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Functionally Graded Thermal Protection Systems for Future 
Space Vehicles 
 

Marlana Behnke     College of Engineering, University of Florida 

High thermal stresses develop when two different types of materials (such as a metal and ceramic) are bonded 

together. This is often the case in thermal protection systems (TPS) for reentry vehicles that need to be both insulative 

and structurally strong. The thermal stresses developed in a two-component composite that gradually changes from one 

material composition to another, also known as a functionally graded material (FGM), were studied to determine if 

there are advantages to using an FGM as part of a TPS. Finite element analysis was used to study the heat loads that 

occur during spacecraft reentry. These heat loads were applied to a three-dimensional finite element model of the FGM 

composed of 100% aluminum oxide in the top layer and 100% nickel alloy in the bottom layer, with either a linear or 

an elliptical functional variation between these outermost layers. Thermal stresses and strains were examined to 

determine the advantages of using an FGM. The study found that using an FGM does allow for material tailoring that 

will prevent failure. However, prevention of failure in the material is not guaranteed. Using von Mises stress failure 

criteria, the materials were shown to fail at certain percent compositions. If the sections of the material that failed are 

removed, failure can be prevented, but the material will not vary from 100% ceramic to 100% metal. It will only vary 

from 80% metal to 80% ceramic, for example. It is therefore plausible to use an FGM as part of a TPS. 

 

INTRODUCTION 
 

The thermal protection system (TPS), or heat shield, is a 

critical component of a spacecraft that enters an 

atmosphere. When a spacecraft enters a planetary 

atmosphere, it is travelling at hypersonic speeds, resulting 

in significant aerodynamic heating that would destroy a 

vehicle with no TPS.  The high temperatures developed 

over the vehicle result in structural deformations due to 

large thermal loads.  Currently there are two common types 

of TPS: ablators and tiles and blankets.  The former 

Mercury, Gemini, and Apollo missions, as well as current 

Soyuz missions, use an ablator that burns off of the vehicle 

as it absorbs the heat. The Space Shuttle Orbiter currently 

uses High Temperature Resistant Ceramic Tiles and 

Blankets that act as insulators. 

These types of TPS are structurally weak and can easily 

become damaged, as in the Space Shuttle Columbia 

accident (Wilson, 2003). Integrating a metal into the TPS 

could improve the strength. However, abrupt transitions in 

material composition and properties usually result in sharp 

local stress concentrations (Suresh & Mortensen, 1998). 

The large difference in coefficients of thermal expansion of 

a metal and ceramic will lead to large thermal stresses 

when a large heat flux is applied, as is the case during 

reentry. These stresses can be reduced if the transition from 

one material to the other is gradual. Therefore, the use of a 

functionally graded material (FGM) is appropriate. An 

FGM is a two-component composite that gradually 

changes from one material composition to another (Ruys & 

Sun, 2002). Suresh and Mortensen (1998) provide the 

reader with an overview of FGM characteristics and 

manufacturing processes.  Figure 1 is an illustration of an 

FGM in which the white could represent ceramic and the 

black represents a metal. In an FGM, aside from magnitude 

of the thermal stresses being minimized, the onset of 

plastic yielding and failure can be delayed, large stress 

concentrations can be suppressed, strength of the interfacial 

bond can be increased, and crack propagation can be 

reduced (Mortenson, 1998).   

The purpose of the study described below is to deter-

mine to what extent the FGM is useful in reducing thermal 

stresses for TPS applications. In Sankar and Tzeng (2002), 

an elasticity solution showed that an FGM does reduce the 

thermal stresses when modeled as a beam with an expo-

nential temperature variation that varies in the opposite 

direction of the elastic constants.  The thermal stresses in a 

two-dimensional FGM (material composition changes in 

two directions) modeled as a plate have also been studied 

and shown to reduce thermal stresses (Nemat-Alla, 2003). 
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Figure 1: Illustration of FGM such that white represents ceramic 

and black represent metal (Aboudi, Pindera, & Arnold 2001) 

This study focuses on analyzing a three-dimensional 

plate that is functionally graded with respect to the 

thickness. A heat flux similar to that undergone during 

spacecraft reentry into Earth’s atmosphere will be applied. 

The plate will be functionally graded according to linear 

and elliptical variations. The thermal stresses and strains 

will be compared in these different types of configurations 

to determine the advantages of using an FGM in a TPS. It 

is expected that all of the variations being analyzed will 

show that thermal stresses can be reduced and tailored with 

an FGM.  

 

METHODOLOGY 
 

Material Selection 
Aluminum oxide, or alumina, was chosen as the 

ceramic because of its low conductivity and its high 

strength relative to many ceramics (Materials, 2002).. 

Nickel was chosen to be the metal because it is strong and 

corrosive resistant. Nickel 200, which is 99.6% pure 

wrought nickel, is very common in aerospace applications 

(Nickel 200/201, 2009). This particular nickel alloy was 

used for failure analysis.  

 
Effective Properties of the Functionally Graded 
Material  

Each layer of an FGM will have a different material 

composition. For example, one layer may have 100% 

alumina and 0% nickel, while the layer below that may 

have 90% alumina and 10% nickel. These percent 

compositions are also known as volume fractions when 

referring to composites. If there are two materials creating 

one new material, the new material has effective material 

properties that result in the combination of the material 

properties of each individual material.  

There are several ways to determine the effective 

properties. The two most common methods are the rule of 

mixtures and inverse rule of mixtures. For the analysis of 

Table 1: Effective Property Formulas 

 

 
the FGM in this paper, either one of these methods was 

used, or an empirical formula was used for thermal 

conductivity, as described below (Nemat-Alla, 2003). 

Table 1 shows the formula used for each material property, 

where 1 represents alumina, 2 represents nickel, and V is 

the volume fraction, which has a value that can range from 

0 to 1.  

The effective properties were found for each layer 

based on the volume fractions associated with each 

function described in the following section. The FGM will 

be subjected to a large range of temperatures (300K-

1000K) during reentry. Therefore, temperature dependent 

properties of both alumina and nickel were used.  

 

Generation of Functional Variations 
Three different functional variations of material were 

studied. Each FGM had a layer of pure ceramic on the top 

surface and a pure nickel layer on the bottom surface.  

The first functional grade studied was a linear variation. 

This FGM was 1 cm thick. It began with pure ceramic on 

the outermost layer, which would be exposed to air. Then, 

with each subsequent evenly spaced layer, 10% of the 

alumina was taken away, and 10% of the nickel was added. 

For example, the second layer had 90% alumina and 10% 

nickel.  The third layer had 80% alumina and 20% nickel. 

This continued to change linearly through the thickness 

(making a total of 11 layers) until the bottom layer 

contained 100% nickel and 0% alumina.  

The next configuration studied varied elliptically as in 

Equation 1, where P is the material property, z is the 
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Figure 2: Three different volume fraction variations  

 

position through the thickness, and h is the total thickness.  

The subscripts 1 and 2 represent alumina and nickel, 

respectively. 

𝑃 = 𝑃1 +   𝑃2 − 𝑃1  1 −
𝑧

ℎ

2

 

Equation 1 

The Young’s Modulus was used to form this elliptical 

equation. The effective Young’s Modules was determined 

at various heights. Knowing these heights, the volume 

fraction at various layers was determined following the 

inverse rule of mixtures. This configuration varied 

elliptically and had a greater amount of alumina overall. 

This configuration will be referred to as “elliptical 

alumina.” This FGM is comprised of 15 layers. There is 

0.1 cm of alumina for the top layer. There is then 1 cm of 

FGM that varies elliptically. 

The final configuration tested was an inverse of the 

configuration previously described. There was an elliptical 

variation but a greater amount of nickel overall. This 

configuration will be referred to as “elliptical nickel.” 

Figure 2 is a graph of the property variation with volume 

fraction using Young’s Modulus as an example. 

 
Heat Transfer Analysis 

After completing the analysis to determine the volume 

fraction variations for each of the three configurations, a 

heat transfer analysis was conducted to determine the 

temperatures that the FGM would experience. The results 

from this analysis are used in the next section to determine 

the thermal stresses and strains. Bapanapalli, Sankar, 

Haftka, Gogu, and Blosser (2007) demonstrated that a one-

dimensional heat transfer analysis is appropriate for this 

type of problem. The temperature distributions did not vary 

significantly between the two-dimensional and one-

dimensional problem. For this reason, a finite element one-

dimensional heat transfer problem was conducted to 

determine the temperature distribution in the FGMs. 
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Figure 3: Heat flux approximation during space shuttle reentry 

(Bapanapalli et al., 2007).  

 

ABAQUS, a commercial finite element modeling 

program, was used for both the heat transfer and thermal 

stress analysis.  The heat transfer problem was modeled as 

a wire. The material properties were prescribed as 

discussed in the previous sections.  

Boundary conditions were also applied. The boundary 

condition at x = 0, where the TPS is attached to another 

part of the spacecraft, is a radiation boundary condition in 

which the emissivity is 0. This is not actually the case, but 

rather a conservative assumption. The top layer that is 

exposed to the air was prescribed a radiative and 

convective boundary condition.  

The heat loads were also prescribed to the one-

dimensional model. The analysis only deals with heat flux 

loading. The heat flux applied was obtained from 

Bapanapalli et al. (2007) and a graph of the heat flux 

during a typical space shuttle reentry is shown in Figure 3.  

After the one-dimensional model was formed, it was 

meshed in elements of 0.0001 m. The quadratic heat 

transfer analysis was then performed in order to determine 

the temperature distribution in each of the three FGM 

models. 

 

Thermal Stress and Strain Analysis 
Once the temperature distribution is determined from 

the previous step, thermal analysis can be completed. First, 

one quarter of a 30 cm x 30 cm x 1 cm (1.1 cm for 

elliptical configuration) three-dimensional finite element 

plate was modeled in ABAQUS. Three models were 

analyzed: the linear model, the elliptical alumina model, 

and the elliptical nickel model. 

Symmetric boundary conditions and a boundary 

condition in which displacement in the direction of the 

thickness was inhibited were applied. The plate was 

therefore free to expand in the x and y directions, where the 

z axis runs through the thickness of the plate. Using the 

results from the heat transfer analysis (described below), 

the temperature loads were applied. These temperatures 

were prescribed to the entire plate through the thickness 

because it was found that the temperature was almost 

uniform throughout the thickness. Also, the same 

temperature load was applied to each configuration due to 

the fact that they all yielded similar results. Table 2 shows 

the step time and temperature chosen.  

 
Table 2 

Step  Duration (s) Temperature (K) 

Initial --- 300 

1 300 380 

2 300 575 

3 300 725 

4 300 825 

5 435 880 

6 300 890 

   

Given that only a temperature load was applied, the 

only stress and strain on the three-dimensional plate is due 

to thermal stresses. For the analysis, the plate was meshed 

into elements that were approximately 0.0015 cm × 0.0015 

cm × 0.0001 cm. A thermal stress analysis was then 

performed for each material distribution to obtain the 

thermal stresses and strains in each layer using 20-node 

brick elements.  

Failure analysis was conducted with the given 

configurations and will be described in greater detail in the 

results. It is important to note that the given material 

distributions failed. Therefore, it was desired to analyze the 

elliptical FGMs with a different number of layers. In both 

the elliptical alumina and the elliptical nickel, a stress 

concentration was noted in a certain area, in which an extra 

layer was added to try to prevent the stress concentration. 

After that analysis, some of the layers where failure was 

occurring were removed in order to investigate if that 

would lower the thermal stresses.  The layers that were 

added or taken away are explained in greater depth in the 

results. The results of adding or taking away layers in the 

elliptical alumina are presented simultaneously with the 

results of the original configurations. 

 
RESULTS 
 
Heat Transfer Analysis 

The one-dimensional heat transfer analysis was conducted 

for the linear, elliptical alumina and elliptical nickel 

configurations. The important results obtained from this 

analysis are  summarized in  Table 3.  Max ∆T refers to the  
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Table 3 

Functional 

Variation 

Max  

Temperature (K) Max ∆T (K) 

Linear 910 22 

Elliptical 

Alumina 890 10 

Elliptical Nickel 886 3 

 

maximum temperature difference that occurs at any time 

during reentry between the top and bottom surface. 

As mentioned previously, this analysis revealed that 

the temperature does not vary significantly through the 

thickness. Therefore, it was appropriate to assume a 

uniform temperature load throughout the three-dimensional 

plate at various time steps. 

 

Thermal Stress and Strain Analysis 

The thermal stresses were analyzed by looking at the 

von Mises Stresses and the maximum principal strains 

through the thickness at the center of each plate.  

 

Linear Configuration. Figure 4 and Figure 5 show the 

thermal stress and strain distributions through the thickness 

of the linear FGM at the time of maximum stress. 

 

Elliptical Alumina Configuration. Figure 6 and Figure 7 

show the thermal stress and strain distributions through the 

thickness of the elliptical alumina FGM at the time of 

maximum stress. Note that the original configuration is 

completely overlapped by the configuration with an extra 

layer. 

 

Elliptical Nickel Configuration. Figure 8 and Figure 9 

show the thermal stress and strain distributions through the 

thickness of the elliptical nickel FGM at the time of 

maximum stress.  

 
Stress and Strain Comparisons. Figure 10 is a 

comparison of the original thermal stresses developed in 

the three types of FGMs. Figure 11 is a comparison of the 

original strains developed in the three types of FGMs, 

being compared to the strains in the case where there was 

only nickel or only alumina. 

Figure 12 is a model of the deformation of an FGM 

after the temperature loads have been applied. The various 

colors represent different magnitudes of stress, where the 

green represents the highest stress and the dark blue 

represents the lower stress magnitudes.  The various stress 

magnitudes are caused by the interaction of different 

material’s properties. Each layer is expanding differently. 

 
 
 
 

 
Figure 4: von Mises Stress at maximum thermal stress, linear 
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Figure 5: Maximum principal strain, linear 

 

  
Figure 6: von Mises Stress at maximum thermal stress, elliptical alumina 
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Figure 7: Maximum principal strain, elliptical alumina 

 

Figure 8: von Mises Stress at maximum thermal stress, elliptical nickel 
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         Figure 9: Maximum principal strain, elliptical nickel 

 

                      Figure 10: Stress vs. thickness for three FGM types 
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Figure 11: Strain comparison for three FGMs and case of no FGM 

 

Figure 12: Model of FGM deformation after temperature change

Failure Analysis 
Knowing the yield strengths of the two materials that 

compose the FGM, the effective yield strength can be 

estimated to determine if and when failure occurs in the 

FGM. A common failure criterion used for FGMs is von 

Mises failure (Lee, Kim, Ahn, DeJonghe, & Thomas, 

2007).The effective yield strength was calculated with the 

rule of mixtures.  The yield strength of aluminum oxide is 

approximately 300 MPa and the yield strength of nickel is 

approximately 200 MPa. One purpose of adding nickel is 

to increase the strength of the material. While the yield 

strength of nickel is shown to be lower than that of 

alumina, it is important to note that the strength found 

experimentally for alumina is in ideal cases; it will 

typically not be as strong. Also, once it cracks, damage will 

occur very quickly in the alumina.   

Figure 13 is a graph of the factor of safety through the 

thickness for each of the three types of FGMs. The straight 

line that occurs on the factor of safety of 1 represents the 

point at which failure will occur. Any factor of safety less 

than 1 also indicated failure. Note that the graph’s x-axis 

was adjusted to show a maximum factor of safety of 10. 

There were sections of the FGM that had factors of safety 

higher than this, but these points are not close to failure, 

and thus they are not focused on. 
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Figure 13: Factor of safety through the thickness of the FGM for the three FGM types

CONCLUSIONS 

Summary of Heat Transfer 
The heat transfer analysis revealed that the temperature 

through the thickness of the FGM was fairly uniform at all 

times during reentry. The maximum temperature difference 

in any of the FGMs at any given time was 22 K. This slight 

difference is not expected to significantly affect the results 

of the thermal stress analysis that followed.  

It is also important to note that the given FGM is not 

suitable for providing added insulative properties. Heat 

travels through the thickness very quickly. The thermal 

conductivity of both materials is relatively high, and the 

FGM is also very thin.  

 
Summary of Thermal Stress and Strain 

The thermal stress analysis showed that the elliptical 

alumina configuration had the largest peak thermal stress 

of all of the FGMs, but the elliptical nickel had relatively 

high peak stresses as well. The linear configuration had the 

lowest magnitudes of thermal stress overall. The stresses in 

the linear configuration were highest when a large volume 

fraction of nickel was present.  

The strain results revealed that elliptical alumina had 

the largest peak strain but the lowest strain overall. The 

elliptical nickel had the lowest peak strain but the largest 

strain overall. The linear configuration fell between the two 

other designs. To evaluate the significance of these results, 

the failure analysis must be examined more closely.  

 

Summary of Failure 
After completing the failure analysis, it was found that 

all three of the FGM configurations failed during 

maximum stress situations. Failure of elliptical alumina 

occurred at the bottom 10% of the FGM where the volume 

fraction of nickel is .5. Failure of elliptical alumina occurs 

at the bottom 15% of the FGM where the volume fraction 

of nickel is .15. The linear configuration failed at both the 

top and bottom 10% of the material where the volume 

fraction of nickel is .1 and .9, respectively.  

In order to decrease the stress magnitudes, an extra 

layer was added where there was a stress concentration. 

This had little to no impact on the magnitudes of the stress, 

as shown in Figures 6 and 8.  

Although adding a layer had a very slight impact, 

removing layers where the FGM failed did result in an 
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increase in the factor of safety overall. However, this was 

likely because the layers where failure occurred were 

removed. The overall stress magnitude of the layers that 

remained did not change significantly. 

 

Future Work 
It was found that the FGM could potentially be used as 

part of a TPS. However, the FGM is likely not best for an 

entire TPS due to weight and insulation considerations. 

The FGM can be tailored to reduce thermal stresses so as 

to not have failure occur. However, layers may have to be 

removed such that the FGM only transitions from 80% 

metal and 20% ceramic to 20% metal and 80% ceramic, for 

example. 

Before an FGM could be used on a TPS, it is important 

to note the future work that must be completed. The von 

Mises failure stress used, as well as the effective yield 

strength used found through the rule of mixtures, may not 

be the ideal failure analysis to use. Other failure modes 

should be investigated given the nature of this FGM 

application.  Crack propagation and delamination should 

also be investigated. 

Once the behavior of this type of composite is better 

understood, it may become useful in many applications, 

including in TPSs, aircraft turbine blades, and military 

armor. 
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