High temperature materials: properties, demands and applications
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Abstract

High-temperature materials are used in a wide range of industries and applications such as gas
turbine engines for aircrafts, power and nuclear power plants, different types of furnaces,
including blast furnaces, some fuel cells, industrial gas turbines, different types of reactors,
engines, electronic and lighting devices, and many others. Demands for high-temperature
materials are becoming more and more challenging every year. To perform efficiently,
effectively and at the same time to be economically viable, the materials used at high
temperatures must have certain characteristics that are particularly expected for applying
under such extreme conditions, for example, the strength and thermal resistance. In the
present review, some important requirements that should be satisfied by high temperature
materials will be discussed. Furthermore, the focus is put on refractory concretes, ceramics,
intermetallic alloys, and composites as four different categories of these materials, which are
also considered in respect to possibilities to overcome some of the current challenges.
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1. INTRODUCTION

High-temperature materials can be defined as materials that are able to withstand temperatures above 540 °C [1-4].
For these temperatures, many different materials can be a suitable selection, and some of the commonly used are
ceramics, some metals and alloys such as certain stainless steels, superalloys, refractory metals and composites. These
materials are used in furnaces for different applications (synthesis processes for metals, ceramics, refractories, heat
treatment, etc.), aircraft jet engines, electronic and lighting devices, industrial turbines, and nuclear reactors. Demands
for new advanced materials as well as for improvement of the existing construction materials are related to the several
mail properties, and moreover, to the combination of properties [5-10,12] in high-temperature ranges.

1. 1. Requirements for high temperature materials

Selection of an appropriate material for high-temperature applications should be based on requirements for
thermal, chemical, and mechanical properties, as well as on the cost. These properties could be related to the resistance
to different influences (chemicals, high temperature, corrosion, pressure, etc). One of the problems with all materials,
especially materials for high-temperature application, is associated with requirements for certain service life. Namely,
prolonged service life of a material decreases its cost, so it will become consequently more desirable from an economic
point of view [13]. It is very hard and challenging to produce a material for high-temperature application with long
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service life (up to several years in industrial situations). For example, the service life for such materials, used in different
applications where the operating temperatures range up to 1500 °C (e.g. steam turbines and high-temperature gas-
cooled reactors, etc.), is expected to be 1 million hours [14].

On the other hand, if applied temperatures are significantly higher, for example around 3000 °C, the material
maximal lifetime could be just around 10000 hours in advanced application such as in electrical furnace equipment.
According to published literature [1] required service lifetimes of selected components at working temperatures can be
presented as in Table 1.

Table 1. Different components/materials depending on requirements for component material service life and operating tempera-
ture. Adapted from [1]

Temperature, °C

Required component life, h

1000 2000 3000
1
10 Hypersonic space vehicle
100
1000 Aircraft turbines
10000 Electrical heating/electrical furnace equipment
100000 Industrial
1000000 turbines

The economic aspect in materials selection is very important and could be focused on variety of parameters such as:
long service lifetime (upon several years), low cost of repair and replacement, including the impact to the operation
process. Sometimes this could involve many plant start-ups and shutdowns and not all of the operations involve the
highest process temperatures [1,15-18]. High-temperature applications may demand components made of several
materials if the set design requirement to be achieved is wide and includes other demands [19]. Such solutions could
include special barriers and coatings (thermal barrier coatings, coating with special chemical or mechanical resistance),
keeping in mind compatibility of the selected materials. In addition to required chemical, physical, mechanical and
thermal properties demands for materials selection often include environmental resistance [20]. Different materials
related to the usual temperature range they can withstand are presented in Figure 1.
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Figure 1. Possible materials for applications in different operating temperature ranges
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It can be noticed that it is possible to choose between different materials for the same temperature range depending
on other demands and influences (chemical, pressure, mechanical). In applications at low temperatures, up to 1000 °C,
usual materials that are used are aluminum and titanium alloys and composites, as well as titanium aluminate. At these
temperatures, the applied materials are stable against oxidation. At some more challenging conditions, which include
temperatures over 1000 °C, superalloys, ceramic and graphite materials as well as refractory metals are mostly used. These
temperatures also often require oxidation protection coatings on the base material, unless refractory concretes are used.

The mostly expected requirements for high-temperature materials are:

1. Environmental resistance

2. Erosion resistance

3. Wear resistance

4. Suitable mechanical behavior

5. Suitable physical properties

Some of these requirements will be discussed in the present review.

High-temperature environment and its influence on the material can be very challenging. At these temperatures
corrosion is often involved, which can include influences of oxygen, sulfur oxides, carbon oxides, nitrogen, and its oxides,
as well, ash and salt deposits, including molten salts [21].

Environmental resistance usually includes oxidation resistance, sulfidation resistance, salt-and ash-deposit
corrosion resistance, and carburization resistance.

Erosion resistance is usually required when a moving fluid is in contact with the material. Also, the influence of
different types and dimensions of particles in the fluid can induce faster erosion processes. Erosion can be occurring in
materials alone, but more often it is combined with different types of corrosion processes. Simultaneous effects of
erosion and corrosion processes are noticed in fluidized beds used for electric power generation [1].

According to the standard DIN 50320, wear is a continuing mass loss of a material due to mechanical action, i.e.
contact and relative movements of a solid, liquid or gaseous counter body. Different wear mechanisms can occur,
inducing different wear patterns. Unfortunately, the surface of the material can be subjected to the combination of
different wear mechanisms. High temperatures accompanied by friction usually accelerate wear as well as chemical and
mechanical influences [22].

There is a wide range of terms available for description of wear mechanisms, but at least four groups can be
recognized: adhesive, abrasive, corrosive and fatigue [15,20-22].

Mechanical behavior considerations for high temperature materials include following features:

e zero-time deformation,

e creep,

e mechanical fatigue,

e thermo-mechanical fatigue, and

e corrosion-fatigue.

Creep is slow, continuous real time deformation in solid materials particularly occurring in materials exposed for
long times to high temperatures. For metals, creep occurs at temperatures above 0.3/0.4 of the melting temperature
expressed in absolute degrees [1]. At relatively low temperatures, creep is restricted by grain boundaries or precipitates,
which restrict dislocation movement. At higher temperatures, dislocations can move (climb out of their blocked slip
plane) continuing the creep process [1]. Movement of the dislocations is controlled by diffusion. Many crystalline solids
have similar activation energies which are related to creep and self-diffusion processes [15].

A wide range of physical properties have different influences on the behavior of materials at high temperatures, as

well as on the lifetime of components. The properties important to study for high-temperature applications are [1]:
e density,
e thermal expansion coefficient,
e thermal conductivity,
e  Young's modulus, and
e hardness.
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2. MATERIALS

There is an abundance of different materials that can find use as high-temperature materials. In this review, four
different categories of materials will be assessed as presented in Figure 2.

CONCRETES

Figure 2. Categories of materials for high-temperature applications [23]

2. 1. Refractory concretes

For more than 60 years refractory concretes have been applied under high-temperature industrial conditions. The
advantage of these materials is in high strength values even at high working temperatures so that they are commonly
used in steel, glass and chemical industries among many. Above 400 °C, or more precisely around 500 °C, the hydrated
phase (Ca(OH)2) dehydrates to CaO, which can rehydrate if being left under atmospheric conditions. These phenomena
are followed by cracking, expanding, and losing the material strength; therefore, it is believed that refractory concretes
need to be used at operating temperatures above 500 °C [24]. Refractory concretes belong to the group of monolithic
refractory materials. In the beginning, their applications were intended as substitutes for more complex previously used
materials.

Refractory concretes were discovered in the USA, with the first recorded application dating back to as early as the
World War Two followed by later applications in Japan. Since these materials are easy and simple to install, soon they
found the use in the steel industry. In the last few decades, there is a trend to replace firebricks with refractory concretes
becoming prevalent, especially in steel and iron industries, and resulting in the fact that nowadays refractory concrete
yields 40 % of all refractory materials produced in more developed countries [25]. Also, refractory concretes have
become recently one of the fastest-developing branches of the industry of refractories. An important advantage of using
refractory concretes is the avoidance of joints distinctive for refractory bricks, and, thus, exclusion of possible weak
spots in reactor linings. Refractory concretes can be used at temperatures that exceed 1500°C. On the market, they are
found as dry mixtures that are then mixed onsite with water or another liquid. Upon the mixing, these materials harden
at high or normal temperatures, while exhibiting limited shrinkage or expansion at the application temperature [26].
These materials have many advantages over different types of concretes, some of which are listed in Figure 3.

During the use, refractory concretes are exposed to different strains and wear mechanisms, some of them being:
mechanical loads, abrasion, and corrosion as well as thermal shock. Under these conditions, behavior of refractory
concretes is influenced by their chemical and phase composition as well as the microstructure, which strongly affects
the thermal and mechanical properties.

276 @




M. SIMIC et al.: HIGH TEMPERATURE MATERIALS

Hem. Ind. 74 (4) 273-284 (2020)

Refractory concretes are monolithic, so
there can be no destruction by tips

Unshaped refractory materials are
synthesized and cured in oxidative

atmospheres, so their phase composition

has oxide components U

Thermostability of refractory concretes is
higher than the bricks, because of different
sintering degree from hot to cold sid

]

Refractory concretes with  calcium
aluminate cement develop 70-80 % of their

hardness in the first 24 hours ﬂ
Quick installation and easily repairable

A great substitute for other complex

materials

Easy installation in hardly accessible
regions

Refractory concretes have low thermal
conductivity compared to the shaped
refractory materials with uniform structure

The resistance of refractory concrete to the
effect of slag is higher compared to bricks

of the same class

Small storage and quick availability of
raw materials

Figure 3. Advantages of refractory concretes. Adapted from [26]

Refractory concretes or so-called "refractory castables" contain certain heat resistant aggregate and the corresponding
hydraulic cement. Many ingredients can be added in small quantities with the aim to control the setting time, hardening
rate, workability, strength, expansion due to reheat, etc. [24]. The aggregate is the major component of refractory
concrete, usually comprising approximately 75 % of the mixture. The high-temperature resistant aggregate grains are held
together by hydraulic, chemical or ceramic bonds, thus forming a solid mass that has adequate properties both before and
after sintering at high temperature. The aggregate purity is an important parameter governing refractory properties so
that high purity, in general, will improve the material properties, but unfortunately also increase the costs [26,27].
Aggregate grading and packing are very important in producing a good quality product, so that loose packing can cause
low density and therefore low strength. In order to have a compact packing, a close pack system with carefully sized
aggregates is applied. Some typical aggregates are calcined fireclay, kyanite, calcined bauxite and sintered alumina [24-26].
When these materials are properly synthesized, cured and sintered, they become inert and volume stable.

2. 2. Ceramic materials

Environmental impact of ceramic, as well as of all other building materials, is of ever-growing importance, thus
inducing fast development and design of environment-friendly materials. Environmental impacts that should be
minimized in order to achieve sustainability are related to all the ceramic manufacture phases such as raw materials
processing, synthesis, forming techniques, transportation, and consumption of natural resources including materials
and energy [28-33].

Therefore, ecology and energy are the two main fields regarding which improvements of ceramic materials and the
manufacturing process are attempted. The first approach is based on ratification of the Kyoto protocol focusing on
preserving the environment by applying novel methods especially directed to minimization of the ozone layer damage [32].
The second approach focuses on saving energy, which is beneficial from both the economical point of view and the attempt
to preserve the lacking fossil fuel stocks. Consequently, the emphasis of recent research is put on achieving higher

277



Hem. Ind. 74 (4) 273-284 (2020) M. SIMIC et al.: HIGH TEMPERATURE MATERIALS

efficiencies, on one hand, and on decreasing harmful emissions, most notably CO2 and NOy, on the other. Different options
are envisaged for achieving this goal, and one of them is weight reduction of turbine and motor components while
increasing their operational temperature. If this is accomplished, and in combination with little or absence of cooling air
systems, too, lower fuel consumption, reduced harmful emissions and higher reliability will be achieved [33]. Materials
used in these applications until now were superalloys. However, increasing demands make these materials not suitable in
terms of sustainability, so that ceramic materials have become excellent candidates for replacement [34]. Ceramic
materials are usually characterized with good mechanical (compressive and flexural strength, fracture toughness, thermal
stability, creep), chemical (resistance to corrosion), tribological (resistance to wear and erosion) and physical properties
(thermal conductivity, density, thermal expansion coefficient). Additionally, a very important feature of these materials is
stability of all these properties staying in the same ranges for long operating times including operation at high temperatures
[35]. Some of the ceramic material types mostly used at high-temperature conditions, especially in energy and transport
industries, are ceramic matrix composites (CMCs), thermal barrier coatings (TBCs), environmental barrier coatings (EBCs),
and ceramic materials for solid oxide fuel cells (SOFCs) [36].

2. 2. 1. Ceramic matrix composites (CMCs)

Along with the great potential of ceramic materials for utilization at high temperatures, there is a persistent problem
with monolithic ceramics, more precisely, their catastrophic failure under high temperatures and basic brittleness,
which cause low damage tolerance of components used under certain conditions. One way for overcoming this problem
is by incorporating a reinforcement phase to the matrix as it amplifies the fracture toughness of the material [37].

In addition to oxide ceramics, which are used for a long time and for many applications, recently non-oxide CMCs
are being mostly applied for challenging conditions. The reason is related to very high refractoriness and strength values
as well as low wetting angles of these materials. These properties are advantageous for many applications in
metallurgical engineering (e.g. steel plants, furnaces for different processes). Also, non-oxide CMCs could be used under
demanding conditions for different types of turbines [38], engines [39], vehicles [40] and friction systems [41,42]. In
these applications carbon or SiC fibers and reinforced SiC-based materials (C/SiC or SiC/SiC composites) are widely
utilized especially since such composites exhibit better properties as compared to monolithic materials [43].

2. 2. 2. Thermal barrier coatings (TBCs)

Extreme temperature conditions in certain industrial environments require use of protective ceramic materials as
thermal barrier coatings (TBCs) [44]. Application of these materials is related to high temperatures, as well as corrosive
and oxidizing environments. TBCs are successfully applied as protective coatings for different turbine types, combustion
lines, and different types of blades resulting in extension of the lifetime of these parts [44-48].

2. 2. 3. Environmental barrier coatings (EBCs)

Materials based on silicon nitride (SisN4) and silicon carbide (SiC) are used for turbine engine combustion
environments [40,42] due to formation of a protective silica layer, which is highly resistant to oxidation [48-50}.
However, this layer reacts with water vapor leading to recession. Thus, environmental barrier coatings (EBCs) are
developed as a solution to provide chemical protection, phase stability at the working/operating conditions, and low
chemical reactivity under different (corrosive or oxidizing) environments [51].

2. 2. 4. Ceramic materials for solid oxide fuel cells (SOFCs)

Power generated by fuel cells, as opposed to that produced by classical energy conversion systems is becoming
vastly important. Some fuel cells are more efficient than others, and among them the most productive one is the solid
oxide fuel cell (SOFC), which has also the advantage in high flexibility regarding fuel that could be hydrogen, carbon
monoxide or hydrocarbons like methane [39]. A SOFC consists of four elements, as it is shown in Figure 4.
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Figure 4. Schematic presentation of a solid oxide fuel cell

The conventional SOFCs operate at high temperatures in the range 800—1000 °C, which induce high fabrication costs,
especially those of the interconnect. Also, good integration of the SOFC components could be a challenging task to
achieve. Therefore, combination of SOFC devices with other ceramic materials should be investigated in order to provide
the use at intermediate temperatures (500—-700 °C). Another improvement is related to modifications of the cell
configuration, which could also result in the cost reduction [39].

There is a huge number of articles related to general [48-52] and specific (electrolyte [50], electrodes [51] and
interconnect [52]) problems related to SOFC devices. A specific interest is in the development of SOFCs in combination
with ceramic materials different from the previously used (conventional).

2. 3. Intermetallic alloys

Intermetallic compounds can be described as crystal structures with an ordered arrangement and consisting of alloy
phases formed between two or more metallic or semimetallic elements. In these structures, the alloy phases are
arranged as two or more sub-lattices, defining the atomic structure. Intermetallic alloys with arranged structures exhibit
superior high-temperature properties, which could be explained by the long-range-ordered super-lattice, which reduces
the dislocation mobility, thus also reducing diffusion processes at operating (elevated) temperatures [53]. The usual
materials of this type used for high temperature applications are nickel and iron aluminides, different types of steels
(carbon and alloy steels, stainless 300 and 400 series), nickel, titanium and aluminum based alloys.

Each class of materials has its own importance based on the unique set of material properties. It is well known that
many physical parameters affect the material mechanical properties, so it would be useful to determine several key
properties based on available data, that could serve as guides for selection of the appropriate components. There are
numerous candidates and possible combinations as the research has shown that there are nearly 300 binary compounds
that melt above 1500°C. Two basic physical properties were shown to be crucial for starting the selection: the melting
temperature (Tm) and the relative density (p). There are also several more useful structure intensive properties, such
as: stiffness, elastic modulus, and the thermal expansion coefficient [53-56]. Since these properties depend on the final
microstructure, they could be helpful indicators of minor variations in alloying elements and resulting mechanical
properties. Dependence of these properties on the material structure and the consequent materials selection process
are described in literature [53-57].

2. 4. Composites

Over the course of the last decade, different composites have shown impressive improvements provoking the
primary interest of military and space industries [58]. Most of such applications include service temperatures below
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120°C. A lot of attention is also being put on expanding the usage of composites to different areas with the operating
temperatures in the range of 200-400 °C [59]. Some interesting applications include structural and non-structural parts
of aero-engines and airframe components for supersonic or hypersonic aircrafts. Development of different polymer
materials with attractive properties (bismalemides, polymides, cyanates, liquid crystalline polymers) make the list of
possible composite materials wider [60]. However, the selection of appropriate technologies and processes for
composite production has to be carefully performed in order to achieve the specific requirements, as well as to afford
the production costs [61]

3. APPLICATIONS OF HIGH TEMPERATURE MATERIALS

Full understanding of material properties (mechanical, physical and chemical) and selected production processes of
materials with required properties can lead to innovative materials for entirely different and new applications. It should
be kept in mind, that characterization of conventional materials is performed by conventional testing procedures, while
new materials and their possible applications will require advanced or new testing methods and procedures for material
characterization and understanding [1-7].

High temperature materials are applied in processes and industries with very specific demands for material
properties that are hard to achieve. Such examples are: thermal processing (including metallurgical engineering),
chemical, marine, road, aircraft and space industries [62].

3. 1. Thermal processing

High temperature processes are employed in many industries, such as chemical and metallurgical engineering,
ceramic, cement and glass industries. Equipment in these industries includes many different furnaces, reactors and kilns
as well as heat exchangers, which all have in common the need for high temperature resistant materials in the
construction [63].

3. 2. Chemical industry

Processes and treatments at high temperatures and pressures can be found in chemical industry, as well.
Construction materials for chemical reactors have to exhibit resistance to high temperatures, corrosion, oxidation or
reduction processes, high pressures, as well as to other specific environmental conditions. Many of the used materials
belong to thermal barrier coatings, alloys with selected properties (stainless steel, spatial aluminum alloys, heat
resistant alloys), ceramic and composite materials [64]. As fuels are often used for generating heat required, flue gasses
at high temperatures become a problem, which is commonly solved by using heat exchangers for energy efficiency and
savings, as well as filters and other waste gas treatment processes and equipment. High temperature materials have to
be utilized in these processes as working temperatures in oil industry, in some catalytic processes, for example, may be
in the range of 950-1050 °C [65].

3. 3. Aircraft and space vehicles

Development of novel materials with designed properties is closely related to modern industries, and their demands.
Aircraft and space industries are such modern industries, both with specific requirements for materials used in any part
of aircraft or space vehicle. In response, many modern materials were designed, such as superalloys, refractory metals,
tungsten, and special varieties of graphite and carbide and nitride ceramics and composites. These materials exhibit
thermal resistance, resistance to thermal shock, high thermal stresses, and resistance to corrosion and erosion [66].

3. 4. High-temperature steam turbines

Steam turbines often operate at temperatures around 600°C, but at some conditions these temperatures could be
higher. Requirements for adequate materials include high thermal stability, and resistance to corrosion and cavitation.
Based on optimized material for the specific operating conditions parts such are rotors, blades, nozzles, and piping could
be produced with high reliability and economic lifetime [68].
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3. 5. Nuclear reactors

Compared to materials described in previous chapters and operating conditions in most of industries, materials for
nuclear reactors have to be resistant to specific cooling fluids (helium, sodium). Also, along with high temperature
resistance materials for nuclear reactors have to be resistant to corrosive and erosive attacks [69].

3. 6. Marine industry

Traditional materials mostly used in the marine industry over the years include wood, steel and concrete. Influence
of salt water and specificities of marine vehicles impose material requirements such as corrosion resistance, good
strength to weight ratio, possibilities to achieve specific geometry demands, and low cost. Advanced materials include
sulfur concrete [71,72], cement and cement-based composites [73,74], glass reinforced plastic materials, ferrocement,
and aramid fibers composites. These new materials require development of novel testing procedures for material life
cycle assessment [75].

Some types of ships still use diesel motors, which are subjected to severe mechanical or thermal stresses and
corrosive attacks at high temperatures during operation [70]. These temperatures could be around 800 °C, at some
specific parts, as in pre-combustion chambers, exhaust valves, and parts related to high mechanical stresses.

3. 7. Road and rail

The most widely used material for rails is pearlitic steel, because of its ability to resist wear, which is one of the most
important properties for this application. Also, diesel engines are still widely used for road and rail transport, as well
mentioned above in marine industry [76]. Besides the wear resistance, corrosion resistance is of high importance, as
refined fuels are often used rather than the heavier residual oils utilized in marine engines. Environmental conditions
have to be taken into account, such as large temperature intervals including operation at low as well as high
temperatures requiring corrosion resistance.

4. CONCLUSION

This review paper discusses the most important materials applied under high temperature conditions as well as their
main properties and industrial applications. Besides, this review can be considered as a guideline for materials selection
according to different needs, as the main uses for all material types are discussed. Requirements for high-temperature
applications have been explained, with the most notable being environmental resistance, erosion and wear resistance,
and suitable mechanical and physical properties.
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Visokotemperaturski materijali: svojstva, zahtevi i primena
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(Pregledni rad)
U visokotemperaturske materijale spada Siroki spektar materijala koji se koriste u Klju¢ne reci: vatrostalni beton, kera-
industriji, za primenu poput turbina za motore i avione, termo i nuklearne elektrane, mika, kompoziti.

razlicite tipove peci ukljucujuéi visoku pe¢, gorivne Celije, turbine za razlic¢iite namene
u industriji, razne vrste reaktora, motora, uredaja u elektronici i osvetljenju, kao i
mnoge druge. Svake godine zahtevi za visokotemperaturske materijale postaju sve
izazovniji. Da bi se ostvarila efikasnost i efektivnost, i da bi se istovremeno postigla
ekonomska odrZivost, materijali koji se koriste na visokim temperaturama moraju
zadovoljiti odredene zahteve i imati svojstva koja se ocekuju u tako ekspremnim
uslovima, kao $to su, na primer ¢vrstoca i otpornost na povisene temperature. U ovom
preglednom radu razmatrani su neki od znacajnih zahteva koji moraju biti zadovoljeni
za visokotemperaturske materijale. Rad se odnosi na vatrostalne betone, keramiku,
intermetalne legure i kompozite, kao Cetiri razlicite kategorije ove vrste materijala.
Navedeni materijali su razmatrani u pogledu mogucnosti prevazilazenja nekih
trenutnih izazova.
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