from Ames approached heating 

issue in terms of the shape of the re-entry object. They found that a blunt body would not only 

generate a boundary layer between the object and shockwave, but also that the heat from 

friction was carried behind the blunt object by the shockwave. This resulted in a hot wake 

behind the blunt body and lower temperature levels on the body. [4] 

The blunt body concept states that higher drag results in more heat dissipation into the 

atmosphere affecting the heat transfer into the re-entry vehicle [1]. The heat transfer for the 

vehicle is lower, since the blunt shape creates a larger shockwave that dissipates heat into the 

atmosphere more effectively than in a slender body or a cone structure [1]. The blunt body 

concept proven to be useful is not enough on its own. Even with the shape set on blunt body, 

the temperatures would still rise as high as 2760 °C in the blunt body [5].  
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Figure 1: Spread of the shockwave of the leading-edge on blunt or sharp bodies reprinted with 
permission from [6]. 

 

The figure 1 above contains an illustration of the shape of the leading edge and the effect it 

has on the shockwave. On the right a blunt edge, the shockwave travels around the object 

carrying the shockwave to the wake along with the heat of friction [4], [6]. At this point it was 

getting clearer that a successful re-entry process would require a blunt body geometry and 

thermal properties from the materials that could withstand the ca. 2760 °C peak temperatures 

[2]. 

2.3 Thermal Protection System Classification 

Thermal protection systems or thermal barriers can be classified into three concepts regarding 

methods of cooling down the structure and the vehicle by extension as well: passive TPS, 

semi-passive TPS and active TPS [2]. Example types of each classification will be included in 

the figure 2 below. In selecting between these TPS types mentioned in the figure 2 below, 

there are multiple factors to consider. These factors include type of propulsion system, 

geometry, heat flux amount on the surface and the exposure time of the surface [2].  
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Figure 2: TPS Concepts in detail; a) Passive TPS, b) Semi-passive TPS, c) Active TPS reprinted with 
permission from [7]. 

2.3.1 Passive TPS 

Passive TPS can be cooled with a heat sink, hot structure or an insulated structure like seen in 

figure 2. Heat sinks are generally used in cases where heat pulses are short. Heat sinks are 

typically made of a metal with high thermal storage capabilities. In hot structures emissivity is 

high and therefore re-radiation is high once the surface temperature reaches a certain point. 

Hot structures can withstand longer heat pulses than heat sinks, limiting factor being the 

temperature level itself. Insulated structures consist of two main layers. The outer layer is 

efficiently radiating heat to the surroundings while the inner layer insulates and slows down 

the transfer of heat. [2] 

Passive TPS solutions are often reusable. Also, the temperatures in which passive TPS are 

used are as high as 1000 °C. In some instances, more than 1000 °C temperature must be 

endured, such as NASA’s space shuttle orbiter (SSO). In the SSO the nose cap, lead edges 

and control surfaces encounter higher temperatures and require semi-passive or active TPS 

methods. For example, the conceptual X-33 spaceplane by NASA and Lockheed & Martin is 
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mostly cooled by passive TPS. Only exception to this being the nose cone and leading edges, 

which were planned to be passively or semi-passively cooled. [7] 

2.3.2 Semi-Passive TPS 

In semi-passive TPS heat pipes and ablative surfaces are used to cool down the system. Heat 

pipes transfer heat from intense heat areas to cooler areas using a working fluid in the process. 

Ablation is a concept where the surface of the material is disposable by nature and charring 

will occur at high temperatures. This char is relatively low level in strength, so it then 

vaporizes off the surface. Among many concepts ablation is considered promising and is still 

in use today. [2] 

Most typical usage of semi-passive solutions is when moderate to high values of heat flux is 

encountered over a long period of time [7]. The nose cone and leading edges are often cooled 

by heat pipes in the RV [7]. Heat pipes in general are in the sequence of preference on the 

second place after passive solutions, and ahead of ablation and finally active solutions [7]. 

Ablation has been the most traditional approach to TPS and has been in use for over 40 years. 

In all NASA planetary entry probes hypersonic heating cases, ablative TPS was used [8]. 

Ablative surfaces designed to be single-use in most modern space capsules, but offer high 

heat flux resistance in exchange [7]. 

2.3.3 Active TPS 

Active TPS is divided into transpiration cooling, film cooling and convective cooling. In 

convective cooling a cooling liquid is pumped under the surface of the TPS to achieve cooling 

of the vehicle. Film cooling is used in hypersonic vehicles, and it is based on the process of 

spraying a coolant film on the surface of the TPS. This way the coolant forms a film that 

cools the structure. In transpiration cooling a porous wall is used to transfer a coolant to the 

hot fluid side wall. While the coolant passes the porous wall the coolant absorbs heat and 

cools down the porous structure. This cooling results in a steady state and equilibrium state 

between the porous wall and the coolant. [2] 

Transpiration cooling is used for extreme temperatures ≥ 1649 °C and longer flight times 

upwards of 1.5 hours [2]. Active cooling is considered least preferred of the choices. Active 

cooling contains higher weight, increased costs and has generally most complex structure. In 

some cases, active cooling is necessary, since it can sustain high heat flux. Usage of active 
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cooling is typical in space vehicles or RVs engine nozzles. In addition, leading edges of the 

space vehicle could be actively cooled if the exposure time is long and highest heat fluxes 

may reach 16 kW / cm2. Heat fluxes greater than 1000 W / cm2 are considered extremely 

high. [7] 

2.4 Required Properties of Thermal Barriers 

In the TPSs currently multiple factors must be taken into consideration. Hypersonic RVs are 

exposed to harsh aerodynamic environments during their flights [9]. The severity of these 

circumstances depends on the amount of time spent in these environments and the flights 

selected Mach number i.e. the speed of the RV during the mission [9]. Especially, the 

importance of reusability is paramount in the selection of TB materials [9]. 

The list of properties required for mostly reusable TPSs is long but can be summed in a 

seven-point list. The properties listed include high temperature capability (i), high temperature 

shock resistance (ii), stability over numerous missions (iii), high emissivity and low catalycity 

(iv), low thermal expansion (v), low thermal conductivity (vi), and minimal weight (vii). 

These are considered key properties of reusable TPS solutions in RVs and in reusable launch 

vehicles or RLVs. [2] 

2.5 Thermal Barriers in Contemporary TPS 

First a clarification between TPS and thermal barriers. Thermal Barriers are often the 

materials within the entirety of TPS, giving the system the heat resisting property. In this 

section the thermal barriers used in different TPS solutions is discussed. This overview into 

thermal barriers includes characteristics of different materials and usage. A closer look at the 

TPSs in the Space Shuttle Orbiter (SSO) is also presented in this section.  

In reusable TPS applications, materials such as the Inconel superalloy, carbon reinforced 

composite (C/C) and silica fibre ceramic tiles were used in the 20th century TPSs against re-

entry heating [7]. In the 21st century reusable TPSs materials include ultra-high temperature 

ceramics (UHTCs), multiple carbon and silicon carbides mixed with ceramic matrix 

composites (CMCs) and lightweight superalloys [7]. Recently UHTCs have been tested for 

TPS applications with promising results [2].  
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2.5.1 Carbon Reinforced Composites 

Carbon reinforced composites (C/C) are used in thermal barriers and therefore in TPS, 

specifically in nose cones and lead edges of RVs [7]. Benefits of C/C composites include low 

density (𝜌 ≤ 2.0
𝑔

𝑐𝑚3), high corrosion resistance, low thermal expansion coefficient, thermal 

shock resistance and high material strength [10]. In oxygen-present environments and at high 

temperatures C/C composites alone are rarely utilized, since oxidation occurs only at above 

400 °C [10].  

One of the earliest material examples of C/C composites is reinforced carbon-carbon (RCC), 

which was developed in the 1960s. Reinforced carbon-carbon is a C/C composite, in which 

the carbon reinforced composite is coated with silicon carbide (SiC). With the SiC coating the 

RCC is much more resistant to oxidation at above 500 °C and able to withstand temperatures 

up to 2400 °C. This SiC coating on the RCC acts as a separate layer and offers protection on 

the material strength as well. [2] 

2.5.2 Ultra-High Temperature Ceramics 

Temperatures reaching over 1600 °C and even above 2200 °C are categorized as ultra-high 

temperatures [11]. Research on the UHTCs started in the 1950s since their innate ability to 

resist corrosion at high temperatures [6]. UHTCs were considered an interesting topic already 

in the 1960s widely across aerospace applications, with research still continuing today [6]. 

Disregarding the temperatures, ultra-high temperature ceramics (UHTCs) must be able to 

withstand high heat flux, mechanical stress and vibrations during the launch sequence or the 

re-entry phase of the RV [11].  

UHTCs showed in experiments by Ames Glenn Research Centre and Air Force Space 

Command to be brittle and shatter [6]. In addition, the UHTCs showed to have important 

traits when it comes to ablation resistance in difficult environments [6]. To overcome this 

brittleness in UHTCs there have been numerous attempts, one of which was toughening the 

bulks of structures with continuous fibres [6]. In effect, the improvement of brittleness and 

thermal shock resistance can be seen in the study of ultra-high temperature ceramic matrix 

composites (UHTCMCs) [6].  

The innate brittleness is yet to overcome in UHTCMCs, the overall brittleness of the 

composite is improved largely with the introduction of continuous fibre-reinforcement [6]. 



14 
 

Ultra-high temperature ceramics (UHTCs) and ultra-high temperature ceramic matrix 

composites (UHTCMCs) are significantly different from one another [2]. It is believed that 

UHTCMCs are more resistant to oxidation, fractures and thermal shock than UHTCs in 

general [2].  

Carbon ceramic composites have become a promising area in the study regarding UHTC 

thermal barriers in aerospace heat-shields [12]. One of such materials is Cf/C-UHTC carbon 

fabric composite [12]. This composite often contains differing amounts of SiC in the matrix 

[12]. In this case, the composite matrix system consisted of HfC–HfB2–NbC–NbB2–TiC–

TiB2–B4C–SiC, with the quantity of SiC in the system not exceeding 9.0 wt% [12]. The 

results indicated that said Cf/C-UHTC has potential in high temperature applications, and 

further research toward different compositions was encouraged as well [12].  

2.5.3 Space Shuttle Orbiter TPSs 

In understanding the thermal protection systems of any reusable launch vehicles (RLVs) in 

general, figure 3 below is to illustrate the TPS solutions in NASAs Space Shuttle Orbiter 

(SSO). The first mission (STS-1) of the SSO flight was a test mission by nature and it was 

launched in April, 1981 [3]. Whilst material selection was made on the SSO, the TPSs were 

supposed to be mostly reusable [2]. The overall structure of the SSO was aluminium and the 

TPS solutions were bonded to the surface of the vehicle [2].  

Five basic materials were selected, and they are seen in figure 3 below [2]. These materials 

are reinforced carbon-carbon, high-temperature reusable surface insulation tiles, low-

temperature reusable surface insulation tiles, advanced flexible reusable surface insulation 

blanket, and flexible reusable surface insulation blanket. 
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Figure 3: Different thermal protection systems used in the initial SSO design; different materials are 
assigned different colours for easier recognition. Figure reprinted from [2] with permission. 

 

Highest re-entry heating areas are protected by specially processed RCC material and covered 

with SiC coating to prevent oxidation [13]. High-temperature reusable surface insulation 

(HRSI) tiles and low-temperature reusable surface insulation (LRSI) tiles were widely used in 

the SSO initially [2]. LRSI tiles and HRSI tiles main differences include the colour of the 

material and by extension the reflectivity. LRSI tiles were coated white, making them more 

reflective than HRSI tiles. LRSI tiles were there to maintain temperatures at around 694 °C. 

HRSI tiles, which were made of black borosilicate glass coating, maintained temperatures at 

around 1260 °C. The RCC coated with SiC was developed in the 1960s. The HRSI and LRSI 

tiles were developed in the 1970s. [2] 

Later, in the 1980s the advanced flexible reusable surface insulation blankets (AFRSI) and 

more common flexible reusable surface insulation blankets (FRSI) were introduced. FRSI 

blankets kept temperatures below 370 °C and AFRSI blankets temperatures were higher at 

around 650 °C. In the initial SSO TPS design LRSI tiles were commonly used but later 

NASA decided to replace the LRSI tiles with AFRSI blankets. AFRSI blankets were 

considered better alternatives due to their lighter weight and stronger structure than LRSI 

tiles. [2] 

2.6 Overview of High Entropy Oxide Ceramics (HEOC) 

The scientific research has been increasing regarding high entropy oxide ceramics (HEOCs) 

in the past years [14]. In moving towards HEOCs it is important to understand the concept of 
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entropy and the properties or characteristics of high entropy materials (HEMs). In general, 

high entropy materials consist of five or more elements in the same or nearly the same molar 

ratios [15]. High levels of chemical complexity alongside crystal structures are introduced 

into this multi-element system making the final material show its one-of-a-kind chemical and 

physical properties [15]. The studying of high entropy materials began with high entropy 

alloys (HEAs) in 2004 [15]. 

 

Figure 4: Showing atomically equal quantity of elements before and after mixing. Reprinted with open-
access from [16]. 

 

2.6.1 Concept of Entropy 

Entropy as a concept was introduced in 1850 by a German physicist, Rudolf Clausius [14]. In 

the concept entropy is defined as the degree of disorder in a thermodynamic system, and this 

initial degree of disorder is used to determine the disorder of the entire system [14]. In cases 

where the system has high entropy, the entropy calculation is important [14]. The following 

equation (3) shows the calculation of mixing entropy of HEOs in an ideal state: 

∆𝑆𝑚𝑖𝑥 = −𝑅 ∑ 𝑥𝑖𝑙𝑛𝑥𝑖
𝑖=1
𝑁 . (3) 

In the eq. (3) above 𝑅 is the gas constant (𝑅 = 8.314 
𝐽

𝐾∗𝑚𝑜𝑙
), 𝑥𝑖 is the atomic fraction of 𝑖th 

element and 𝑁 being the total number of elements. As seen in the eq. (3) the mixing entropy 

(∆𝑆𝑚𝑖𝑥) reaches maximum value when atomic fraction is equal, and number of elements is 

high. This equation can be further simplified for cases with equal atomic compositions. [14], 

[17] 
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∆𝑆𝑚𝑖𝑥 = 𝑅𝑙𝑛𝑁. (4) 

 

Figure 5: Definitions of high-entropy ceramics and medium-entropy ceramics, and relations between 
mixing entropy and number of elements. Reprinted with permission from [17]. 

 

The effect of element number on the entropy of mixing in equal atomic mixtures calculated 

with eq. (4) is seen in the figure 5 above to further demonstrate the idea. It is seen in the 

figure 5 above that raising the entropy results in simpler forming and stabilizing of single-

phase materials with multiple mixed elements within [17]. This fig. 5 shows that for a 

material to be considered high in entropy, at least 5 elements are required in the mix. In 

addition, a mixing entropy value (∆𝑆𝑚𝑖𝑥 > 1.5 𝑅) confirms the materials high entropy status. 

2.6.2 Core Characteristics of HEOCs 

The HEOCs can be characterized by four core effects: (i) High entropy effect, (ii) Severe 

lattice distortion effect, (iii) Sluggish diffusion effect, and (iv) Cocktail effect [18]. These four 

characteristics are the result of the powerful mixing nature within the materials in HEOCs 

[18].  

The high entropy effect (i) is one of the main features in HEMs [15]. In short, this effect 

increase the mixing disorder, which in turn lowers the overall energy of the material [15]. 
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This results in preventing the atoms from separating or forming multiple phases, which helps 

the material keep a steady single phase even in complex chemical environments [15]. 

Severe lattice distortion effect (ii) in short happens when atoms of different sizes and 

properties distort the crystal structure. In terms of HEOCs, metal and oxygen ions are spread 

evenly throughout the structure. When atom size or the bonding behaviour is altered, 

irregularities in the crystal structure will ensue. While irregularities increase the chances of 

distortions and dislocations, this could lead to noticeable local lattice distortions. [15] 

The sluggish diffusion effect (iii) is the result of different diffusion rates of elements and the 

high entropy effect. In HEMs atoms can only move (diffuse) when there are suitable 

vacancies in the lattice. In the case of HEOCs, lattice distortion and interactions between 

atoms lead to each atom getting slightly moved from its ideal position. This then raises the 

material’s energy and reduces the moving of atoms. Resulting in slower diffusion. At higher 

temperatures slower diffusion is useful, since it improves the phase stability of HEOCs. [15] 

The cocktail effect (iv) is a descriptive name for an effect in HEOCs coined by an Indian 

researcher Ranganathan in 2003. As the name suggests, the simple combination of elements’ 

properties is not the full result of the material. Elements interact in complex ways to create 

new and possibly better properties when mixed. The name of the effect is inspired by the 

synergistic nature of cocktails, the combination of ingredients often results in better outcome 

than ingredients on their own. [15], [18] 

2.6.3 Structures of HEOCs 

Properties such as strength and hardness of HEAs is mostly determined by the structure of a 

given HEA [19]. These structures include body-centred-cubic (BCC) or face-centred-cubic 

(FCC) structures [19]. In BCC-structured HEAs plasticity is limited and yield strength is low 

[19]. Mixing both BCC and FCC structures is often necessary to achieve desirable mechanical 

properties, such as high strength and good ductility [19]. Since HEOCs have multiple 

elements compared to traditional ceramics, the structure is often a complex crystal structure 

[14].  

In HEOCs a myriad of different crystal structures are known, which include rock-salt, 

fluorite, perovskite, spinel, pyrochlore, and olivine structures [14]. Of these structures, rock-

salt type structures are one of the most studied, since it was discovered early and formation of 

the structure is considered easy [15]. In rock salt type structures, the (MgCoNiCuZn)O is the 
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most classic example [15]. This rock salt type structure of HEOC has been the base for the 

following rock salt type structures that have been found [15]. Rock salt is a basic crystal 

structure overall, which is common in HEOs [14]. HEOCs with this rock salt structure exhibit 

properties such as high ionic conductivity and high dielectric constant [14]. 

 

Figure 6: Showing the crystal structure of rock salt type HEOCs (a) and crystal structure of fluorite type 
HEOCs (b). Reprinted with open-access from [15]. 

 

Another crystal structure of HEOCs is fluorite. After the entropy-stabilized rock salt type 

structures were introduced, entropy’s effects on different oxide structures was researched 

further [14]. Multiple rare-earth oxides with fluorite structures emerged with functional 

properties of high value [14]. The concept of entropy has also provided new possibilities in 

designing and synthesizing these structures [14]. 

2.7 HEOC Properties 

In general, HEOCs possess diverse properties, which are potentially valuable for multiple 

fields of research, including thermal barrier coatings (TBCs) [14]. Some of these valuable 

properties are good thermal stability and high hardness [20]. HEOCs have also been noticed 

to reduce thermal conductivity, which is of value in thermal barrier coating [20]. Studies of 

HEOCs as TBC materials have been conducted increasingly in the past years [20]. 
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2.7.1 Example HEOCs 

Some potential HEOCs could include high entropy rare-earth zirconate ceramics. A selection 

of three of these said HEOCs are: (Nd0.2Sm0.2Gd0.2Ho0.2Er0.2)2Zr2O7 (NSGHE), 

(La0.2Nd0.2Sm0.2Gd0.2Ho0.2)2Zr2O7 (LNSGH), and (La0.2Nd0.2Sm0.2Gd0.2Er0.2)2Zr2O7 (LNSGE) 

[21]. These HEOCs altogether exhibited high thermal expansion coefficients (11.20–11.69 * 

10-6 * K-1 at 1200 °C) and low thermal conductivity at room temperature [21]. The HEOCs 

also exhibited excellent mechanical properties such as hardness (8.746–11.259 GPa) and 

fracture toughness [21]. 

Other candidate exhibiting promising properties in HEOCs include another high entropy rare-

earth zirconate ceramic, (Gd0.2Y0.2Er0.2Tm0.2Yb0.2)2Zr2O7 (GYETYb) [22]. Exhibiting 

extremely low thermal conductivity, high thermal expansion coefficient (10.61* 10-6 * K-1 at 

1300–1400 °C) and also excellent mechanical properties [22]. These mechanical properties 

include hardness (11.98 GPa), elastic modulus and fracture toughness [22]. 

Last one of selected HEOC candidates is a high entropy aluminium-based oxide ceramic, 

(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)2Al5O12 (YYbLEE) [23]. The thermal expansion coefficient is 

relatively low at (8.54 ± 0.29) * 10-6 * K-1 at 400–1000 °C and the thermal conductivity is 

relatively high [23]. The HEOC (YYbLEE) is still a promising candidate for thermal barrier 

applications [23]. 
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3 Discussion & Analysis 

This literature review was set out to explore whether high entropy oxide ceramics (HEOCs) 

could be seen as a viable alternative to traditional thermal protection system (TPS) materials 

or i.e. thermal barriers. This goal was set by the importance of TPS in re-entry vehicles (RVs). 

In short TPS consisting of thermal barriers is essential in RVs because of the intense heating 

during re-entry and the aerodynamic forces acting on the RV. 

3.1.1 Comparison of Thermal Barriers 

Table 1: Comparison of properties between HEOCs, Cf/C-UHTC and contemporary thermal barriers. 

TPS Material Density (kg / 

m3) 

Maximum 

Operating 

Temperatures 

(°C) 

Thermal 

Conductivity 

(W / m*K) 

Elastic  

Modulus  

(GPa) 

Fracture 

Toughness 

(MPa * 

m0.5) 

RCC, SiC coating 1600–1980 2400 690 40–100 5–10 

LRSI 140 650 0.048 - 3 

HRSI 144 1260 0.126 - 3 

AFRSI 145 650 - - - 

Cf/C-UHTC 2790–2910 1500* 0.280–0.285 7.8 ± 0.2 - 

(NSGHE) 6952 

(theoretical) 

~1600** 1.996 at ~23 

°C 

- 0.990 

(LNSGH) 6672 

(theoretical) 

~1600** 1.976 at ~23 

°C 

- 1.196 

(LNSGE) 6617 

(theoretical) 

~1600** 1.745 at ~23 

°C 

- 2.382 

(GYETYb) 7023 

(theoretical) 

< 1400 0.82 at 1200 

°C 

178 1.5352 

(YYbLEE) 6010 

(theoretical) 

~1590*** 3.81 at ~27 °C - - 

In this table some relevant properties of known thermal barriers are compared to selected HEOCs 
properties. Properties of HRSI, LRSI, RCC, AFRSI derived from [2]. Properties of Cf/C-UHTC from 
[12].Properties of (NSGHE), (LNSGH) and (LNSGE) from [21]. Properties of (GYETYb) from [22]. 
Properties of (YYbLEE) from [23]. HEOCs in tan, SSOs TPSs in white and Cf/C-UHTC in gray 
background for visual enhancement. 

* = Si3N4 -component of the Cf/C-UHTC, maximum stable temperature is 1500 °C [12]. 

** = 40 hours of heat treatment at 1600 °C and remained stable [21]. 

*** = 18 hours of heat treatment at 1590 °C and remained stable [23]. 
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In table 1 above a comparative summary of the material properties for different TPS 

candidates is presented. This includes traditional ceramics, UHTCs and HEOCs. The 

materials are assessed based on the key performance metrics most relevant to re-entry 

applications: density, maximum operating temperature, thermal conductivity, elastic modulus, 

and fracture toughness. Abbreviations are used in the table below for convenience. 

As seen in the table 1 above, many values differ from each other, which is the result of 

different sources being used and their varying way of categorizing values. All properties in 

the table are considered important in the use of TPS in general. Regarding HEOCs 

experimental data is limited since the research field is relatively new and has been pivoting in 

recent years showed by an increase in number of published papers. 

From the table 1 above it is clear that RCC coated with SiC is exhibiting the highest peak 

temperature capabilities ca. 2400 °C, but HEOCs such as NSGHE, LNSGH and LNSGE 

demonstrate promising maximum stability in temperatures ca. 1600 °C, suggesting their 

potential in moderate to high temperature applications within thermal barriers. HEOCs in 

general also exhibit lower thermal conductivity than RCC, but higher than classic silica tiles 

such as LRSI and HRSI. Indicating promising stiffness, GYETYb with 178 GPa is by far the 

most advanced in the comparison, further demonstrating the capabilities of HEOCs. 

In short, although the HEOCs do not reach the ultra-high thermal thresholds of RCC, the 

combination of moderate density range, mechanical structure, and ductility through entropy 

design makes them highly promising for next generation of thermal barriers in aerospace 

applications. HEOCs are relatively new in the field of thermal barriers and should be 

researched more. 

3.1.2 The Future in Terms of Thermal Barriers 

Future prospects in aerospace applications include interplanetary travel in manned missions 

[2]. These missions would require significantly more from the thermal barriers in TPS 

solutions seen today. Flight times would be increased in addition to sustainable reusability of 

the RVs. This sets the stage for more demanding requirements of thermal barriers for the 

future. When missions to new planets arise, new properties may be needed from thermal 

barriers. For example, Venus has a vastly different atmosphere than Earth has, so it is another 

factor to consider when new thermal barriers are designed.  
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4 Conclusions 

The scope of this thesis was to explore the usage of high entropy oxide ceramics in in thermal 

barriers, in aerospace re-entry applications particularly. The extreme temperatures in the re-

entry phase alongside high aerodynamic stresses make the thermal protection of the vehicle 

mandatory. This demands also other properties from the materials in question, such as 

mechanically robust and stable materials with resistance to oxidation. In best case scenario 

these materials should also be reusable. 

In this literature review some of current materials were explained in more detail, such as RCC 

and UHTCs. Key points from these material overviews provided insight towards the strengths 

and limitations of current thermal barriers. For example, RCC withstanding high temperatures 

up to 2400 °C but suffering from relatively high density and oxidation issues without a proper 

coating applied to it. In contrast, HEOCs are offering a new route with the help of high 

entropy effect and the cocktail effect, to have more favourable thermal and mechanical 

properties in the future. 

Through this literature review and the comparison of materials, findings regarding rare-earth 

zirconate HEOCs such as NSGHE, LNSGH, and LNSGE exhibited quite high thermal 

stability at 1500–1600 °C, with relatively low thermal conductivity and promising fracture 

toughness. Aluminium based garnet type HEOC such as YYbLEE on the other hand 

demonstrated strong structural integrity and potential for multifunctional applications. 

While the characteristics of HEOCs are promising, the HEOCs are still majorly experimental. 

A long-term validation is required under realistic or concrete aerospace conditions. 

Challenges with the complications of the synthesis process of these materials and the shear 

volume of possibilities. Most of the research regarding the HEOCs is done with five elements 

and increasing the number of elements the number of possible mixes grow exponentially. This 

opens doors and studying further is important. 

In short, HEOCs are offering a new direction in the development of next-generation thermal 

barriers in many industries, including aerospace industry. To unlock the full potential of 

HEOCs in re-entry vehicles, more research on the matter is needed. The foundation laid by 

this review indicates strong potential of HEOCs to complement or even replace thermal 

barriers in the upcoming aerospace missions. 
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