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Abstract

Glass—alumina functionally graded materials are new attractive composite materials, that can achieve peculiar mechanical properties due to
their gradual compositional variation. Nevertheless, the difference between the coefficients of thermal expansion of the constituent phases
may result in significant thermal residual stresses in service or during fabrication. A proper glass formulation can minimize the mismatch in
thermo-mechanical properties, thus relevantly reducing the mean value of the resultant thermal stresses. However, it is a crucial requirement to
evaluate the effect of microstructural discreteness and randomness on the actual stress distribution in functionally graded materials. With this
aim, a computational model which applies the finite element method at the microscale is used. The careful modelling of the real microstructural
details enables to accurately predict the local stress values and distribution. In order to verify the reliability of the computational sjmulations
the residual thermal stresses were also experimentally measured by means of a piezo-spectroscopic technique. The comparison between th
numerical and the experimental results validate the microstructure-based model.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction ical toughness and thermal conductivity on one side, and a
ceramic phase, which ensured thermal resistance and insula-

Functionally graded materials are a new class of compositetion on the other side. However, if the two heterogeneous ma-
materials, whose peculiarity lies in the uneven, engineeredterials were directly bonded, this could result in high thermal
spatial distribution of the constituent phases. The controlled residual stresses due to the mismatch in thermo-mechanical
compositional and microstructural gradient is associated with properties. Yet the thermal stresses could be significantly re-
a spatial change in properties, which can be tailored to the duced by means of a gradual change in system composition
prescribed applicatioh? and microstructuré.

The idea of functionally graded materials was first ex- In order to tailor a functionally graded material to a pre-
plicitly developed in Japan at the end of the 1980s, in the scribed thermo-mechanical loading, it would be desirable to
context of a research project for the relaxation of thermal correlate its properties and microstructure. The continuous
stresses. Initially, high performance thermal barrier coat- approach, which assumes that the FGM microstructure and
ings for aerospace applications were developed. Such thermatelated properties vary continuously and smoothly in space,
coatings coupled a metallic phase, which provided mechan-has been widely used in the past, because of its relative sim-

plicity. Such continuous model, however, can be reasonably
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As a matter of fact, the FGM microstructure is intrinsically Table 1 . ,
discrete and stochastic, since it is possible to identify distinct 'ngredient materials propertfels*
domains of finite dimensions made up of different ingredient Ingredient  Young modulus  Poisson  Coefficient of thermal

; : o - i i i —600—1
materials®’ The microstructural heterogeneities are likely to materials  (GPa) ratio expansion10-°°C™%)
induce local stress concentrations which, in turn, may lead Glass 96 0.27 8.7
to local damages and finally large-scale failures. A reliable Alumina 358 0.20 8.2

predictive model, therefore, should take into consideration

the real FGM microstructural morphology. al i dch terizati fthe | di .
This work aims at evaluating the effect of discreteness and al preparation and characterization of the ingredient materi-

randomness of the real EGM microstructure on the thermal als, as well as the final FGMs, have been accurately described
1 . .
residual stress distribution. In particular, the analysis is fo- elsewheré! they are only briefly summarized here.

cused on a glass—alumina functionally graded material. Since ¢ Ir:dus_:_rr:al, rlugh.-puntyoaéalurglng t".e?[ were used as ISUb'
thermal residual stresses are likely to cause cracks in brit-tS Irla es. thea urr_nrr:a, pro_otljcel viasin erlfng,bwasZ\go ylcgs-
tle materials, the ingredient materials were carefully chosen, alline system with a residual porosity of about 4.2vol.%.

thus minimizing the mismatch in their coefficients of thermal As for the glass phase, a composition belonging to the

expansion. Then, in order to check the actual stresses cause&zao_zrq_SIOZ ternqry system was chosen. Th.e most rele-
by the thermal treatment, both a computational method andvant thermo-mechanical properties of the constituent phases
an experimental approach were applied were experimentally measured and reporte@iahle 11112

In the past, Jitcharoen et &P, widely investigated a A glass and an alumina samples were cut and used as

similar system, obtained by means of percolation of a standards in the thermal stress measurement.
CaO-AbO3—SiO, glass into an alumina substrate. The au-
thors computationally predicted and experimentally proved 2.2. Functionally graded materials
that the gradual change in elastic properties, especially the
Young modulus, significantly improved the superficial prop- The FGM samples were obtained by means of percolation
erties, in terms of Hertzian cone crack resistance, of the func- of the molten glass into the alumina substrgté glass slice,
tionally graded materials with respectto the single constituent about 1 mm thick, was placed onto the upper face of a small
phases or a traditional, not graded, composite material. In thisalumina tile, about 25 mm 25 mmx 8 mm, and heat treated
study a CaO-Zr@-SiO» glass was utilized, since the glasses following a properly designed heating cydfe.
belonging to this ternary system usually exhibit interesting  The obtained functionally graded materials were carefully
mechanical properties, such as a high Young modulus andinvestigated. An X-ray diffraction analysis was performed in
a relatively good fracture toughne¥s!! Moreover, the ab-  order to check the mineralogical evolution of the system.
sence of any aluminum oxide in the composition made easierThe diffraction pattern proved that neither the heat treat-
the final FGM characterization. As already mentioned, the ment nor the glass infiltration induced the crystallization of
glass formulation was designed with the intention of min- new phase$! The FGM cross-section was observed under a
imizing the mismatch in coefficients of thermal expansion SEM-EDS and the molar concentrations 0§®4 and SiQ
between the alumina and the glass itself. This is a crucial (assumed as a glass marker) were measured as a function of
requirement in order to reduce the thermal residual stresseglepth. According to the chemical analysis, the glass reached
which may arise at the microscale, next to the glass—aluminaa depth of about 80@m.! It is worth noting, however, that
interface, while cooling down from the processing tempera- the EDS curve was not strictly monotonic, since the chemical
ture. analysis was punctual in nature, while the FGM microstruc-
The thermal residual stress values and distribution were ture resulted to be discrete and stochastic.
predicted by using an image-based computational tool which  In order to make the microstructural morphology more
maps digitalized microstructural images onto finite element evident, a FGM cross-section was chemically etched with
meshes. The computational model, however, was experimen-a 4% hydrofluoric acid (HF) for 10s at room tempera-
tally validated measuring the thermal residual stresses on ature. The selective acid corrosion removed the glass, but
FGM specimen by means of a refined piezo-spectroscopythe alumina grains were not modified. An example of the
technique, based on the chromophoric fluorescence3f Cr  resultant microstructure is reported Fig. 1 While the
impurities in the ApO3 substrate. FGM cross-section was observed under the scanning elec-
tron microscope, several partially overlapped photographs
were saved in a digital format and then joined, in order to

2. Materials build an image of the entire graded profile. The resulting pic-
ture represented a 1@0n wide, 80Qum deep cross-section
2.1. Ingredient materials area.

Finally a functionally graded material specimen was
As already mentioned, this work focused on glass— sliced, thus obtaining a sample suitable for the experimen-
alumina functionally graded materials. Since the experimen- tal thermal stress measurement.
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Since itis acomputational tool operating at the microscale,
OOF has already been used in order to correlate materi-
als properties to microstructure. In particular, this code has
been widely exploited for composite materials and hetero-
geneous systems, as the finite element grids carefully model
the microstructural details, such as the shape and dimensions
of inclusions. For example, several authors investigated the
distribution of residual stresses in polycrystalline and com-
plex materials.’~34 Moreover, phenomena related to frac-
ture behaviour in heterogeneous and composite systems were
throughly analyzed in terms of microcracking, crack propa-
gation, damage accumulation, toughening mechanism and
reliability.35-41

In the present work, each SEM image was acquired by the
pre-processor, the constituent phases were identified and the
correspondent materials properties were assigned according

FGM cross section BSD GS0x  HRS2S,OKv. SROT=S WD=10,7mm to Table 1 Finally the finite element mesh was created, which
Fig. 1. BSD-SEM image showing the glass—alumina FGM microstruc- contained about 92,200 elements. Besides the alumina and
ture (at a depth of about 1Qam) The specimen cross-section was pre- the glass, the residual pores were taken in consideration as

viously chemically etched with a 4% hydrofluoric acid (HF) for 10s at a third phase with no stiffne$s.An example of the finite
room temperature in order to make the microstructural morphology more alement mesh is presentedriy. 2

evident. Since this work aimed at evaluating the thermal residual
stresses which may arise during the FGM fabricating pro-
3. Method cess because of the mismatch in the coefficients of thermal

) . expansion, it was assumed that the critical step was the cool-
Thermalresidual stresses in FGMs can be hardly evaluated, g qown after the thermal treatment. In particular, below the

by means of analytical approaches, due to the non-linearity g5 transition temperature, the glass viscosity becomes so
of the governing equations. As a consequence, the finite iy that the stresses can not be relaxed anymore. Therefore,
element method has been widely used to predict the ther-; e computational model, a temperature decresEef

mal residual stress distribution in both continuodiglgnd _770°C was considered, between the glass transition tem-
multilayered® functionally graded materials. The achieved perature, whichwas expe,rimentally measured to be TJ6
numerical results may be useful to optimize the com- 5n4oom temperature. Once the temperature gradient was as-
p03|t|ona7l lggradlent, reducing damages caused by residualsigneq as an input parameter, the resultant thermal residual
stresses!~*? In order to validate the numerical analysis, giresses were evaluated. In the simulations performed, the

various experimental techniques have been applied. X-rayane stress hypothesis was assumed. By means of the finite
diffraction, for example, is a non destructive approach which

can be used to assess the surface stress confiti&while
neutron diffractio”®24 or synchrotron radiatid® methods
are required to investigate the interior of the material. As al-
ready mentioned, in the present work the theoretical results ,
obtained via a microscale FEM simulation were compared 5 A ; I R
with the experimental data acquired by means of a piezospec- :
troscopic technique.

3.1. Modeling procedure

5]
The computational simulations were carried out by using ; PRI AR
. . - L TN
OOF?25:263 software which applies the finite element method = &1 ‘kFr
at the microscale, by using microstructural images and ma- it
terials properties as input data. The preprocessor is able to £o e S NN

acquire microstructural images, such as digitalized scanning
electron microscope (SEM) photographs, and directly create
two-dimensional finite element meshes on them. The materi-
als properties of the ConStltl‘!ent phases are SEt_ as input datqzig. 2. Example of the finite element mesh (detail) which was created at
Then OOF, the FEM solver, is able to perform virtual exper-  the microscale: the SEM image was directly acquired and mapped onto a
iments on the grids. triangular elements mesh.

50 um
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element solver, it was possible to create maps of the actuala four-point bending jig under the optical microscope and
local stress distribution. Moreover, in order to estimate the loaded with a known load below fracture stress; after the load
mean value of the thermal stresses, the mean stress of thevas applied, the whole jig was moved under the microscope
alumina and the glass was calculated for 8 equal regions ofand spectra recorded every 15 from the compressive to-
the profile image, each of which represented ad@0wide wards the tensile side of the specimen. The load was then
and 10Qum deep area. In order to validate the reliability of converted to stress, using the standard four-point-bending
the computational model, the residual thermal stresses wereelastic equation and the peak shifty, plotted as a function

experimentally quantified. of the applied stress. The averaljgn; was obtained from
the slope of ther versusAv plot.
3.2. Experimental measurement Microscopic stress distributions were measured by col-

lecting linear profiles of spectra on the specimen cross-

The stress field distribution along the cross-section of infil- sections. The automatically collected profiles of spectra were
trated samples was determined by using piezo-spectroscopyp pm-spaced. Specimens were placed on a mapping device
techniques related to the characteristic R1, R2 doublet pro-(lateral resolution of 0.jum), which was connected to a per-
duced by chromophoric fluorescence of Cimpurities in sonal computer to drive highly precise displacements (along
Al,O3. The principle of relating an observed line shift in a bothX andY axes) on the specimen surface.
fluorescence spectrum to the state of stress has been described
previously by Grabnet> When polycrystalline A0z (hav-
ing a fine grained microstructure and no significant texture) 4. Results
is subjected to a stress the change in frequencyv in lu-

minescence line is given by the tensorial relationship 4.1. Computational simulations
1 S . . .
Av = -TI;i0j; (1) The stress distribution could be visualized via maps,
3 which are presented iRig. 3. As expected, since the glass
wherelT;; is referred to as the piezo-spectroscopic coefficient
(i.e., relating frequency to stress). 100 wm

The spectrometer apparatus (ISA, T 64000 Jovin-Yvon)
employed in the present experiments used, as excitation
source, an argon-ion laser operating at a wavelength of
488 nm with a power of 200 mW. For obtaining micron-scale
magnification, an optical microscope lens was used both to fo-
cus the laser on the sample and to collect the scattered signal.
Scattered frequencies were analyzed with a triple monochro-
mator equipped with a charge coupled device (CCD) camera.
When focussed by an optical microscope, the dimension of
the laser spot on the samples wagn (i.e., using a< 100 op-
tical lens). Thermal and instrumental fluctuations were com-
pensated by monitoring the spectrum from a Hg/Ne discharge 800 um
lamp. The recorded spectra were analysed with a commercial
software (LabSpec 4.02, Horiba/Jobin-lvon). The frequency
shifts were obtained by subtracting from the centre of the
peak recorded under stress the centre of the peak in the un-
stressed state. The frequency used as a standard value for zerc
external stress was obtained from the poroygOilaged 4 h = 3
at 1600°C without glass, acquiring an array of 100 spec- -, ‘
tra on the surface and averaging all the values of the peak
centre.

An important characteristic of the piezo-spectroscopic
techniques is that the average uniaxial piezo-spectroscopic

T G ST T

Y

7 J

o

R

.. .. . Phase distributi Tensile stresses 0 ressive stresses
coefficient,I7,ni, characterizing the linear dependence of the e distrbution cile sees -
peak shift on stress, strongly depends on many parameters [ _
specific of the material, especially in processing derived pa- 0 MPa 70.4 MPa 0 MPa -122.0 MPa

rameters such as grain size, presence of other phases, poros-

. tc. H limi librati d . ired Fig. 3. Thetensile and compressive thermal residual stresses were calculated
ity, etc. Hence, a preliminar calibration procedure is require in the cross-section image; in the picture representing the phase distribution,

case py case fOIT determining tﬁer]i value pertinentto each  the white areas stand for alumina, the black ones for glass and the gray ones
material. For this purpose, bending bars were mounted onfor pores.
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Fig. 4. Comparison between (a) the distribution of the ingredient materials; and (b) the distribution of compressive residual stresses. Hieeo@sipes
stresses are mainly located in the alumina; on average, they are low in value but some peak stresses arise at the glass—alumina interfackeaspttially w
strip of alumina separates two glass domains.

coefficient of thermal expansion is higher than the alumina Alumina
one, the thermal residual stresses are mainly tensile in the 0,00 -
glass and mainly compressive in the alumina. On average, the 1,00 .
stresses are low in value; some peak stresses, however, canbe _ o
detected atthe glass—aluminainterface, as illustrateidir. g . .

) . ) . . = -3,00

In each of the eight considered areas, in which the profile % 400 . . ¢
image was subdivided, the average values of the principal ’ .
stresses were evaluated both in the glass and the alumina; then -0 ¢
the mean hydrostatic stress was calculated for each phase,i.e.,  -6.00 ' . '
0 200 400 600 800
g=Araton g Rkl 2 (@ Depth (um)
The mean hydrostatic stress, which is representative of the 2100 Glass
stress tensor, is depicted fig. 5as a function of depth. In 20.00 ¢
particular, graphs “a” and “b” refer to the alumina and the = 19,00
glass phase, respectively. Such stresses are very low in value & 18,00 *
in both the ingredient materials, glass and alumina. < 1;’88 . .
15,00 {—* + ? S
4.2. Experimental 14,00 T T T
0 200 400 600 800
Fig. 6 shows the stress dependence of the R1 band from (b) Depth (um)

—110 to +120 MPa. The slope of the linear least square was

assumed to be the uniaxial piezo-spectroscopic coefficientFi9: 5. The mean hydrostatic stregs as a function of depth. In par_ticular,
(the value relating frequency to stress). Whereas, sapphire hagraphs (a) and (b) refer to the alumina and the glass phase, respectively.

a different coefficient’7; for each crystallographic axfs, Table 2summarizes the salient piezo-spectroscopic char-
the A0z prepared according Sectichis supposed 0 be  4¢teristics of the AIOs studied in the present investigation;
polycrystalline and without any significant texture, so thatthe {he R1 and R2 values are based on the alumina fluorescence
uniaxial coefficient is one of the three identical elements of spectrum. The peak used in stress measurement was R1, be-

the diagonal of piezo-spectroscopic tensby. To calculate  cayse of its higher correlation coefficient and the consequent
the mean hydrostatic stress, the following simplification was

done

o ton+on  Av/ITia+ Av/Ilxp+ Av/Ilzz 1 ( 1 1 1 ) 1 < 3 ) Av

—Av + + = —-Av =
3 3 3 Hyni Iyni yni 3 yni My

(3)

o=

whereAv is the shift of R1 peak.
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0.20 Al>03 phase undergoes a weak compressive stress. A fairly
0.15 4 regular decrease of the stress frerB MPa to a negligible
0.10 ] value corresponding to the progressive decrease of the glass
—g content can be seen from the surface to a depth of about
8 0057 2750um.
-(% 0.00
é -0.05 4 . .
3] 5. Discussion
Q& .0.10 4
-0.15 Several applications of optimized functionally graded
0201 _ . . . materials benefit from the reduction of thermal residual
-0.10 -0.05 0.00 0.05 0.10 stresses which may be reached when an abrupt bi-material
Uniaxial stress (GPa) junction is replaced by a gradual change in composition
and/or microstructure. On the other hand, the microstructure
Fig. 6. Stress dependence of the position of R1 band. of functionally graded materials is typically discrete and
50 - stochastic, since at the microscale it is possible to identify
distinct domains having different compositions and therefore
25 dissimilar thermo-mechanical properties. As a consequence,
S error bar related to all data . a microscale model is required in order to have a realistic
E 0.0 M . . . view of the thermal residual stresses which may locally arise
@ ' ° ° between the constituent phases. In the past, Dac*@ab-
L 5 posed a micromechanical study of thermal residual stresses
® in functionally graded materials. By applying the finite
S 50 element method to a discrete micromechanics model, they
T Y o® . . .
@ ' demonstrated that the existence of adjacent grains, randomly
= 754 distributed and made up of heterogeneous phases, could
8 result in locally concentrated thermal residual stresses. This
A00d - ¥ micromechanics model, however, assimilated each grain to
_ a square domain, thus neglecting the actual microstructural
depth / micron details.

The micromechanical approach applied in this work pro-

Fig. 7. Measured stress field distribution in the cross-section of infiltrated . . .
vides for an accurate modelling of the real microstructural

specimen. For more clearness, error ha2.6 MPa) is showed only in the

caption. details, which may be responsible for local stress concentra-
tions. As a matter of fact, the simulations performed on the
lower scattering of data. The value@hydro (= 3 Tuni) is Sig- full-profile image suggest that the thermal residual stresses,
nificantly lower than the value measured by previous authorsthat are mainly tensile in the glass and compressive in the
for other types of AlO3 (sapphire’® polycrystalling?44: alumina, are on average quite low in value. This result is

the reason of the rather large deviation of R1 stress depen-consistent with the aforementioned values of the coefficients
dence may reside in the porosity of the material, that can of thermal expansion, which are really similar, the glass one
affect both mechanical and spectroscopic (i.e., with a high being slightly greater than the alumina one. Actually it is
light scattering) properties. worth noting that the optimization of the glass composition,
The graph ofig. 7shows the residual stress profile along by minimizing the mismatch in thermo-mechanical proper-
the cross-section. Given that the piezo-spectroscopic tech-ties, allows to keep the mean thermal residual stresses really
nique is related to AlO3 fluorescence spectrum, the stress low in value. Yet, the maps describing the actual stress dis-
value measured refers solely to the@§ phase; actually, no  tribution show that some peak stresses can be locally gen-
stress assessment on the glass phase by piezo-spectroscopyated at the glass—alumina interface, especially when a thin
was possible. Furthermore, data appear noisy for the rea-strip of alumina separates two glass domains, as shown in
son that the stress value is close to the sensitivity of the Fig. 4.
piezo-spectroscopic technique: it should be considered acon- As far as the numerically determined mean hydrostatic
fidence interval of:2.5 MPa. In the area containing glass, stress is concernedrig. 5, though its value was averaged

Table 2

Salient piezo-spectroscopic characteristics of the investigatgasAl

Peak Myni (cm™1GPal) Mhydro (cm™1 GPa?) R? Unstressed value (cm) Unstressed value (nm)
R1 -1.67 -5.0 0.98 14407.55 694.080

R2 -1.8 -54 0.96 14437.67 692.633
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on each of the eight areas, the graphs make clear that theand that a confidence interval &f2.5 MPa appears to be
trend is not strictly monotonic. Qualitatively, however, atin- realistic. Therefore, the discrepancy which may be noticed
creasing depths the mean hydrostatic stress value becomebketween the predicted and the measured values is within the
higher in the glass (from 14.66 to 20.64 MPa), while it be- error bar. It can be concluded that the experimental data and
comes lower (in modulus) in the alumina (fror5.06 MPa the computational simulations are qualitatively in fairly good
to —0.06 MPa). It is likely that the residual thermal stress agreement.
variation as a function of depth is related to the composi-  Thus, the acceptable agreement between experimental
tional gradient. As a matter of fact, when increasing depths measurements and numerical predictions confirms the re-
are considered, the glass volume fraction decreases, whildiability of the micromechanical model. It is worth noting,
the alumina volume fraction increases. Similarly the fluc- however, that while the piezospectroscopic technique is able
tuations of the predicted thermal residual stresses may beto measure only the mean value of the residual stresses in
due to stochastic microscale deviations of the real constituentthe alumina, the microscale computational approach provides
phase distribution with respect to the macroscale composi-the actual stress distribution in both the ingredient materials.
tional gradient. Moreover, the SEM micrographs show that However, the experimental technique is essential to validate
the glass zones are larger and more irregular in the upper prothe model.
file regions than in the lower ones and the size and shape of
the glass domains may affect the thermal residual stresses.
In a previous work, V. Cannillo et &° proposed a numer- 6. Conclusions
ical model for the prediction of thermal residual stresses in
alumina—glass composite materials. The computational tests ~ This work focused on the thermal residual stresses which
demonstrated that the thermal stresses depend not only ornay be caused in functionally graded materials by the mis-
the reinforcement volume fraction, but also on the particle Match inthe coefficients of thermal expansion of the ingredi-
shape. These results do not apply quantitatively to the func- €nt materials. Indeed, due to the microstructural discreteness
tionally graded materials analyzed here, since they refer to a@nd randomness of FGMs, distinct domains of heterogeneous
different system, a traditional, not graded composite material, Composition may be identified at the microscale and residual
with alumina p|ate|ets uniform|y dispersed ina g|ass matrix. thermal stresses may arise at the interfaces. Moreover, even
However’ they confirm that the microstructural morphok)gy’ if the mean value of the thermal residual stresses is |0W, local
as well as the composition, influences the thermal residual Stress concentrations are likely to be generated. Such stress
stresses. concentrations in brittle materials are critical, since they may
Finally, a really important target of this work was to check cause a local crack initiation. As a consequence, a reliable
the reliability of the micromechanical model. In this intent, computational model should account for the real FGM mi-
the thermal residual stresses in the alumina phase were excrostructural morphology.
perimentally quantified by means of piezo-spectroscopytech- ~As a matter of fact, the microscale simulations proved
nigues and the results were compared with the numerical pre_that the minimization of the mismatch in thermo-mechanical
diction of the hydrostatic stress. The measured curves showProperties of the glass and the alumina leads to really low
that, moving from the free surface to the maximum depth Mean values of the thermal residual stresses. However, some
reached by the g|ass, the alumina stress values progressi\/e|peak stresses arise at the interface between the ingredient ma-
decrease in modulus, though the trend is not perfectly mono-terials, especially when a thin strip of one phase lies between
tonic (Fig. 7). However, it should be noted that the compres- two domains of a second phase.
sive stresses in the alumina decrease up to zero at a depth of [n order to test the reliability of the numerical model,
800um in the computational model, whilst in the experimen- the residual stresses were also experimentally quantified by
tal determination such depth is 278M. This discrepancy ~ Means of a piezo-spectroscopic technique. When compared,
can be attributed to the fact that the computational model re- the predicted stresses resulted to be consistent with the ex-
lies on SEM acquired micrographs and EDS analysis. With perimental data, thus confirming the effectiveness of the mi-
EDS measurements, however, weight concentrations belowcroscale simulations, since the stresses in the alumina are
1% can not be detectéf.Since the Si@ content has been ~ compressive and low in magnitude and they decrease along
assumed as the glass marker, and since the Siuntin  the penetration direction.
the glass is about 50%, it follows that this technique is not ~ Since the residual stresses turned out to be really low in
able to reveal the presence of glass below 2%. It is likely that Value, it may be concluded that the functionally graded ma-
between 800 and 2750m the glass contentis below the EDS  terial was successfully designed and optimized. The selec-
detectability threshold. This could explain the difference in tion of proper ingredient materials and the application of
the profiles computationally and experimentally determined, adequate fabrication techniques are key factors in order to
keeping in mind that a 2% glass content would cause a weakobtain an engineered FGM. Besides developing a reliable
compressive stress in the alumina. Moreover, it should be FGM production method, the present research proved the ef-
pointed out that the experimentally measured stress value isfectiveness of the methodology for residual thermal stresses
close to the sensitivity of the piezo-spectroscopic technique Prediction.
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