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bstract

lass–alumina functionally graded coatings (FGCs) were produced via plasma spraying, a deposition technique for thick (>10–20 �m) coatings
roduction, which ensures high flexibility and good reliability. The samples were obtained by building a graded glass–alumina coating onto
n alumina substrate; the coatings were designed as multi-layered systems, each layer having a mean composition slightly different from the
eighbouring ones. Two different compositional gradients were considered (from 100 vol.% alumina to 100 vol.% glass and from 80–20 vol.%
lass to 100 vol.% glass) and several heat treatments were performed in order to improve the substrate-coating interface and induce a controlled

ransformation (sintering and/or crystallization) of the glassy phase. After a preliminary screening of the as-sprayed and the heat treated samples,
he most interesting ones were carefully characterized, especially from a mechanical point of view. In fact, tests such as Vickers micro-indentation
llowed to appreciate the effects of the graded compositional profile and the consequences induced by thermal treatments.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Functionally graded materials (FGMs) are an innovative class
f composite materials, characterized by a gradual variation
f composition in space. In fact, unlike customary composite
aterials, the constituent phases of FGMs are not uniformly

istributed in space, but are placed in order to create a grad-
al change in composition and therefore in properties and
erformances.1,2 In this way it is possible to tailor the mate-
ial microstructure to the assigned thermo-mechanical loading
onditions and, in the meanwhile, the smooth compositional
radient avoids abrupt joints between heterogeneous materials,
hich can be detrimental in traditional bi-materials systems.3–6

oreover, the introduction of a functional gradient, if prop-
rly designed and realized, can confer special properties to the
GM, which can not be achieved by the FGM constituent phases

onsidered separately or by the traditional composite material
aving the same mean composition as the FGM. For example,
uresh and co-workers7 studied a glass–alumina FGM, obtained

∗ Corresponding author. Tel.: +39 059 2056240; fax: +39 059 2056243.
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ionally graded materials)

y means of percolation of a molten glass into a polycrystalline
lumina substrate. The gradual variation of composition from a
lass-rich superficial layer to a pure alumina substrate resulted
nto a smooth change in the elastic properties. The authors
emonstrated that, under a spherical Hertzian indentation, the
unctional gradient induced a redistribution of the principal ten-
ile stresses into the interior of the system, which in turn was
ble to suppress the formation of Hertzian cone cracks. On the
ontrary, Hertzian cracks were observed in bulk glass and alu-
ina samples, and also in a composite system having the same
ean composition as the FGM.
Recently, the concept of FGM has been promptly extended to

everal systems. However, in order to exploit its advantageous
otentialities, the production of an FGM requires an adequate
roduction technique, since the gradient should be realized in a
ontrolled and well reproducible way.2

Thermal spraying has proved to be a flexible and reliable
ethod to produce FGMs, mainly suitable for functionally

raded coatings (FGCs). Basically, in thermal spraying the feed-

tock material, usually in powder form, is injected into a high
ressure, high temperature gas flow, heated by an electric arc
r the combustion of a gaseous or liquid fuel. In this way, the
articles, while melting in the flame, are strongly accelerated

mailto:sola.antonella@unimore.it
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.105
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owards the substrate, where they impinge, flatten and solidify
ery quickly (quenching).1,8 Thermal spraying is an appealing
pproach, since it allows to deposit even really refractive coat-
ngs on less refractive substrates. Moreover a careful control of
he spraying parameters and conditions enables to design the
nal composition and microstructure of the deposited system.
his potentiality, therefore, is particularly favourable for the
GM production. On the other hand, the idea of grading the com-
osition and microstructure of the sprayed coating may signifi-
antly improve the quality of the sprayed coatings with respect
o traditional bi-material systems, for example by smoothing the
brupt connection between heterogeneous phases.1,9–13

In recent years, thermal spraying has been applied to three
ain classes of graded coatings. Thermal sprayed FGMs have

een used as sensor and energy applications.14 Moreover ther-
al spraying has emerged as an ideal technique to deposit

hermal barrier coatings; actually this technique allows to spray
ighly thermally insulating ceramic coatings on metallic sub-
trates, such as in gas turbines. Thermal sprayed functionally
raded coatings have also been applied to industrial devices
nd machinery in order to enhance their superficial resistance
gainst wear and erosion.15,16 Since the coating durability may
e reduced by microstructural defects, special post treatments
ave been developed to adjust the microstructure without alter-
ng the imposed gradient17; great attention has been devoted to
he improvement of the bonding strength and to the reduction of
ossible thermal residual stresses.18–24

Up to date, however, the main topic of the research on ther-
al sprayed FGM is the understanding of the relation existing

etween process parameters, FGM microstructural features and
acroscopic performances.25 This is an ambitious target, since

he characteristic microstructural features of thermal sprayed
ystems26—e.g. lamellar morphology, inter- and intra-lamellar
ores and microcracks—are combined with the peculiar FGM
patial variation of composition and microstructure.

The present work was focused on the production of
lass–alumina FGMs by plasma spraying. The FGMs were
btained by depositing a glass–alumina graded coating onto an
lumina substrate. Two different glass–alumina gradients were
onsidered: in the first type, the first layer deposited on the alu-
ina substrate was made of pure alumina; in the second type,

he first layer was made of 80 vol.% alumina and 20 vol.% glass.
oreover several thermal treatments were performed in order to

nduce a controlled sintering and/or crystallization of the glassy
hase, thus obtaining new ceramic-glass ceramic FGMs. The
esulting samples were investigated and compared.

. Materials and methods

.1. Ingredient materials

The substrate was made of a commercially available sin-
ered alumina.27 The alumina was a high density (3.9 g/cm3)27,

ure (99.7%)27 product, supplied in form of square tiles
50 mm × 50 mm × 8 mm). In order to gain a deeper insight into
he substrate properties, an alumina specimen was observed with
scanning electron microscope (SEM – Philips XL-30) and the

w
l
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ross-section underwent an X-ray diffraction (XRD—X’Pert
ro PANalytical), which was required to define the crystal
hases. Moreover the principal elastic properties of the alu-
ina, i.e. Young’s modulus and Poisson’s coefficient, were
easured via a resonance based technique (EMOD – Lemmens
rindosonic® MK5). Microindentation tests (Vickers Indenter,
pen Platform, CSM Instruments) were performed by applying
load of 500 gf for 15 s on the alumina cross-section in order

o evaluate the Vickers hardness. A dilatometric analysis (NET-
SCH – DIL 404) was carried out by heating an alumina sample

rom room temperature to 1400 ◦C; the mean value of the coeffi-
ient of thermal expansion was evaluated from room temperature
o about 800 ◦C, which is the glass transition temperature of the
lass used in the coating process.28–30

The graded coatings were built by spraying proper mixtures
f alumina powder and glass powder. As regards the alumina, it
as a commercial powder (Sulzer Metco 105SFP), characterized
y a purity of 99.5% and a mean grain size of 31 ± 4 �m. A XRD
as carried out on the alumina powder as well.
The glass used in the graded coatings belonged to the

aO–ZrO2–SiO2 (CZS) system, which was chosen for several
easons. First of all, the glasses belonging to this ternary system
sually show interesting chemical and physical properties and
emarkable mechanical performances (e.g. high Young’s modu-
us and relatively good fracture toughness28,29). Furthermore,
he glass composition could be formulated thus minimizing
he mismatch in the coefficients of thermal expansion of the
lass and the alumina used as substrate.30 Moreover the glass
ormulation did not include Al2O3 and this circumstance was
elpful to characterize the resulting systems, since the ingre-
ient materials (alumina and glass) had completely different
ompositions.29 Besides this, preliminary studies28,29 proved
hat CZS glasses, if properly formulated, exhibit well defined
nd distinguished temperatures of sintering (about 850 ◦C) and
rystallization (about 1050 ◦C) and therefore they are suitable
or controlled heat-induced transformations. To conclude, CZS
lasses (having compositions slightly different from the present
ne) have already been used with success to obtain plasma
prayed glass–alumina composites.31,32

The CZS glass used in this study was characterized in detail
n a previous work.29 In particular, in order to obtain the plasma
prayed FGMs, the glass was utilized in powder form. Accord-
ngly, the raw materials (calcium carbonate, zirconium silicate,
uartz) were mixed and melted, thus obtaining a molten glass
hich was plunged into cold water; the resulting glass frit
as wet ball-milled and dried off in a kiln. The glass frit was

ubjected to an XRD to exclude the presence of residual, not
erfectly fused crystal impurities. Moreover the glass was spray-
ried in order to confer it a suitable flowability (NIRO Atomizer,
enmark – located at the Centro Sviluppo Materiali S.p.A.,
oma).

.2. Functionally graded materials
The FGMs were designed as multi-layered coatings which
ere plasma sprayed on the alumina square tiles. Within each

ayer the composition was (on average) uniform; in other words,
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Table 2
Feeding parameters for the FGCs

Glass % in the layer Feeding disk speed (rpm)

Glass Alumina

0a 0.0 25.0
5a 0.3 24.7

10a 0.7 24.3
15a 1.1 23.9
20 1.5 23.5
25 1.9 23.1
30 2.4 22.6
35 3.0 22.0
40 3.6 21.4
45 4.3 20.7
50 5.1 19.9
55 5.9 19.1
60 6.9 18.1
65 8.0 17.0
70 9.3 15.7
75 10.8 14.2
80 12.6 12.4
85 14.7 10.3
90 17.4 7.6
95 20.7 4.3

100 25.0 0.0
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ach layer could be theoretically considered as a traditional,
ot graded composite material.1,33 Moving from the substrate-
oating interface toward the upper surface, the mean content
f alumina was decreased of 5 vol.% in each layer, while the
ean content of glass was increased of 5 vol.%. In this way two

ifferent FGMs were produced, in the following named FGM1
nd FGM2. In the former, the first layer sprayed on the alumina
ubstrate was made of pure alumina; the second layer was made
f 95 vol.% alumina and 5 vol.% CZS glass and so on, up to
he top layer made of pure glass. In the former system, instead,
he first layer deposited on the alumina substrate was made of
0 vol.% alumina and 20 vol.% glass. In both types of FGMs, the
ayer thickness was minimized and it was kept constant (around
0 �m).

Spray runs were carried out by using a F4-MB plasma torch
nstalled in a Controlled Atmosphere Plasma-Spraying plant at
entro Sviluppo Materiali S.p.A. (Roma, Italy), which is co-

hared with the University “La Sapienza” (Roma). Both FGM1
nd FGM2 were realized in APS mode, applying the operating
arameters that are listed in Table 1. The alumina substrates
ere previously grit blasted at Centro Sviluppo Materiali S.p.A.
sing a vacuum-operated Norblast blasting machine equipped
ith a hand-held blasting gun (internal diameter 8 mm). SiC
articles34 with a mean grain size of 165 �m were employed as
rits. Moreover the alumina substrates were slightly pre-heated
p to about 150 ◦C.

A traditional, well established method to obtain plasma
prayed FGMs consists in pre-mixing the spraying powders in
arious ratios and then depositing individual layers by spraying
he previously blended mixtures of powders.35–38 In the present
esearch, instead, the spraying powders (alumina; atomized CZS
lass) were not pre-mixed: they were separately loaded in two
ifferent powder feeders and the graded profile was built by
radually varying the feeding flow rate of the powders into the
lasma flux.39 In order to define the feeding rate of each powder,
deposition efficiency measurement was previously performed:

he alumina powder and the glass one were separately sprayed
n a substrate of known thickness by fixing the same spraying

arameters and the same number of torch passes; then the thick-
ess of each coating was measured and the ratio between the
wo thicknesses was used to calibrate the corresponding feeding
ates. The feeding parameters are listed in Table 2.

•

able 1
lasma torch operating parameters

FGM1

orch type F4-MB, internal diameter: 6
ower 550 A × 71 V = 39050 W
praying distance 100 mm
umber of passes 3 pre-heating + 40 spraying

owder injection system

Carrier gas 1: Ar, 3.5 slpm
Carrier gas 2: Ar, 3.5 slpm
Injector axial distance from
Injector angular distance fro
Injector internal diameter: 1.

lasma gas composition and flow Ar, 45 slpm; H2 14 slpm
ooling system Cooling gas: Ar pressure 8 b
ubstrate temperature during deposition About 150 ◦C
a Layers deposited only in FGM1 and not in FGM2.

In order to induce the sintering and/or crystallization of the
lassy phase in the FGMs, several thermal treatments were
ttempted, which can be grouped in two families:

Single isotherm. The heating cycle included the following
steps: heating from 25 to 500 ◦C at 5 ◦C/min; heating from
500 ◦C to the maximum temperature at 10 ◦C/min; 30 min
isotherm at the maximum temperature; slow cooling down to
room temperature. In different heat treatments, the maximum
temperature was set to 850 ◦C (heat treatment labeled as 850),
950 ◦C (labeled as 950), 1050 ◦C (labeled as 1050), 1500 ◦C
(labeled as 1500) and 1600 ◦C (labeled as 1600).

Double isotherm. The heating cycle included the following
steps: heating from 25 to 500 ◦C at 5 ◦C/min; heating from
500 to 850 ◦C at 10 ◦C/min; 30 min isotherm at 850 ◦C; heat-
ing from 850 ◦C to 1050 ◦C at 10 ◦C/min; 30 min isotherm

FGM2

mm F4-MB, internal diameter: 6 mm
550 A × 71 V = 39050 W
100 mm
3 pre-heating + 28 spraying
Carrier gas 1: Ar, 3.5 slpm
Carrier gas 2: Ar, 3.5 slpm

torch exit: 7 mm Injector axial distance from torch exit: 7 mm
m torch exit: 90◦ Injector angular distance from torch exit: 90◦
8 mm Injector internal diameter: 1.8 mm

Ar, 45 slpm; H2 14 slpm
ar Cooling gas: Ar pressure 8 bar

About 150 ◦C
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at 1050 ◦C; slow cooling down. This thermal treatment was
labeled as DI.

The temperatures were chosen on the basis of the thermal
ehaviour of the glass, which sinters at about 850 ◦C and crys-
allizes at 1050 ◦C, as shown in previous works.28,29

The final FGMs, both as-sprayed and heat treated, were cut
long the gradient direction; the cross-section of each speci-
en was carefully polished and observed through the SEM, in

rder to evaluate its microstructure. Moreover each type of FGM
nderwent a XRD (on the coating surface), which was needed to
dentify the crystal phases developed during the plasma spraying
nd/or the thermal treatment (if performed). These preliminary
ests allowed to identify the most interesting samples, which
ere more carefully characterized and, if required, compared
ith the original alumina used as substrate. The cross-section
f each selected FGM underwent several Vickers indentations
erformed along lines parallel to the alumina-coating interface;
he maximum load of 100 gf was applied for 15 s. This test was
ntended to evaluate the mean Vickers hardness as a function of
epth (i.e. as a function of the distance from the upper surface),
hich was representative of the functional gradient associated
ith the compositional gradient. The deep abrasion resistance
f the surface (Ceramic Instruments AP/87 abrasimeter) was
valuated via a dry particle abrasion test. During the test, a
ux of alumina particles (FEPA 80, having a mean diameter
f 180 �m) flows tangentially to a rotating steel disk which,
n the meanwhile, is pressed by a fixed load against the speci-

en surface. Since the tested FGMs showed a different coating
hickness, they could bear a different number of disk revolu-
ions before the coating was removed. Therefore, in order to
btain comparable results, the abraded volume was normalized
y the total distance L (in m) covered by the disk, i.e. L = 2πrN,
here r is the disk radius and N is the number of cycles. The

esults were expressed as normalized volume Vn (in mm3/m).
he scratch tests (Open Platform, CSM Instruments) were per-

ormed on the top surface of the specimens with a Rockwell
iamond indenter (radius 200 �m) and the measure schedule
ncluded two progressive scratches (from 1 to 30 N, with a load-
ng speed of 14.5 N/min), which were useful to define a critical
oad, i.e. the load at which a severe damage in the coated system
ould be easily detected by an optical microscope; the critical
oad, therefore, was defined in a qualitative way and was just
ntended as a mean of comparison between the analysed sam-
les. After identifying the critical load, two multi-pass scratches
nd two single-pass scratches were performed at a sub-critical
oad. Each scratch line was 1 mm long.

. Results and discussion

.1. Ingredient materials

The SEM inspection of the alumina substrates revealed a

olycrystalline microstructure, with some residual closed poros-
ty in the cross-section (about 6 vol.%). Thanks to the XRD,
nly one crystal phase could be detected, i.e. rhombohedral-
tructured Al2O3 (� alumina).

t
T
v
l
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The Young’s modulus and Poisson’s ratio of the bulk alumina
esulted to be 379.2 GPa and 0.21, respectively. The micro-
ardness, measured via Vickers indentations, was HV500gf

=
587 ± 111. The dilatometric analysis gave a value of the coef-
cient of thermal expansion equal to 8.28 10−6 K−1.

The alumina powder employed in the functionally graded
oatings underwent an XRD and its spectrum resulted to be qual-
tatively the same as the substrate one, revealing the presence of
rhombohedral-structured Al2O3.

The CZS glass frit, at the end of the wet ball-milling,
as extremely fine, as revealed by the granulometric analysis

monomodal trend, with D50 at about 14 �m and D90 at about
0 �m) and therefore, in order to enhance its attitude to flow
hrough the feeding apparatus, it was spray-dried to get hollow
articles of about 30–50 �m in size, composed by the finer glass
owder. The XRD excluded any relevant survival of not molten
aw materials.

.2. Functionally graded materials

The SEM inspection of the as-sprayed FGM cross-sections
onfirmed that the designed compositional gradients were accu-
ately realized. FGM1 (Fig. 1a), whose planned gradient varied
rom 100 vol.% alumina to 100 vol.% glass, was reasonably
hicker than FGM2 (Fig. 1b), whose imposed gradient spanned
rom 80 vol.% alumina – 20 vol.% glass to 100 vol.% glass, being
heir thickness around 700 and 500 �m, respectively. In both
amples, the individual splats of each ingredient material were
learly distinguishable. Though the microstructure morphology
as mainly lamellar, in some areas the glass phase was poorly
attened keeping a round shape typical of a partially molten glass
roplet (Fig. 1a and b, arrows). The authors have already veri-
ed such behaviour with sprayed glasses having both similar32

nd very different compositions40 to the one used here. Possible
roposed explanations could be found in the glass low thermal
onductivity, in its relatively high viscosity at high temperatures
ith respect to a previously crystalline molten material and the

elatively low velocity acquired by the glass in the flame due to
ts low density (<3.0 g/cm3).28

The SEM images proved that in the sprayed coatings it was
ot possible to identify neighbouring layers characterized by dif-
erent mean compositions. Actually, the mean thickness of each
lanned layer was around 30 �m and therefore it was compara-
le with the characteristic microstructural unit size of the system,
epresented by the splat dimension.1,33 This means that, even if
he graded coatings were designed as multi-layered FGMs, the
abricated coatings could be considered as continuous FGMs.
owever, the continuous gradient of FGM1 and FGM2 was the
verall result of an intrinsically discrete and stochastic distri-
ution of the ingredient materials at the microscale, since the
lumina splats and the glass ones remained separate domains
Fig. 2). Though the sprayed materials are heterogeneous at the
icroscale, in the as-sprayed samples the interface between the
wo phases was very regular and it did not show major defects.
his peculiarity was caused by the gradual change of the glass
iscosity during the splat quenching, which allowed the glass
amellae to fit the alumina roughness.
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ig. 1. SEM images of the as-sprayed FGM1 (a) and FGM2 (b) cross-sections.
ome round-shaped glass domains can be seen (arrows).

The graded coatings were relatively compact, with a fine,
niformly dispersed porosity. The porosity of the glass top layer
an be considered closed and mainly not interconnected; nev-
rtheless some cracks, caused by the abrupt quenching of the
plats or, in general, by the release of the thermal stresses, can
e detected. The alumina phase is characterized by the typi-
al irregular interconnected porosity of highly refractive oxides

eramic coatings obtained by plasma spraying.

The XRD of the cross-section of the as-sprayed samples
evealed the presence of two alumina polymorphs: a rhom-
ohedral Al2O3 (� alumina) and a cubic Al2O3 (� alumina).

a
c

g

able 3
ffect of thermal treatments on plasma sprayed FGMs

ystem Temperature (◦C)

850 950 1

GM1 Sintered Partially sintered + poorly crystallized C
GM2 Sintered Partially sintered + poorly crystallized C
ig. 2. Microstructural heterogeneity of the sprayed FGMs (detail of the FGM1
ross-section).

he former was identified with the alumina of the substrate or
ome sprayed alumina particles not completely molten during
he deposition; the latter was caused by the polymorphic trans-
ormation of the alumina powder during the plasma spraying
rocess. The diffraction analysis, repeated on the top surface of
he samples, showed that the glass was the only phase existing
n the coatings surface.

One major problem of the as-sprayed FGMs was the
ubstrate-coating interface, which resulted to be defective
hough the substrate had previously been grit blasted and the
ngredient materials had been chosen in order to minimize
he thermo-mechanical mismatch. Several thermal treatments,
hich also caused the sintering and/or crystallization of the
lass, were tried in order to enhance the substrate-coating inter-
ace.

The results of the thermal treatments, as observed by SEM
coupled with XRD, if required), are summarized in Table 3. The
ffects of the heat treatments on the FGCs were consistent with
he thermal behaviour of the glass,28,29 since the employed CZS
lass sinters at around 850 ◦C and crystallizes at around 1050 ◦C,
ith the development of wollastonite as main phase. As a con-

equence, the heat treatment at 850 ◦C induced a good sintering
f the glass, while the isothermal step at 1050 ◦C allowed the
lass crystallization. The samples heated to 950 ◦C underwent

partial sintering (the temperature was too high) and a partial

rystallization (the temperature was too low).
It is worth noting that in FGM1-SI-1050 and FGM1-DI the

raded coating completely exfoliated at the end of the cooling

050 850 + 1050

rystallized delaminated First sintered, then crystallized delaminated
rystallized First sintered, then crystallized
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to view by the coating removal after 100 cycles. However, after
the thermal treatment, the coating-substrate interface was not
reached any more. It is worth noting that, being the number
of cycles the same, the normalized volume of abrasion was
Fig. 3. Cross-section of the sample FGM2-DI.

own, while in FGM2-SI-1050 and FGM2-DI the graded coat-
ng adhered perfectly to the alumina substrate. This remarkably
issimilar behaviour was caused by the difference in thickness
nd compositional gradient. As already said, in fact, the FGM1
amples were characterized by a thicker coating than the FGM2
amples and therefore they experienced higher post-deposition
tresses which were likely to be not completely relaxed dur-
ng the thermal treatment; furthermore, they underwent more
evere stresses during the thermal treatment itself and the glass
rystallization.41 Moreover in the FGM1 samples the first layer
eposited on the alumina substrate was made of pure alumina,
hile in the FGM2 samples the first layer contained a significant
lass volume fraction, and it is reasonable stating that at 1050 ◦C
ome glass was molten, thus acting as a matching agent with the
ubstrate.

As regards the samples treated at 1500 and 1600 ◦C, as
xpected, the temperature was too high and the heat treated coat-
ngs resulted extremely porous and deformed, mainly because
f the heated air entrapped by a wide crystallization. Moreover
he development of anorthite and gehlenite suggested that the
lumina and the glass chemically interacted.

On the basis of these considerations, some interesting systems
ere identified: FGM1, FGM1-SI-850 (sintered glass), FGM2,
GM2-DI (sintered and crystallized glass, Fig. 3). These sam-
les, together with the bulk alumina substrate, were more accu-
ately investigated. The Vickers indentation tests, which were
erformed on the cross-section of the FGM specimens, revealed
hat the hardness progressively increased as a function of depth,
hus confirming that the compositional gradient resulted in a
roperty gradient (Fig. 4). This was a reasonable result, since
he alumina Vickers hardness (1587 ± 111 Vickers, see previous
ection) was higher than the glass one (670 ± 59 Vickers29) and

he alumina amount became progressively greater as a function
f depth. On average, after the thermal treatment both FGM1
nd FGM2 experienced an increase in Vickers hardness. How-
ver, the benefits were especially evident in FGM2, since it

F
F
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as possible to sinter and subsequently crystallize the glass,
hile in FGM1 the glass could be only sintered. Moreover the

mprovement was particularly relevant in those regions of the
ross-sections which were rich in glass. Actually in the deeper
egions of the FGM1 cross-section, that were extremely rich in
lumina, the Vickers hardness was not bettered by the thermal
reatment; on the contrary, in FGM2 the Vickers hardness of
he deeper regions was significantly improved, thanks to their
elatively high glass content (not lower than 20 vol.%). As a
atter of fact, during the thermal treatment the alumina thermo-
echanical properties were not radically modified (even if the
alumina re-transformed in � alumina42); on the contrary, the

lass sintering in FGM1-SI-850 and its sintering and crystal-
ization in FGM2-DI led to a remarkable enhancement of the

echanical performances, at least at a microscale level.
The beneficial effect of the thermal treatment was confirmed

y the deep abrasion tests (Fig. 5). At a fixed number of cycles,
he normalized volume of abrasion was much lower for the heat
reated sample than for the as-sprayed one, due to the sinter-
ng and, in case, crystallization of the glass. Moreover, in the
s-sprayed FGM2 sample, the alumina substrate was exposed
ig. 4. Effect of the thermal treatment on the Vickers hardness in FGM1 (a) and
GM2 (b).
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because it produces a hydrostatic stress state.43 After the indenter
passage, the elastic recovery leaves a tensile stress state and for
this reason some areas can undergo a backward (tensile) cracking
Fig. 5. Effect of the thermal treatment on the abrasion resistance.

ystematically lower for FGM2 than for FGM1. In fact, it is
ikely that the FGM2 sample, which generally showed a higher
oating-substrate adhesion and a lower stress state (potentially
etter cohesion between “layers”), could reach a higher resis-
ance to the deep abrasion. It should be underlined that the
ormalized volume of abrasion of the as-sprayed FGMs dimin-
shed as a function of the number of cycles, but the rate of
ecrease was really quick up to about 30 cycles, then it became
uch smoother (see dashed lines in Fig. 5a and b). This may sug-

est that the most superficial area, which was rich in glass, could
e easily removed, but, if a certain alumina volume fraction was
eached (about 50%), the FGM resistance to abrasion became
ery good. Then, even if the alumina volume fraction further
ncreased (in fact at increasing depths the alumina percentage
as higher and higher), the resistance was not significantly

mproved. Instead, after the thermal treatment, the normalized
olume of abrasion decreased gradually thus suggesting that the
GM behaviour varied in a really smooth way along the gradi-
nt direction, demonstrating a much better cohesion between the
wo phases, along with a substantial reinforcement of the glass
hanks to its sintering and crystallization.
The advantage of performing a thermal treatment could be
ualitatively appreciated during the scratch test as well. First of
ll, the scratch tracks were much more evident in the as-sprayed
pecimens than in the heat treated ones, especially in FGM2.

F
o
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oreover the critical load, defined by means of the progressive
cratch test, was increased by the thermal treatment. As regards
he FGM2, for example, the sintering and subsequent crystal-
ization raised the critical load from 4 to 15 N, a value which
as comparable with the alumina one. Fig. 6 presents a direct

omparison between the tracks induced by a multi-pass scratch
est (4×) with a load of 15 N on the top surfaces of the pure alu-

ina bulk (Fig. 6a) and the FGM2-DI sample (Fig. 6b). The SEM
bservation of the scratch tracks showed that, if the load was high
nough, the coatings – both as-sprayed and heat treated – under-
ent two concurrent failure mechanisms, i.e. backward brittle

racking and peeling failure (Fig. 7). The advancing indenter
nduces compressive plastic deformation on the very surface
ig. 6. Comparison between the multi-pass scratch test (four passes; 15 N load)
n the top surfaces of the alumina bulk (a) and the FGM2-DI sample (b).
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functionally graded materials. Eng. Frac. Mech., 2002, 69(14–16),
ig. 7. Failure mechanisms coexisting in the analysed systems during scratch
est (detail of progressive scratch track in FGM2 as-sprayed).

henomenon, as deduced by the crack paths.44 When the load is
igh enough, the hertzian stresses acting below the surface can
ause subsuperficial brittle cracking, allowing the surface top
ayers to be peeled off. Besides, the mismatch between the strains
n the plastically deformed surface and the underlying elastically
eformed material engenders interfacial stresses which favours
elamination.43 In the peeling failure mode, areas where wear
ebris – caused by the underling brittle cracking – are flattened
nd embedded in the bottom of the track by the indenter stylus
re clearly visible. It is worth noting that, once more, the sample
GM2 showed higher superficial performances, especially after

he thermal treatment, because of the controlled sintering and
rystallization of the glassy phase.

. Conclusions

The present investigation proved the feasibility of
lass–alumina functionally graded materials by plasma spray-
ng. Actually, this production technique proved to be reliable,
ince the designed compositional gradients could be faithfully
ealized; moreover, a careful setting of the spraying parame-
ers enabled to control the final composition and microstructure
hich, in turn, governed the system performances.
The FGMs were deposited as multi-layered coatings, but the

inimization of the layers thickness allowed to obtain a contin-
ous gradient, since in the final samples it was not possible to
istinguish the single layers. The microstructure, however, was
ocally heterogeneous, since the glass and the alumina splats
ere clearly identifiable.
The major problem with the as-sprayed samples was their

elatively defective microstructure and interface between the
raded coating and the alumina substrate. Hence, a proper ther-

al treatment was performed in order to improve the cohesion

nd adhesion. In fact, the thermal treatment, if properly engi-
eered, could result in the sintering and/or crystallization of the
lassy phase of the graded coating. In particular, if the graded

1

eramic Society 27 (2007) 1935–1943

oating composition ranged from pure alumina (next to the alu-
ina substrate) to pure glass, it was possible to sinter the glass,

ut not to crystallize it, since the coating underwent a delamina-
ion due to the thermo-mechanical mismatch between the newly
ormed phases and the alumina. On the contrary, if the coating
omposition already included some glass next to the interface,
t was possible to sinter and then to crystallize the glassy phase
ithout any delamination. The different behaviour of the exam-

ned FGMs during the thermal treatment was likely to be due
o the different thickness of the coatings and, most of all, to the
resence or absence of the glass next to the interface. In fact
he glass, if present, favoured the adhesion of the coating. The

echanical tests proved that the thermal treatment, if properly
erformed, was advantageous, leading to a sensible improve-
ent of the superficial performances of the glass–alumina FGM:

oth the resistance to scratching and to dry particle abrasion were
ubstantially increased.
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