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Abstract. The development of Functionally Graded Materidi&), which are material composites in that the
mechanical properties vary smoothly or continuouslya surface to the other, for energy-absorbinglagations
requires understanding of stress wave propagatinthese structures in order to optimize their resise to failure.
The advantage of using these materials is that greyable to withstand high temperature gradientiemments
while maintaining their structural integrity withuperior resistance to interfacial failure. In thigesent work, it
presents a model to solve the coupled thermomechlaproblem submitted to thermal solicitations. diteonal
staggered algorithm without upsetting the uncooditl stability property characteristic of fully irigit schemes is
used. The proposed scheme is a fractional stepasiedbsociated with a two phase operator split & shistem of
linearized thermoelasticity into an adiabatic eladgnamics phase, followed by a heat conduction ghadl
dissipation is provided the heat conduction procé&smerical simulations are presented for one-disimmal case
with FGM materials submitted to thermal shocks amdlysis is accomplished for variation of its cadtgtve
parameters.

Keywords: Functionally Graded Material (FGM), coupled therneaimnical problem, elastodynamittsermal shocks.

1. Introduction

Composite materials, due to their thermal and m@chhmerits compared to single-composed materfege been
widely used on a variety of engineering applicatioiowever, the interfaces might represent regiohstress
concentration and, due to that, risk of presenfailgre mechanisms like loss of cohesion. For imsta linear elastic
materials present stress singularities at the fates or at the free edges. In recent years, noodemeous materials
have been developed to attenuate the interfacie$ssts under a new concept: Functionally Gradeérdit (FGM).
FGMs are composites whose mechanical propertigssraoothly and continuously along its domain. Thaye been
used in Thermal Protection Systems (TPS) in ordededcrease thermal stresses concentration witlusiig the
capacity of standing the protection from heatsltarried out by controlling the volume fractiorfsteese materials to
grade the thermomechanical response. The utilizaifd-GMs in the attenuation of stress wave propagdBruck,
2000)can be very useful in important engineering appbics like, for instance, the re-entry motion oasp vehicles,
in which a rapidly changing temperature can lead tiramatic failure scenario. In this type of dituas the dynamic
thermo elastic response should be considered. Ogndmrmoelastic problems have been studied, sgaweral
decades, in different structures (Shabana et@0] 2nd Suresh. and Mortensen, 1998).

The present work presents a numerical formulationsdlve the strongly coupled thermomechanical prabl
submitted to thermal shock solicitations. A stagdealgorithm without upsetting the unconditionalblity property
characteristic of fully implicit schemes is usedheTproposed scheme is a fractional step methodiate with a two
phases operator split of the linearized thermdeltstsystem into an adiabatic elastodynamics phésiowed by a
heat conduction phase. Numerical simulations aesgmted for an FGM bar submitted to thermal fluat analysis is
accomplished for cases in which FGM parameteryated.

2. Mechanical modeling

Let the thermoelastic response of a body to beesgpd by the displacement fieldand the relative temperature
field & with respect to a constant reference vallgr >0, such that, the absolute temperature is given by
©=0 + 6. . Letg[u] = sym[Ju] the infinitesimal strain tensor associated witle tlisplacement, while the stress
tensor, the heat flux, the entropy and the demsity are denoted bg, q, 77 € o, respectively.



The local form of the balance of momentum and #ierize of energy equations is cast as:
pu = div[a] + pb and Qn = -div[q] +r, 1)
whereb e r are the body force and the heat source, resphgtassumed to be smooth functions in body domain.
Superimposed dots denote time derivates.
The constitutive equations, which for infinitesinda¢érmoelasticity are defined by:
o=Ce-6m and n=cfd+m:e (2

and the Fourier’s law for heat conduction,
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wherek is the conductivity tensor, the scalar> 0 is the linearized volumetric heat capacitg am defines the
structural properties reflecting thermomechanicalpting. The dilatation coefficiert is related to the thermoelastic

coefficientm and the Bulk moduluk by m=3K a, andC the elastic constants four rank tensor.
Substituting Fourier’'s law ﬁ4) and relations (5)oithe balance laws (1), yields the second ordeblem of
evolution for linearized thermoelasticity:

pt = div[Ce[u] = m8] + pb
Eézdiv[FDB]—m:Du , (4)

3. Functionally graded materials thermoelastic respnse

Functionally graded materials are supposed to drtyoobnnect two base materials referred to here asd 2, that
posses quite different mechanical behavior. Indeébd, FGMs are composite materials resulting of ragicious
combination of 1 and 2 controlled by the metal wudufractionV,, here assumed as power-law function of the positio

n
V= (%) , Wwherex is a position of the material point in FGHM,is the length of FGM region antdis an exponent

that can be varied in order to obtain specific pgtiuctures distribution. The material propertias be depicted metal
volume distribution associate to different valués @and their influence in the variation of the condive parameten
in the thermo elastic response is observed thraugherical results.

In fact, in order to describe FGM behavior, it Bcassary to estimate the properties such as theomdlictivity,
the coefficient of thermal expansion, the Young'sddlus and Poisson’s ratio. There are a numberi@bmechanical
approaches that have been widely used for predithia effective properties of FGM like, for instancule of mixture,
mean field micromechanics (MFM) and self-consis{@&&M)(Hill, 1965). The progress in theoretical hwats for the
overall thermo mechanical properties is featuredShyesh and Mortensen (1998). In the present wbekmodified
rule of mixture is adopted. For the Young's moduliamura, Tomota and Ozawa proposed the modifiéel ati
mixtures. For that study, they consider each sytrln the graded layer are expressed in termbefaterage axial
stressess; and deformations; for each constituent materialwhere this subscript assunm®r c refers to ceramic and
metal respectively,

o6 =Vyno, +V.0, e=Vynen +Vee, (5)

In many practical situations, such as in two-phasaposites in which one phase is discontinuous dordinuous
matrix of the other phase, neither the Voigt mau® the Reuss model in simple rule of mixtures jgles an accurate
description of effective modulus of the composBeiresh and Mortensen, 1998). An estimation of Y&umpdulus is
obtained:

q EC q EC _Oc Om
E = Vi En + V. E Vi, +V, , =—, 0<Qg<o , 6
{(Q"'EmJ mem ¢ C}/{(Q"‘Em m ¢ a Ec T &m a ©

where the parametey defines the ratio of stress to strain transfempriactice, g may be approximately determined by
tensile tests performed on monolithic specimens-Kighet al., 2003 and Giannakopoulos et al., 1995). The exact
nature of this dependence, however, it is not kn¢Williamson et al,, 1993). According to experiments with dual




phase steels, within a wide range of volume frastiand loading condition, g = 4.5 GPa has beenrtexhbdo be

appropriate (Suresh and Mortensen, 1998).
Furthermore, the coefficient of thermal expansgooupled with the bulk modulus through the refati

ki, V. (k. =k
a=am+(ac_am)(:_K];n)/(KlC_Klmj , k=km+ 3 ](.:(c m)
Ky + 3(km - kc)Vm @

Moreover, specific heat and the specific mass taioed by the rule of mixture, as follows:

C=VpnCy +VeC P = Vimpm tVepe ©)

4. Thermal Barriers Performance

The present section is devoted to improve the wtaleding of how FGM materials can impact the peméorce of
thermal barriers. This goal is pursued by carryinga numerical analysis involving a representatixample in which
consists of a one dimensional bar submitted taearhl shock. The total length of the bar is 80 mich the area of its
cross section is 2.70r%. The bar contains a FGM layer providing a smonghdition between the ceramics insulation
(SIC) and the metal component (Al 6061) to be mtet: The situation is schematically depicted iguFé 1 and the
materials’ properties are presented in Table 1.

ceramic FGM metal
q(0.) uLy =0
Lt)=0
s q q(L.t)

Figure 1. Schematic representation of the FGM &gup and dimensions

Tablel.Thermal and mechanical properties of metal anchtiera

Material Properties Al 6061 SiC ceramig
Density (18 Kg/nt) 2.70 3.21
Young’'s modulus (GPa) 70 427
Poisson’s ratio 0.30 0.17
Specific heat (J K&K 900 837
Thermal conductivity (W.AK™?) 233 65
Thermal expansion coefficient ($8C) 23.4 4.3

The thermo elastic coupled system of partial déffeial equations resulting from the modeling intises 2 and 3 is
solved by combining the Finite Element Method wattime step staggered algorithm (Armero and SirB82)1 This
algorithm, which can be proven unconditional stabfgits each time step into two distinct phasesesponding to a
linear thermo elastic adiabatic problem followedadyeat conduction one.
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Figure 2. Thermal flux history during the atmosphee-entry



A number of cases corresponding to varying the arétructural composition, length and position @& FGM layer
are analyzed in order to assess the performancevepent when compared to barriers without tramsitzones
between insulation and the basic structure. Thegbes through a thermal shock by applying toefs éxtremity the
heat flux presented in Fig. 2. This flux reproduties atmospheric heating typical of a re-entry maeg as the one
simulated in Cotta (2003).
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Figure 3. Displacement (a), relative temperatur@ (b), deformatiort (c) and strese (d) induced fields of the

thermo elastic bar without FGM submitted to therstabcks
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Figure 4. Displacement (a), relative temperatur@ (b) induced fields obtained in fixed points o thar without

FGM submitted to thermal shocks




The first analysis deals with a configuration inieththe lengths of ceramlg=20 mm and of metal L= 60mm with
no FGM layer, e.g.g=0. Figure 3 (a) presents the displacement fiddgawithin the bar along the re-entry maneuver.
It is important to remark the deformation mismasaiioss the interface. Usually this sort of non-gmagesponse is
responsible for damage nucleation that can give tosthe development of failure mechanisms. Fumtbeg, we can
verify the decrease of the relative temperat@iead the stress, in the bar's domain due to action the ceramicenalt

as insulator, protecting the mechanical structaseshown in figures 3b and 3d, respectively. Allss possible note
the variation of this decrease for different matsti
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Figure 5. Displacement (a), relative temperatur (b) induced fields obtained in fixed points of thGM thermo
elastic bar with exponemt=1 submitted to thermal shocks

The analysis of the dynamics process is complerdebyeobserving the state variables along the timefonir
representative points of the bar, which are X=06008 (average point of the region | contend thero&rg 0.02996m
(average point of the region of the FGM), 0.0593@nerage point of the region that contains the hated 0,0800m
(end of the bar where the contour conditions agosed). The thermo-elastic response is summanizEdys. 4 and 5.

Now the study comes to the analysis of thermalidraricontaining a FGM layer. The first example deaith a
layer of 0.02 meters that has it microstructuréatiéd by a metal power-law distribution with n=JlonGparing with the
previous barrier configuration (no FGM layer), ocan clearly verify from Figure 6 the displacement aelative
temperature fields with no sharp transition actbssinterfaces. In addition, one can observe aedse of magnitude
of the state variables, in special, deformatéaand stresw fields. The FGM region attenuates the inducedsse® and
acts to minimize the stress and deformation graslienthis FGM domain.
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Figure 6. Displacement (a), relative temperatur (b), deformatiore (c) and strese (d) induced fields of the
thermo elastic FGM bar with=1 andd=0,02m submitted to thermal shocks
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Figure 6. Displacement (a), relative temperatur@ (b), deformatiore (c) and strese (d) induced fields of the
thermo elastic FGM bar with=1 andd=0,02m submitted to thermal shocks
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Figure 7. Deformatiom and stresgr induced fields of the thermo elastic FGM bar wisiniations of FGM length
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Figure 7. Deformatiom and stresgrinduced fields of the thermo elastic FGM bar wistiations of FGM length
d=0.005m,d=0.01m andl=0.02m, respectively, when submitted to thermaktkfio

A comparative analysis is accomplished for differesdues of the length, as shown in figure 7, kegghe initial
position of FGM region aX=0.02m, comparing the deformation and stress fieldtained at bar's domain. We can
observe variations in the deformation amplituderegesing with a increase of FGM length, in the samay to
deformation gradient, as illustrated figures 7aaid 7e. Observing the stress distribution, weszgnthat the similar
analysis to deformation fields to respect stresglitide and gradient. It is noticeable that FGMually smoothes the

stress distribution in its region consequentlyrattges the stress in this region.
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Other interesting analysis involves the variatibnedative position of the FGM region in the baraintaining its
lengthd = 0.02m and the same micro structural compositignysingn=1. By analyzing the deformation fields it is
possible to note that presents a significant reduéh its magnitude when migrate the FGM relatpesition in the bar
whenL; = 0.03m, as shown figure 8c and the smoothne®editress distribution in this FGM region, as shdigure
8d, as well as the reduction the deformation gradighis fact occurs due to major ceramic voluméhimbar acting to
attenuate the stress field in despite of its themachanical properties.

As a first conclusion to be drawn, one can obsehat the parameterk;, d and n affect significantly the
performance in thermal barriers acting to mininttze stress and deformation amplitude in thesetstresz An optimal
choice of these parameters is necessary to establiest configuration the FGM structure to take od the desirable
technical requirements.

5. Final remarks

With intention to apply the elaborated solution meet, a sufficiently complex problem is presenteat tonsists of
the atmospheric re-entry problem. After its agregimeas possible the accomplishment of some irttageaumerical
simulations to describe the thermodynamic behasfia FGM bar, in an one dimensional case, repreggat thermal
protection system for a space vehicle. Throughstievn results in item 4, it was possible to acqo@eain knowledge
of the application of FGM materials in thermo elastructures. However, for the case of the reyeptoblem, the
presented results show a qualitative accompaniofethie phenomenon, not representing quantitativedyevolution of
the state variables that describe the presentédaiiepno

We observe that variations the essential parameiieich describe the physics properties of FGM nnaltewe can
establish the optimal configuration of this matiet@withstand high temperatures and thermal shagksignificant
improvement of interfacial resistance is verifiethwariations these parameters. An optimizatioocgss is directly
associated to FGM characterization.
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