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Thermal stability determines the material ability of retaining its properties at required temperatures over extended
service time. In addition to temperature and time, thermal stability is affected by load conditions and environmental
conditions.

thermal stability aluminum alloys transition metals rare-earth metals automotive

aerospace

| 1. Introduction

Thermal stability is the key design feature that determines a suitability of materials for specific applications and has
a particular meaning for aluminum alloys. As documented throughout the decades, practically all aluminum alloys
are thermally unstable with their properties being affected, to some extent, by service temperature and time. This
includes grades essentially used at room temperatures, as is the case with aircraft components that may become
warm due to exposure to sun, due to aerodynamic heating, or heat transferred from engines, which can deteriorate
their properties over years of service [l. The key engineering interest is, however, in the high temperature range

and increasing the upper service limit of high-temperature grades 2.

At present, extending thermal stability to higher temperatures is the technology and knowledge barrier that
prevents the substantial expansion of application scope of aluminum alloys, especially in automotive, marine, and
aerospace transportation vehicles, designed for long-term service and strategically using aluminum for its
lightweighting advantages. It is believed that the future aluminum alloys with improved high-temperature
capabilities could compete, in selected applications, with more expensive titanium- and nickel-based grades.
Therefore, along with recent refocusing on the strategic importance of aluminum alloys as lightweight structural
materials for all forms of transportation vehicles, a substantial research interest is devoted to an improvement in

their performance at high temperatures.

Although the thermal stability of aluminum alloys represents the major theme or at least a partial subject of a large
number of research papers, differences in its understanding, critical property selection, and testing procedures
make it difficult or impossible to combine individual results to draw a unified quantitative conclusion. The objective
of this report is to review all elements of thermal stability from fundamentals to applications that refer to structural
materials and aluminum alloys. Through identifying its detailed controlling factors, a better understanding of the

relationship between mechanical, structural, and thermophysical properties that are critical for performance of
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alloys at increased temperatures will emerge. The outcome will help in optimizing the service conditions for existing

aluminum alloys and development of novel alloys with superior thermal stability.

2. Defining Thermal Stability of Structural Materials and
Aluminum

There is no universal definition or single criterion describing thermal stability of structural materials. While being
typically seen as the “material ability of retaining its properties at required temperatures over extended service
time”, in practice, more major parameters influencing thermal stability are involved including, in addition to (i)
temperature and (i) time, also (iii) load conditions and (iv) environmental conditions. Another definition as a
“material resistance to permanent property changes caused by heat” is even less accurate as after cooling to room
temperature, some portion of properties frequently recovers, whereas in a design, the properties maintained at the
service temperature matter. Thermal stability is also defined as a material “property” characterizing changes after
long-time exposure to elevated temperatures 2. In this case, thermal stability is seen as an “intrinsic property” and,
therefore, such an approach has further limitations. The related term “dimensional thermal stability” is also used

that describes thermal expansion.

When assessing the thermal stability of a material, a future destination of this description is essential. If thermal
stability is assessed for the purpose of comparing different alloys, e.g., during alloy development, the temperature
and time are sufficient to characterize the alloy behavior. However, when a design input is required, during a
material selection for a specific engineering application, detailed service conditions should be assessed. The
design input will require an experimental measurement and/or computer simulation of material performance under

conditions of its future application, including the load details and service environment nature.

Due to the low melting point of aluminum, 660.5 °C, the thermal stability of its alloys covers the temperature range,
which is substantially lower than that of other materials with much higher melting points that, excluding the
corrosive factor, can be used to contain molten aluminum alloys, as schematically marked in Figure 1. In this

respect, the term “heat-resistant alloys” also has a relative meaning when applied to aluminum-based grades.
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Figure 1. Strength versus maximum service temperature for aluminum alloys and selected structural materials.

The property variation of aluminum alloys at temperatures from cryogenic to over 400 °C is different than that
observed in other materials, such as steel. As for other materials, the intensity of the temperature-related property
change of aluminum alloys is influenced by their chemical composition and initial microstructure, controlled, in turn,
by the manufacturing route and post-manufacturing treatment. An example for the wrought AA6061 alloy in
T6/T651 condition is shown in EFigure 2a,b. At temperatures above 150 °C, the alloy suffers a loss in strength with
deterioration increasing over time. Above 200 °C, the weakening is substantial, and is accompanied by some gain
in ductility. Most of the strength reduction induced by exposure to elevated temperatures is permanent, so the loss
in strength is not recovered when the material is returned to a lower temperature. In case of AA6061, a major
portion of the loss in strength is caused by coarsening of the Mg,Si precipitates. As shown in Figure 2a, aluminum
alloys are susceptible to creep and stress relaxation. Creep is a time-dependent, permanent deformation that
occurs under sustained load or stress, even at stresses below the yield strength. For the most part, creep is

governed by migration of vacant lattice sites, which increases with temperature.
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Figure 2. Example of property deterioration of the AA6061 aluminum alloy upon heating in air: (a) effect of

temperature on creep and stress relaxation; (b) effect of temperature and time on ultimate strength 41,

2.1. Thermal Stability as a Component Design Criterion: Combined Influence of
Temperature and Time

In order to apply a material for a particular design, the certain threshold of properties at service temperature is
required. To understand the process of material selection, three hypothetical alloys with different strength vs.

temperature/time characteristics are shown schematically in Figure 3a,b.
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Figure 3. Thermal stability of structural materials and design requirements: (a) schematics of hypothetical changes
in tensile strength versus temperature (b) and strength versus time at constant temperature (b), along with the

strength required o,y at temperature T, during service time teq

Alloy A has an initial strength that substantially exceeds the minimum required but experiences a steep reduction at
temperatures much lower than that predicted in its design (Figure 3a). In contrast, alloy C shows high thermal
stability with low reduction in strength, taking place within the entire temperature range. However, its overall low
strength makes it not suitable for this application. Thus, from a temperature criterion alone, alloy B meets the

design specification.

At a given temperature, the material properties are affected by the exposure time. The influence of time on the

properties of aluminum alloys depends on temperature. At high temperatures, a reduction of strength is the
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dominant observation for all classes of alloys. In contrast, at room or slightly elevated temperatures the opposite
behavior may be observed, where the alloy strength may increase at the cost of plasticity, so an alloy may become
prone to brittle cracking. The alloy selection depends, therefore, on the kinetics of the strength variation, and for

alloy B, the strength reduction at temperatures T2 and T3 makes it not suitable for that design.

As portrayed in Figure 3a,b, a definition of thermal stability as “strength (property) retention at service
temperature/time” can lead to confusion during a material selection. Therefore, the highly thermally stable alloy C
does not meet design requirements due to its overall low strength. Thus, the thermal stability criterion that is viable
during a material selection has two factors: (i) an alloy should achieve at room temperature the strength required
and (ii) the strength should be retained within the temperature and time space to meet the level required at service

temperature and to remain stable for the predicted service time.

Thermal stability is often expressed through graphs of the alloy strength vs. maximum service temperature. While
being very educational, the above examples show that without specifying detailed conditions (time, load,

environment, etc.), such characteristics are very approximate.

2.2. Understanding the Temperature—Load Factors

The influence of heat on material properties depends not only on temperature but also on temperature changes
with time, especially in the case of frequent (periodic) changes, a presence of load applied to a material in

structural applications and its nature.

2.2.1. Thermal Exposure—Stable Temperature

In general considerations of thermal stability, it is assumed that a material is exposed to constant (or near constant)
temperature. As thermal stability refers to all temperature ranges that also include room environment the term “high
thermal stability” may often be misleading, when temperature is not specified. For example, an aluminum alloy may
be described as having very high thermal stability just at 100 °C. Examples of applications of aluminum alloys that

require thermal stability at essentially different temperatures are shown in Figure 4a—c.
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Figure 4. Applications of aluminum alloys requiring thermal stability at different temperatures: (a) commercial
airplane with aluminum surface components exposed to room and slightly elevated temperatures 2I; (b) packaging
and transportation of radioactive materials: long-term storage/transportation casks for spent fuels in nuclear power
plants, requiring exposure to temperature 100—200 °C for over 60 years [&: and (c) automotive combustion engine
with new designs requiring temperature over 200 °C [,

Stability at room and slightly elevated temperatures refers to temperatures typically below 100 °C. Such a scenario
occurs for aircraft components that may become warm during service due to exposure to sun, aerodynamic
heating, or heat transferred from engines. Temperatures from 70 °C to 85 °C are typically used to simulate the

environment to which the wings and fuselage structures of a commercial aircraft are exposed [&l,

The medium temperature range, requiring thermal stability, covers temperatures below 200 °C. They include
impellers used in generators/compressors, vacuum pump rotors, and turbocharger impellers of various sizes with
service range of 150 to 180 °C. An example of alloy used in this environment is the AI-Cu-Mg—-Fe—Ni AA2618 alloy
@, The medium temperature range will also cover alloys in metastable state, cold-deformed, nanocrystalline, and
amorphous ones. However, the most challenging aspect of thermal stability is maximizing the upper service limit of

high-temperature grades with the ultimate goal for aluminum alloys being to exceed 400 °C.

Thermal stability is uniquely tested in a case of accidental fire, when aluminum alloys may be exposed to
temperatures, exceeding those predicted for regular service that exert damaging effect on their properties. There is
a concern of fire safety with using aluminum for load-bearing applications such as lightweight structures, light rail,

bridge decks, marine crafts, and off-shore platforms, due to potential dangerous reduction in mechanical properties
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during exposure to heating 9. Alloys used in these applications are typically not designed for high temperatures. A

related concern is regarding the integrity and stability of an aluminum structure following a fire exposure.
2.2.2. Constant versus Variable (Cyclic) Temperature—Thermal Fatigue

Due to thermal exposures, materials expand during heating and contract during cooling. When a material is
geometrically constrained, this leads to generation of tensile and compressive stresses. Stresses may also arise
within unconstrained materials due to a spatial temperature gradient. As a result of cyclic expansion and
contractions the material experiences thermal fatigue. This phenomenon, also called heat checking, is common
when a metal surface is repeatedly heated and cooled. Thus, thermal fatigue may occur without mechanical loads.

If both thermal and mechanical strain is involved, the degradation mode is termed as thermomechanical fatigue.

2.2.3. Role of Load in Thermal Stability—Thermal versus Thermomechanical Response

As the structural materials are subjected to a load at service temperature, the effect of heat on their performance
depends on the load level and its nature, with a special impact being exerted by heavy and cyclic loads, in
particular with high-speed load alterations. To describe a material performance under particular service conditions
the term durability is often used, understood as the ability of a material to sustain mechanical or thermomechanical
loads over a predicted service time. Although the durability meaning may vary, depending on an application, for

structural materials it is seen as the critical design consideration.

2.3. Environmental Effect on Thermal Stability

The ability of retaining the properties by an alloy is strongly affected by reactive environments leading, for example,

to oxidation, erosion, molten metal or salt corrosion, or irradiation damage.

2.3.1. Surface Deterioration

For room temperature service, surface corrosion, leading to localized reaction and a material loss, forming pitting
and stress risers, is of concern. For service at high temperatures, a process of selective oxidation resulting in

localized surface degradation should be considered.

The oxidation of aluminum in air can be described as occurring in four distinct stages [, At room and lower
temperatures, the amorphous alumina layer covers the metallic surface, protecting it against further oxidation,
which results in very slow film thickening up to 550 °C. At this stage, the oxide growth is controlled by outward
diffusion of Al ions with a reaction taking place at the oxide—gas interface. The amorphous oxide remains stable,
due to the energy of the oxide—metal interface, only up to a critical thickness of ~5 nm, then transforms to y-
alumina, when crystallites are no longer able to form a continuous layer that would cover the aluminum surface.
This leads to stage Il, above 550 °C, with higher oxidation rate and polycrystalline layer of y-alumina covering the
entire aluminum surface. At the stage lll, which starts at 650 °C, very close to melting, the growth of y-alumina
continues at a rate controlled by the inward diffusion of oxygen anions along oxide grain boundaries, acting as fast

diffusion paths.
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In the case of aluminum alloys, the process of high-temperature oxidation may have a preferential nature, leading
to localized oxide patches, formed on specific alloy phases, potentially forming stress risers. The role of aluminum
surface reactivity is better understood when compared with another light metal, magnesium. Due to the high affinity
of magnesium with oxygen, at high temperatures, its surface degradation and formation of MgO is of higher
concern than a reduction in its mechanical properties 2213 |n this regards, aluminum shows an advantage over
magnesium. In contrast to magnesium, there is no concern of ignition or flammability with aluminum and its
oxidation rate is substantially slower due to a formation of the protective Al,O3; alumina film. However, for
Al-4-5Mg (wt.%), only MgO is formed with a reaction following the linear law up to 500 °C and parabolic law above
550 °C 415 Then, an environment may essentially change the oxidation kinetics. For example, in a presence of
traces of sulfur, spallation of otherwise protective alumina occurs, which is the chronic problem in some aerospace

applications.
2.3.2. Irradiation Damage

An important environmental factor, necessary to consider during analysis of thermal stability of aluminum, is the
influence of radiation. Aluminum alloys are used in applications subjected to irradiation, e.g., as the primary
structural material for the reactor reflector vessel of Advanced Neutron Source and for most of the components
housed within the vessel ¥ or in casks for transportation of nuclear fuels [28l. The deciding factors for the use of an
alloy are good combination of low neutron absorption cross section and high thermal conductivity, good resistance
to aqueous corrosion, and good performance in high flux reactors. Therefore, changes in mechanical properties

expected to occur in alloys under irradiation during their intended lifetimes are of key importance.

The effects of irradiation exposures result in an increase in the metal’s volume, caused by development of voids,
bubbles, and low-density phases, termed as swelling. Although generally metals undergo hardening during
irradiation, softening is also possible, particularly for cold work-hardened or precipitation-hardened alloys,
subjected to irradiation. That softening may take place during irradiation at temperatures below the normal
temperature for thermal recovery, as a result of radiation enhanced diffusion processes or cascade dissolution of

precipitates.

An example for the AA6061 aluminum alloy target holder from the High Flux Isotope Reactor, originally in a
precipitation-hardened condition, after exposure to a maximum fast neutron fluence of 9.2 x 1022 neutrons/cm? (E
> 0.1 MeV) and a thermal fluence of 1.38 x 1023 neutrons/cm? (E < 0.414 eV) at ~60 °C, is shown in Figure 5a,b
(171 At temperatures in the range from 25 to 200 °C, significant strength increases were observed that are
attributed to the silicon precipitates and to irradiation-induced dislocations. There was a corresponding loss of
ductility, particularly severe at 200 °C for slow strain rate testing conditions. The alloy, tested at temperatures
between 200 and 500 °C, at which the microstructure was unstable, showed substantial loss in strength,
accompanied by a gain in ductility. For the entire temperature range from 25 to 500 °C, however, the strength of
irradiated alloy was higher than that for the alloy without irradiation. The same nature of changes was reported for
the AA4043 alloy welds.
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Figure 5. Effect of neutron irradiation on thermal stability of the AA6061 aluminum alloy at temperatures below 200
°C (a) and above 200 °C up to 500 °C (b) L7

In another example, a microwave radiation influenced the thermal stability of aluminum nanosize powder. After
microwave radiation with a power flux density of 80 W/cm? and carrier frequency of 9.4 GHz, the chemical activity
of aluminum powder increased and the temperature for the beginning of its oxidation decreased by 40 °C, while the

thermal effect of oxidation decreased by 13.5% [18],

| 3. Thermal Stability and Exposure to Accidental Fire

In case of accidental fire hazards a metal might be exposed to enormously high temperatures. Due to relatively low
melting temperature of aluminum alloys as compared to steel, often coexisting in a design, the outcome may be

catastrophic for the former (Eigure 6). For aluminum, however, much higher heat input is necessary to bring the

same mass of metal to a given temperature, compared with steel. This is caused by high thermal conductivity of
aluminum, being about four times that of steel and its specific heat twice that of steel, resulting in higher heat

transfer away from the source.
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Figure 6. Comparison of (a—c) thermally and (d—f) thermomechanically damaged 5083-H116 alloy exposed for
2000 s. The shown conditions are (a) 200 °C, (b) 300 °C, (c) 400 °C, (d) 200 °C, 140 MPa, € = 15%, (e) 300 °C, 50
MPa, € = 100% and (f) 400 °C, 17 MPa, € = 143%. The rolling/loading direction for all micrographs is along the long
axis of the page 19,

3.1. Fire Initiation—Thermic Sparking

Aluminum is non-sparking in all environments if struck against aluminum, stainless steel, or any other material. The
purpose in using non-sparking metals is to prevent ignition of combustible or explosive materials from an impact-
generated spark. There is, however, one known exception: when unpainted or uncoated aluminum is struck by or
strikes rusty ferrous metals, sparks may result 19, Therefore, to avoid any possibility of sparking, where it is likely

that aluminum may be struck by rusty ferrous metals, protective coatings such as paint are recommended.

Even if pure, non-ferrous aluminum is used, sparks can occur during an aluminothermic reaction, also called a
thermic reaction. Such a reaction occurs when an aluminum particle and a metal oxide, such as rust, are ignited by

a heat source and chemically burn as a “Class D” fire (i.e., combustible metal).

3.2. Exposure to Temperatures Exceeding the Melting Range

The solid bulk aluminum alloys exposed in air to temperatures exceeding the liquidus convert to molten state but
are not subjected to burning, generating smoke or hazardous fumes. After fire is extinguished the metal remains as

a re-solidified pool. Similarly, temperatures leading to semisolid state will result in an integrity lost by a design. The
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resistance of aluminum to burning is controlled by a number of national standards including ASTM. This is in
contrast to fine powders or flakes of aluminum, which are highly flammable and oxidize exothermically. The ignition
behavior of aluminum powder is similar to other finely divided materials including iron and titanium, which also

readily oxidize exothermically while in the powder form.

3.3. Deterioration of Alloy Mechanical Properties during Fire

When structural collapse does not occur as a result of a fire, there is a need to evaluate the residual properties of
overheated material to assess whether the structures should be dismantled, repaired, or directly reused. The
influence of fire on mechanical properties depends on temperature and exposure time. The key difference from
thermal stability issues discussed in this report is that alloys exposed to fire may not be designed at all for high
temperature service. Therefore, even relatively low temperature such as 150 °C may lead to very poor

performance during fire and the permanent property deterioration after fire.

There are a number of studies where the heat exposure on aluminum alloys that are not designed for high-
temperature service, were evaluated. The objective was to accurately assess the post-fire performances of
aluminum alloy structures. The models with predictive equations were developed, combining an influence of

hardening factors and temperature on the material stress—strain relationship 29.

An example of research where an existing constitutive model for creep was modified in order to be used for fire-
exposed alloys involved AA5083-0/H111 and AA6060-T66 grades [21. For temperature range of 170 to 380 °C
the model predicted properties for the 5xxx series alloys. The same AA5083-H116 and AA6061-T651 marine-
grade aluminum alloys were subject of extensive mechanical testing to determine the residual mechanical behavior
after fire exposure 22 (Figure 7). The constitutive models were developed as a series of sub-models to predict (i)
microstructural evolution, (ii) residual yield strength, and (iii) strain hardening after fire exposure. The properties of
AA5000 series following a simulated fire exposure were evaluated in 23, The 5xxx series alloys with different
tempers resulted in residual strengths between 85 and 157 MPa following the fire exposure. Most alloys exhibited
structural recovery between 100 to 280 °C followed by recrystallization between 300 to 340 °C. However, the
AA5456-H116 alloy, which has the highest magnesium content, maintained 60% of room temperature yield
strength. This alloy underwent recovery but did not have a clear recrystallization, preserving strength. Another
study 24 found that the mechanical properties of AA6061-T6 were drastically reduced after exposure to
temperatures exceeding 300 °C. For AA7075-T73, reduction in properties took place at lower temperature of 200
°C. An additional factor affecting post-fire mechanical properties of these two grades was a cooling rate from a

relatively high fire temperature.
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Figure 7. Degradation of tensile properties of 5083-H116 and 6061-T651 alloys during exposures to heat,

expressed through ultimate tensile strength (a) and yield stress (b) 19,

| 4. Concluding Remarks

Thermal stability is becoming the next frontier for aluminum alloys; understanding and overcoming limitations in this
area would lead to substantial expansion in their structural applications, especially in aerospace and automotive

sectors.

As practically all aluminum alloys are thermally unstable, with their properties being affected, to some extent, by
service temperature and time, thermal stability is of concern throughout the entire temperature range of their
applications. This includes grades essentially used at room temperatures, as is the case with aircraft components
that may become warm due to exposure to sun, due to aerodynamic heating or heat transferred from engines,

which can deteriorate alloys properties over years of service.

The major challenge in thermal stability of aluminum is, however, in increasing the upper service limit of high-
temperature grades. There are efforts to develop new alloys with thermally stable microstructure through alloying
aluminum with a variety of elements, in particular, transition, and rare earth metals. In parallel, there are efforts to
generate more stable microstructure through novel processing routes, such as rapid solidification, powder
metallurgy, mechanical alloying and additive manufacturing, engineering alloys in a liquid state prior to casting, and

post-casting treatments.

The ultimate goal is to overcome the present knowledge and manufacturing barriers and develop aluminum alloys

with superior properties that remain stable across the temperature and time space, required by modern designs.
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