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Abstract

This work aims at investigating the effects of the processing conditions on the final microstructure of glass—alumina functionally graded
materials (FGMs). The ingredient materials, i.e. a polycrystalline sintered alumina and a CaGsid(ylass, were accurately charac-
terized, since their mechanical and thermal properties may deeply influence the fabricating process and the overall FGM behaviour. The
functionally graded materials were obtained by means of percolation of the molten glass into the alumina substrate. Two types of samples
were considered—the “Bulk” FGMs, produced starting from a glass bulk, and the “Powder” FGMs, produced starting from a glass powder;
in both cases four different heating cycles were attempted. The functionally graded materials were analysed using a SEM-EDS and a X-ray
diffractometer. Great attention was devoted to the resulting microstructure; moreover the depth of penetration was measured and related to
the fabricating parameters, such as time and temperature.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Al,0g3; Glass; FGM; Microstructure-final

1. Introduction component design, since material property gradation and
device configuration are engineered togetfiter.

Functionally graded materials are special composite In the past, functionally graded materials composition
materials whose composition and microstructure are not typically included at least one metal ph&sgRecently, how-
uniform in space, but gradually vary following a prede- ever, great attention has been devoted to ceramics—ceramics
termined law. These materials were first introduced as and glass—ceramics systems, due to their attractive properties.
high performance thermal barrier coatings, but nowadays Giannakopoulos et al., for example, produced convincing
they are widely used in many fields, such as aerospace,experimental and computational evidence of the potentiality
microelectronics and biomedical engineering. Functionally of glass—alumina functionally graded materiafs.They
graded materials owe their success to two main features.fabricated the FGM samples starting from a polycrys-
First of all, the gradual change in composition allows to talline sintered alumina and a ternary glass belonging to
exploit the constituent phase properties but, unlike tradi- the system CaO-AD3;-Si0,. After melting, the glass
tional bi-materials junctions, it avoids the abrupt coupling percolated into the alumina substrate and created a gradual
of heterogeneous phases. Moreover the functional gradientchange in composition along the penetration direction. The
can be tailored to the application requirements, even if the corresponding variation in mechanical properties resulted
thermo-mechanical loading conditions are different from in innovative performances, such as the suppression of
point to point. FGMs, therefore, imply a new approach to Hertzian-cone crackinfyIn a second paper concerning the

same alumina—glass system, Suresh et al. demonstrated that
the controlled gradient in elastic modulus can result in a
* Corresponding author. Tel.: +39 059 378416; fax: +39 059 373643,  Pronounced enhancement in the superficial resistance to fric-
E-mail address: siligardi@unimo.it (C. Siligardi). tional sliding contac®. Finally, Cannillo et al. further devel-
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oped a computational approach to investigate glass—aluminahe production of ceramic frits: quartz (Sikron 300 Colorob-
FGMs, showing that the overall behaviour is deeply influ- bia Italia); calcium carbonate (Colorobbia Italia); zirconium
enced by the actual distribution of the constituent ph8ges. silicate (Zircobit FU, Colorobbia ltalia). The powders were

Since the final composition and microstructure are deter- weighted and dry mixed for 40 min; the glass was melted in
mined by the fabricating process, it would be desirable to gain a platinum crucible at 155 for 1 h. Then some glass was
a deeper insight into the relation existing between fabricat- poured into proper graphitic moulds, thus obtaining a bar and
ing parameters and microstructural features which, in turn, a disk; the remaining glass was plunged into cold water, in
govern the FGM behaviour. This work, therefore, focused orderto make a frit. The glass looked perfectly homogeneous
on glass—alumina functionally graded materials and inquired in the molten state. The bar and disk were annealed &t®10
closely the effect of production conditions on the resulting for 1 h and then slowly cooled down to room temperature.
microstructure. The bar was cut into 1.0 mm thick slices, while the disk was

Instead of an alumino-silicate glass, a glass belong- polished, resulting in a regular cylinder useful for the mea-
ing to the CaO-Zr@-SiO, ternary system was chosen. surement of elastic properties by means of a resonance tech-
Besides showing good chemical, physical and mechanicalnique. The frit, in turn, was wet ball-milled, sieved through
properties the glasses belonging to this system do not con- a 32um-meshed sieve and dried off in a kiln.
tain any aluminium oxide, which is the only constituent of
the substrate, and this makes easier the experimental investi2.2. Functionally graded materials preparation
gation of the FGM samples. Moreover the glass composition
was purposely designed in order to achieve a coefficient of Some FGM samples were produced starting from the glass
thermal expansion quite similar to that of the alumina. The slices; others were fabricated using the glass powder. The for-
minimization of the mismatch in thermal properties may be mer samples were named “Bulk” functionally graded mate-
advantageous to the FGM performance, by sensibly reduc-rials, the latter ones “Powder” functionally graded materials.
ing the thermal residual stresses which may arise in serviceThe same heating cycles were followed for both types of
or during fabricatior?. FGM samples.

The glass infiltration was induced by means of a ther-  As concerns the “Bulk” FGM samples, a glass slice was
mal treatment. In spite of the simplicity of the applied fabri- placed onto the top face of an alumina body and then heat
cating procedure, many parameters could be changed, suclireated. After melting, the glass penetrated into the polycrys-
as the time and temperature of the soaking step or thetalline substrate. Four different heat treatments were consid-
initial state—powder or bulk—of the glass. The resulting ered: in a typical cycle, the sample was heated from room
glass—alumina functionally graded materials were carefully temperature to 500C at 5°C/min and then from 500C to
characterized, with the intention of understanding the effects 1500°C at 10°C/min; it was left at 1500C for 2 h; finally,
of processing on microstructure. the treatment closed with a cooling down from 15@0to

1000°C at 10°C/min and from 1000C to room temperature
in air. The attempted heat treatment differed for the maximum

2. Experimental procedure temperature reached, which could be 130®r 1600°C, and
. . . for the length of the isothermal step, which could be 2 h or
2.1. Ingredient materials preparation 4h

For the “Powder” samples, the glass powder was applied

) X . 2 in the form of an aqueous suspension. The powder weight
(99%), sintered alumin: The alumina was supplied in the fraction was optimized in the attempt to improve the rhe-

fqrm of 6](0 rt?m V;'ge sqtéare tllez,swhlck}wk;alrejgu_t |Qto smaller ological properties, while minimizing the water content. A
piecesofa out MR S MM 25 mMm.able Ihriefly sum- 66.5wt.% of glass powder was found to be the best solution.
marises the most important aIumlng properties declared byThe addition of a 2 wt.% vynilic binder was required in order
the manufa_cturers. AS. already mentloned! for the glass phasqo ensure the handiness of the glass—alumina green systems.
a.composition belonging to the Ca0—Zf&5I0, system was A 0.6 mm thick layer of glass suspension was evenly dis-

choser]]. Ihe n-]?;lagoggds g;r.cze ntagg;gf;he %?Z%gfml_%osmor{ributed on each alumina substrate. After completely drying
are as follows: CaO 33.78%; Zp@.69%; SIQ 57.53%. The = 4,0 \yater off in a kiln, the glass—alumina systems were heat

raw materials were industrial powders, commonly used in treated in order to produce the functionally graded materials.

The substrate was made up of an industrial high purity

Table 1 The same four heat treatments were performed, as previously
Alumina properties declared by the manufactiters described with concern to the “Bulk” FGM samples.

Property Value

Density 3.86g/cr 2.3. Ingredient materials characterization

Young modulus 380 GPa

Vickers hardnesgyio 14GPa The data declared by the alumina manufactdfergere
Fracture toughnesgjc 2.6 MPant? confirmed by the experimental analysis, whose procedure and
Bending strength (4 points) 318 MPa

results were described in an another wbk.
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The mechanical properties of the glass were measuredFGMs) did not undergo any delamination and therefore the
by means of a resonance technique (EMOD, Lemmensanalysis was focused on the cross-section, which was char-
Grindosoni® MK5) on the disk-shaped (5cm diameter) acterized in the same way as the “Bulk” FGMs.
sample, after properly polishing it. The coefficient of
thermal expansion was measured with a NETSCH—DIL
404 dilatometer. In order to investigate the glass thermal
behaviour, a differential ther_mal analysis (NETZSCH—DSC ; ; Ingredient materials
404) was performed, heating the sample from room tem-
perature to 1400C at 10°C/min. The results of the glass
DTA were described and discussed in a previous Wdrk.
However, the thermal treatment applied in order to evaluate
the glass reactivity was relevantly different from the FGM - Young modulusfE=90.56 GPa.
fabricating process. Therefore, the previously described four- Shear modulusi = 35.50 GPa.
FGM heat treatments were repeated on four glass slices.- Poisson coefficien;=0.28.

During the treatment, each glass slice was placed on @  tpg gjass and the alumina Young moduli are quite differ-
platinum plate, thus avoiding any reaction between the glassem’ but the Poisson coefficients are similar, which may be
and _the furr_lace refractory. advantageous for the FGM resulting performafce.

Finally, in order to measure the glass hardness and The coefficients of thermal expansion are 806
fracture toughnes{c), a glass fragment was suitably cut, 10-8 K1 for the glass and 8.20 10-6 K~ for the alumina

embedded in unsaturated poly-ester resin and carefully pol-(gjy 4y it is worth noting that the difference between the
ished. The Vickers microindentations (REMET HX-1000) glass and the alumina coefficients of thermal expansion is re-

were performed under three different loads, i.e. 2%g ally low in value. As already mentioned, a good compatibil-

15s, 50¢ for 15s and 100gfor 15s. For each load, 25 i hetween the thermal properties of the ingredient materials
tests were carried out. The permanent indents were observeqS a crucial requirement, since the mismatch in the coeffi-

under a scanning electron microscope (PHILIPS XL 40) and jentg of thermal expansion is likely to give rise to residual

measured. As regards the toughness evaluation, 15 ViCkerSstresses which, in turn, may cause local damages and even-
microindentations were performed under a load of 3dog tually cracks®

15 s and the indents were observed and measured as well. The DTA results show that the glass transition occurs

at about 800C. As described in previous worRs? the
exothermal peak at about 1000 may be due to the crys-
- _ tallization of wollastonite as main phase and a calcium zirco-
As concerns the _BUlk samples, independently of the nium silicate, CaZrSisO12, as a secondary phase. Moreover,
heat treatment applied, at the end of the thermal cycle y,, endothermal peaks are visible: the first one, at about
some residual glass remained on the top surface of the1540:c s likely to be associated with the transformation
FGM samples. Though the aforementioned reference glassyt \yo|jastonite into pseudo-wollastonite: the second one, at
slices were still amorphous after the heat treatment, in theabout 1360C, may be caused by the complete softening of

“Bulk” FGMs the superabundant glass crystallized and y,q glass or by the melting of one of the aforementioned crys-
broke off the substrate. Both the fracture surfaces—glass,, phases.

side and substrate side—looked completely crystallized. It is worth noting that the reference glass slices do not
Therefore, for each sample, both the glass and the SUbStrat%ndergo any crystallization process during the FGM heat-

delamination surfaces were observed under the SEM. Thej, g o cles. As a matter of fact, independently of the heating
glass—air interface—i.e. the glass top surface—was studied

as well. Finally, the cross-section of the bulk FGMs was g/ ,*102

observed using the SEM. Furthermore, in order to study the 4, 1000 000+ e ;
glass penetration into the alumina substrate and to evaluate
the depth reached, the FGM cross-sections underwent a %8
local chemical analysis by EDS. The molar percentages of 4
the aluminium oxide and silicon oxide (assumed as a marker

of the glass) were measured as a function of depth. The %4
“Bulk” FGM sample investigation was completed by the ,,
X-ray diffraction analysis, which was performed on both

the substrate cross-section and the superabundant glass to ©
layer. As a matter of fact, the substrate sample was a bulk
slice, while the superficial glass layer was finely ground.

_Un"ke the “Bulk” FGMS, the functionally graded ma-  Fig. 1. comparison between the glass [1] and the alumina [2] dilatometric
terials produced starting from the glass powder (“Powder” curves. The coefficients of thermal expansion are really similar.

3. Results

As expected, the glass shows quite good mechanical
propertie§:

2.4. Functionally graded materials characterization

Temp./°C T.Alpha/(1/K)
101.0, 700.0 : 8.0593E-06

200 400 600 800 1000 1200
Temperature /°C
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Table 2 amorphous, the glass crystallization in the “Bulk” FGM sam-
Comparison between the calculated values of the glass fracture toughness ples may be due to the alumina grains, which act as nucle-
Equation Kc (MPani??) ating agents. Provided that the new crystal phases and the
EC 1.324+0.18 alumina substrate have different thermal properties, the ther-
B 1.21+0.09 mal stresses, which arise during the heat treatment, may lead
JL 1.55+0.22

to the observed interfacial delamination.
The SEM-EDS investigation demonstrates that the four
“Bulk” FGMs have analogous properties. When the glass side

schedule, all samples remain completely glassy. In order to t the delaminati ; . idered. th h
justify the different glass behaviour, it should be noted that of the delamination surface is considered, three phases—a

during the FGM production the heating conditions are not Ilght_g_rey matrix, abdark gre)_/rrrpatélé,ssome white globular |
favourable to the glass crystallization. As a matter of fact, precipitates—can be seen. The measurements revea

the differential thermal analysis suggests that the glass crys—that the light grey areas contain silicon, calcium, zirconium

tallization occurs at about 100C, but in the FGM fabri- and aluminium, whereas the dark grey domains contain sil-
cating process the maximum temperature reached (AG00 icon, calcium and aluminium, but the zirconium content is
and 1600C, respectively) is so high that the glass system q_uite IQW' Finall_y, the whit_e_spherical b_odies mainly contain
completely melts and, at the end of the quick cooling down zirconium. Their composition and their shape suggest that

step, the sample is abruptly extracted from the oven at aboutthe white spherical bodies are originated by the precipita-

1000°C. As a consequence, the glass has not time enough tdion of a zirconium oxide crystal phase. In order to identify

crystallize and remains totally amorphous. theT mineralogical phases, howevgr, an X-ray analysis is re-
The glass hardness, that can be deduced from the Vickersq“'red' .Indep'endently of the fabrication thermal cycle, Fhe
micro-indentationd? results: X-ray diffraction patterns o_f the glass top-layer shovy awide
broad band, due to the copious amorphous phase still present.
Hyso = 693+ 39 kg/mn? = 6.798+ 0.382 GPa Besides this, the most important crystal phase which can be
identified is the anorthite (Cag$i,Og), which confirms the
The reliability of this value is confirmed by the analysis of - glyminium diffusion into the glass. Furthermore, the crystal-
the 25g and 100 gindents. Then th&ic value can be cal-  |ization of anorthite can justify the delamination of the top
culated according to three different equations: the Evans andlayer, since the anorthite coefficient of thermal expansion
Charles equation (named EC), the Blendell equation (B) and s noticeably lower than that of alumin@gble 3. Because
the Lankford equation (JL)! The results are listed ifable 2 of the mismatch in coefficients of thermal expansion, while
The Evans and Charles equation returns a value which is¢qgling down the top layer contracts less quickly than the sub-
intermediate between the Blendell and the Lankford ones, strate and eventually spalls off. Finally, the X-ray diffraction
a result which is consistent with the analysis developed by analysis shows the presence of monoclinic zirconia.
Ponton and Rawling¥: In conclusion, the glass shows good  \hen the delamination surface of the substrate is consid-
mechanical properties and, in particular, the Vickers hard- greq fig. 4), itis possible to distinguish the same three phases
ness and fracture toughness are relatively high in value. The("ght grey matrix; dark grey matrix; white spherical precip-
glass performances are to be ascribed to the high content ingates). According to the EDS analysis, their composition is
zirconium oxide of the chosen composition. the same as well.
The SEM observation of the substrate cross-section
3.2. “Bulk” functionally graded materials (Fig. 5 confirms that the glass penetrates into the polycrys-
talline alumina and the depth of penetration is greater in the
As already mentioned, during the heat treatment some su-samples which undergo the most severe thermal treatments.
perabundant glass does not infiltrate the alumitig. ) and During the FGM heat treatment, some zirconium oxide crys-
crystallises Fig. 3). Since the reference glass slices remain tals precipitate along the profile; the crystals are usually more

<— Glass slice

BEFORE
the heat treatment

% Alumina substrate

P e

<—— FGM AFTER

the heat treatment

<——— Alumina substrate

Fig. 2. Drawing illustrative of the incomplete glass penetration into the alumina substrate (not in scale); because of the thermal residubbstigesdisial
residual glass usually gets separated from the substrate.
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Table 3
Comparison between the alumina and anorthite coefficients of thermal
expansion
Coefflcient of thermal Temperature
expansion (K1) range (C)
Alumina 8.19x 1076 20-1000
Anorthite 45x 107618 100-2068

abundant in the area next to the glass—substrate interface an
preferentially grow between the alumina grains. This hints
that the alumina grain boundaries stimulate the zirconium
oxide crystallization kinetics. Nevertheless, according to the
X-ray diffraction analysis, the:-alumina is the only crys-
tal phase which can be detected in the substrate. This mean
that the amount of the zirconium oxide crystals is so low that
it does not reach the instrumental threshold of detectability
(1%). Therefore, itis reasonable to assume that the zirconium
oxide crystals do not significantly influence the FGM overall
behaviour.

In order to examine the resulting compositional gradi-

997

10 pUm.
Bulk FGM cross section

Fig. 5. Typical “Bulk” FGM cross-section (sample left at 16@Dfor 4 h).

ent and the depth of penetration, the molar percentages ofthe aluminium oxide and silicon oxide were measured as a

Delamination surface; substrate side

Fig. 4. The back-scattered electron (BSD) image clearly shows that in the
“Bulk” FGMs three phases can be identified on the substrate delamination
surface: a light grey matrix (a), a dark grey matrix (b) and some white bodies
(c) (sample left at 1600C for 4 h).

function of depth. The experimental graphs, however, are not
strictly monotonic, since the FGM microstructure is discrete
and stochastic in natufe’ while the measurement technique
is punctual Fig. 6). The curves, therefore, are just repre-

Mol.%
30 40 50 60 70 80 90 100
+
‘; .‘ .
. * *t
* * s
. .
b o]
* |
., ', * t
c o, 4
g RS ¢
~— * 4 |
= |
Z 2
[7] T |
] o

bt ’B

[. Aluminium Oxide m Silicon Oxide |

Fig. 6. EDS analysis of the bulk FGM heat-treated at 18Dfor 4 h.
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Table 4
Summary of the depths of penetration for different glass states and heating
parameters

“Bulk” FGMs (pm) “Powder” FGMs (1m)

1500°C, 2h ~850 ~675
1500°C, 4h ~1600 ~1500
1600°C, 2h ~2800 ~2800
1600°C, 4h ~4400 ~5000

sentative of a trend and are useful to estimate the depth of
penetration of the glass, measured where the silicon oxide

molar fraction goes to zero. The depths of penetration result
relevantly different for the four heat treatments attempted
(Table 4.

3.3. “Powder” functionally graded materials

Itis worth noting that, unlike the “Bulk” FGMs, the “Pow-
der” samples do not undergo any delamination. However, the
samples heat-treated at 16@Iook quite deformed; in the
samples treated for 2 h, the deformation mainly involves the
upper part of the bodyHig. 7), while in the samples treated for
4 hthe deformation affects the whole body. This phenomenon
is much less evident in the samples treated at 2800

As already seen inthe “Bulk” FGMs, the “Powder” FGMs
show a superficial layer of superabundant gl&sg.(8). In-
dependently of the heating cycles, this glass, which can not

penetrate into the substrate, undergoes a widespread crystaP

lization and gives rise to a glass—ceramics coating, character

ized by anorthite crystals and zirconia precipitates embedded

in an amorphous matrixg. 9). The glass—air interface is
particularly rich in zirconia spherical precipitates, surrounde
by a net of anorthite acicular crystaksig. 10).

The SEM-EDS analysis of the substrate confirms that the

d
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— 10 pm.
Powder FGM cross section

BSD _500x  HT=20.0Kv. SPOT=5 WD=10.4mm.]

Fig. 8. Typical microstructure of a “Powder” FGM cross-section (sample
left at 1600°C for 4 h).

separating some zirconia crystals. Yet, independently of the
heat treatment, the X-ray diffraction of the substrate cross-
section detects the presence of only one crystal phase, that is
to say thex-alumina of the substrate. It may be concluded,
therefore, that also in the “Powder” FGMs the zirconium ox-
ide crystal phase does not reach the threshold of detectability
f the diffractometer.

The compositional profilesF{g. 11), which were mea-
sured using the EDS, show that the depth of glass penetration
depends on the heat treatment performed, as summarized in
Table 4

glass percolates along the alumina grain boundaries, seldon

Fig. 7. The “Powder” FGM, left at 1600C for 2 h, shows an evident defor-
mation in its upper part.

i

- 50 Hdm.
1600 4h powder FGM

BSD

Ox HT= 25.0Hv SPOT=4 WD=10. Snm.

Fig. 9. In the “Powder” FGMs the glass which can not penetrate into the
alumina substrate give rise to a glass—ceramics coating; the detail shows the
zirconia spherical precipitates, particularly abundant on the surface (sample
left at 1600°C for 4 h).
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gives rise to the crystallization of anorthite. Since the glass
composition does not contain any aluminium, the appear-
ance of the anorthite, which is a calcium aluminium silicate,
demonstrates that some alumina migrates from the substrate
into the glass. This means that a two-way penetration is tak-
ing place: while the glass percolates into the polycrystalline
alumina, some alumina penetrates into the glass. The anor-
thite crystallization is likely to be enhanced by the alumina
grain boundaries, acting as nucleating agents. As a matter
of fact, in the “Bulk” FGM samples the anorthite crystals
are widely diffused on the glass—substrate interface, but they
are not present on the glass—air interface. In the “Powder”
FGMs, instead, the anorthite crystallization involves also the
glass—airinterface, due to the high reactivity of the glass pow-
der, which is characterized by a wider specific surface than
the glass bulk.

The anorthite crystallization may significantly influence
Fig. 10. Inthe “Powder’ FGM samples, the glass—air interface is rich in zir- the glass depths of penetration. In the samples heat-treated at
conia spherical precipitates, surrounded by acicular anorthite crystals (sam-1500°C, the anorthite crystals, which are growing preferen-
ple left at 1600°C for 4 h). tially at the glass—substrate interface, are likely to interfere
with the glass penetration, slowing it down. As a conse-
quence, the depth of penetration is much lower in the FGM
samples treated at 150G than in the samples treated at
1600°C. Moreover the crystallization kinetics is quicker for
the glass powder than for the bulk and therefore, times being
equal, the anorthite is more abundant in the “Powder” FGMs
than in the “Bulk” FGMs, while the depth reached by the
glass is lower. The anorthite, however, completely melts at
1550°C and does not hinder the glass penetration at 2600
As a matter of fact, times being equal, the depths of penetra-
tion at 1600°C are quite similar in the “Bulk” FGMs and in
the “Powder” FGMs. Indeed the depth reached by the glass
after 4 h at 1600C is higher in the “Powder” FGMs than in
the “Bulk” FGMs, owing to the enhanced kinetics of the glass
powder. The anorthite crystallises again while the sample
is cooling down, thus giving rise to the crystal formations

50 um.
powder FGM surface

BSD  400x HT=20,0Kv. SPOT=5 WD=10, Omm.

Mol.%
20 30 40 50 60 70

Depth (um)

[.Aluminium Oxide = Silicon Oxide |

Fig. 11. EDS analysis of the “Powder” FGM heat-treated at T&Dfbr 4 h. which can be seen also in the samples treated at X600
In order to explain the sample deformation, it should be
4. Discussion noted that the glass penetration into the polycrystalline alu-

mina involves two mechanisrifs

This work focuses on two alternative fabrication tech-
nigues and highlights that different treatments may lead to
different FGM microstructures. The most striking difference
is that in the “Bulk” FGMs the superficial layer of super-
abundant glass breaks off from the substrate; on the contrary,
the “Powder” FGMs do not experience any delamination but
exhibit a remarkable deformation, especially the specimens
heat-treated at 160@. Moreover, the superabundant glass ~ The second mechanism, which is the main cause of the
in the “Powder” samples undergoes a wide crystallization, volume increase, is more active at 16@than at 1500C;
which results in a superficial coating rich in zirconia. moreover, its consequences are more relevant after longer

During the fabrication process, the glass separates somdreatments. In other words, the second type of glass penetra-
zirconium oxide, which precipitates in the form of monoclinic  tion is scarcely active if the maximum temperature reached
zirconia. The zirconium oxide crystallization is more abun- is 1500°C; instead it becomes predominant in the samples
dantin the “Powder” FGMs than in the “Bulk” ones, since the treated at 1600C and the volume affected is greater after
crystallization kinetics is higher for the powder glass than for 4 h than after 2 h. Moreover, it should be remarked that the
the bulk. The glass, which is now poorer in zirconium oxide, “Powder” FGM samples are much more deformed than the

- After relatively short heat treatments, the glass migrates
into the alumina grain junctions, causing a slight volume
increase;

- After longer heat treatments, the glass percolates into the

' alumina grain boundaries, giving rise to a more consider-
able volume increase.
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correspondent “Bulk” ones, since the glass powder is more belonging to the CaO-Zr§3-Si0, system was chosen due
reactive than the glass bulk, thus enhancing the penetratiorto its good thermo-mechanical properties. Yet the fabrication
kinetics. One more reason of the sample deformation may beheat-treatment induces the crystallization of the superficial
the alumina grain growth, which is caused by the long stay superabundant glass, leading to the delamination of the glass
at high temperaturét Finally the deformation of the FGMs  top layer in the “Bulk” FGM samples and to the formation
samples may be also due to the mismatch in the coefficientsof a glass—ceramics coating in the “Powder” FGM samples.
of thermal expansion of glass and alumina on one hand andTherefore, if the glass—alumina functionally graded mate-
anorthité’ on the other. The thermodilatometric incompati- rials are intended for an industrial application, it would be
bility may lead to concentrated thermal residual stresses andrecommendable to use the glass in the form of powder and
local damages, which culminate in the delamination of the to perform a thermal treatment at 150D for 4 h. As a mat-
“Bulk” FGMs. ter of fact, the reached depth of penetration is appreciable
Whenthe FGM substrate is considered, some zirconia pre-(~1500um) and the sample deformation is negligible, while
cipitates can be seen using the SEM. Nevertheless, accordinghe superficial glass results in a glass—ceramics coating which
to the X-ray diffraction analysis, if the eventual superabun- adheres well to the substrate.
dant glass is not considered, the only crystal phase which In conclusion, this work shows that it is possible to engi-
can be identified in the FGM cross-section is thalumina. neer the final FGM microstructure by properly setting out the
This means that the amount of the zirconium oxide crystals processing parameters. On the other hand, a microstructure-
is so low that it does not reach the diffractometer threshold based computational model could define the relation between
of detectability. In brief, during the heat treatment the glass microstructural details and final properties, thus enabling the
penetrates into the alumina, without inducing any chemical complete FGM design, from processing to application. The
reaction or relevant crystallization inside the substrate. development of a computational model for overall properties
As it may be expected, the depth of penetration dependsprediction is the focus of current research.
not only on the crystallization phenomena, but also on the
time and temperature of the scheduled heat treatment. Ac-
tually, since the sintered alumina is characterized by someAcknowledgement
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