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Smilja Marković, Dragan Uskoković ∗
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bstract

he most important aim in the design and processing of functionally graded materials (FGMs) is to produce devices free from any deformation.
mart choices of different combination of graded layers, as well as the heating rate during sintering, are important for the fabrication of high-quality
GMs. In this study, BaTi0.975Sn0.025O3/BaTi0.85Sn0.15O3 (noted as BTS2.5 and BTS15, respectively) FGM was used as a model system for the
onstruction of master sintering curves (MSCs) and estimation of the effective activation energies of sintering for different BTS graded layers. The
SCs were constructed, for BTS2.5 and BTS15 graded layers in FGMs, using shrinkage data obtained by a heating microscope during sintering at
our constant heating rates, 2, 5, 10 and 20 ◦/min. The effective activation energies were determined using the concept of MSC; values of 359.5 and
40.5 kJ/mol were obtained for graded layers BTS2.5 and BTS15, respectively. A small difference of the effective activation energies of chosen
owders made it possible for us to prepare high-quality FGMs, without delamination, distortion or other forms of defects.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Functionally graded materials (FGMs) belong to an attrac-
ive class of materials in which it is possible to obtain a gradient
f properties that cannot be attained in any monophase materi-
ls. Continuous changes in the properties of these materials for
nstance: composition, grain size, porosity, etc., result in the gra-
ient of their features such as mechanical strength and thermal
onductivity. Over the years, FGMs have found applications in
arious functional materials, like piezoelectric ceramics,1 ther-
oelectric semiconductors,2 and biomaterials.3

Fabrication of FGMs by powder technology is accompa-
ied by significant problems of components’ shape distortion.4

n important processing goal for FGMs is to obtain high-
uality microstructure with desired grain size and density.
uring the thermal treatment, different graded layers in FGM
how different shrinkage kinetics, i.e. different shrinkage rates
nd extents of shrinkage during sintering, as well as different
nal density. This phenomenon can lead to excessive shape

∗ Corresponding author. Tel.: +381 11 2636 994; fax: +381 11 2185 263.
E-mail address: dragan.uskokovic@itn.sanu.ac.rs (D. Uskoković).
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istortion, warping, delamination, development of cracks and
icrostructural damage in the sintered FGMs. Therefore, it

s desirable to predict the sintering process (shrinkage and
nisotropy) for every graded layer in FGM and design sintering
trategies to achieve high-quality FGM free from any form of
eformation.

Here, we have chosen BTS2.5/BTS15 FGM as a model sys-
em for the construction of MSCs and estimation of the effective
ctivation energies of sintering for graded layers of the FGM.
TS (BaTi1 − xSnxO3) powders are very important in ceramic

ndustries. BTS powders improve the dielectric behavior of
arium titanate ceramics, i.e. the increase of the Sn content
up to 15 mol%)5 in barium titanate ceramics decreases tem-
erature of phase transformation, and also, increases dielectric
onstant.3,5–7 Furthermore, BTS powders are important for prac-
ical applications in ceramic capacitors, as well as for FGMs (in
he form of monolithic ceramics with an uniaxial gradient of
iezoelectric and/or dielectric coefficients). BTS FGMs are very
seful because they have a broad transition temperature and high

ielectric constant in a wide temperature range.5,8 The width of
he transition temperature range for BTS FGM depends on the
umber of layers, as well as on the tin content in each of the
raded layers.5

mailto:dragan.uskokovic@itn.sanu.ac.rs
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.027
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The aim of the present study has been to construct a mas-
er sintering curve for BTS2.5 and BTS15 graded layers in
TS2.5/BTS15 FGMs, for pressureless sintering using a heating
icroscope. FGMs were designed and fabricated by the powder-

tacking method and uniaxially pressing process, followed by
intering. The shrinkage of FGMs during sintering was inves-
igated as a function of the tin contents in the graded layers
nd sintering conditions. With the help of MSCs of BTS2.5 and
TS15 graded layers in BTS2.5/BTS15 FGM we can estimate

he effective activation energies of BTS components. Also, we
an predict the densification behavior of BTS FGM and avoid
eformations of the devices.

. Construction of the master sintering curve (MSC)

Sintering is a complex process, involving the evolution of
icrostructure through the action of several different transport
echanisms.9 One of the ultimate objectives for sintering stud-

es is to be able to predict densification results under different
hermal histories for a given processing method.

Sintering kinetics of most systems of industrial impor-
ance can be quantitatively predicted by the model proposed
y Su and Johnson, in which the entire sintering process is
uccessfully described.10 They have reported that the geomet-
ic parameters related to sintering are often functions only
f density for a given powder and green-body process, pro-
ided that one diffusion mechanism dominates in the sintering
rocess.10 Based on that report, the concept of a master sin-
ering curve (MSC) has been developed to characterize the
intering behavior for a given powder and green-body process
egardless of the heating profiles. Using MSC, densification
ehavior can be predicted under arbitrary temperature–time
xcursions following a minimal set of preliminary experiments.
hese predictions can be used in planning sintering strate-
ies. So, it is possible to make quantitative predictions of
he sintering process of practical powders and, based on this,
esign strategies to control sintering in order to achieve high-
uality products. The master sintering curve is an approach
hat makes it possible. Finally, the MSC is a characteristic

easure of the sinterability of a compact over a wide density
ange.

The master sintering curve can be derived from the densifi-
ation rate equation of the combined-stage sintering model.11

or the development of master sintering curves, the parameters
n sintering rate equations are separated into (a) those related
o the microstructure and (b) those related to time and temper-
ture terms, on the opposite sides of the equation, then the two
ides of the equation are related to each other experimentally.10

f there exists only one dominant diffusion mechanism (either
olume or grain boundary diffusion), the terms which define the
icrostructural evolution are independent of the thermal history

nd can be represented by,10,12
(ρ) ≡ k

γΩDo

ρ∫
ρo

(G(ρ))n

3ρΓ (ρ)
dρ (1)

t
t
t
r

ean Ceramic Society 29 (2009) 2309–2316

here k is the Boltzmann constant, γ is the surface energy, Ω the
tomic volume, Do is the preexponential factor, ρo is the green
ensity of the powder compact, G is the mean grain diameter, n is
he grain size power-law exponent (i.e. n = 3 for volume diffusion
nd n = 4 for grain boundary diffusion), Γ is the collection of
icrostructure scaling parameter.
The time and temperature dependent side of the equation can

e represented as theta parameter, Θ,

(t, T (t)) ≡
t∫
0

1

T
exp

(
− Ea

RT

)
dT (2)

here t is instantaneous time, which is a function of temperature,
a is the activation energy, R is the gas constant and T is the
bsolute temperature. For a constant heating rate, Eq. (2) can be
ritten as:

(t, T (t)) ≡ 1

c

T∫
To

1

T
exp

(
− Ea

RT

)
dT (3)

here c is the heating rate and To is the temperature below which
o sintering take place.

(ρ) = Θ(t, T (t)) (4)

he relationship between the density (ρ) and Θ (Eq. (4)) is
efined as the master sintering curve. For the construction of
SC, a series of runs at different temperatures (isothermal) or

onstant heating rate over a range of heating rates are needed.
f the activation energy of sintering is unknown, it has to be
stimated in order to obtain the master sintering curve.

For the construction of MSC, the integral of Eq. (2) and
he experimental density should be known. Dilatometry was
onveniently used to determine the shrinkage (density) of mono-
ayered samples.10,12–16 However, for multilayered samples
ilatometer shows total shrinkage, not shrinkage of every sin-
le layer. So, in the case of multilayered samples heating
icroscope, using as an optical dilatometer, can be a suitable

nstrument for detailed quantitative studies of sintering kinetics
f each layer.4 To the best of our knowledge, the correspond-
ng investigations of MSCs on graded layers in FGMs were not
eported until now.

For the calculation of Θ, the activation energy for the sinter-
ng process must be known. If the activation energy is unknown,
t can be estimated with good precision from Θ versus density
ρ) data. For this purpose, a particular value of activation energy
hould be chosen and ρ–Θ curves should be constructed for each
eating rate. If the curves fail to converge, a new value of acti-
ation energy should be chosen and the calculations repeated.
his procedure should be continued until all the curves converge,
howing that the activation energy is the acceptable one for sin-
ering. A curve can be then fitted through all the data points, and
hrough the sum of residual squares of the points with respect
o the fitted line. The best estimate of Ea will be the value of
he minimum in the plot of the activation energy versus mean
esidual squares.
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Table 1
Characteristics of BTS powders.

BTS2.5 BTS15

Formula BaTi0.975Sn0.025O3 BaTi0.85Sn0.15O3

Sn content (mol%) 2.5 15
Theoretical density (g/cm3) 6.08 6.23
Crystallite size (nm) 69.4 65.0
V (Å3) 64.40 65.00
d10 (nm) 250 280
d50 (nm) 330 340
d (nm) 795 600
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Here, the sintering shrinkage of cylindrical compacts was

F
a

90

verage green density (%) 63.5 65.0

. Experimental

The initial BTS powders (BaTi1 − xSnxO3, x = 0.025 and 0.15,
enoted as BTS2.5 and BTS15, respectively) were prepared by a
onventional solid-state reaction between BaCO3 (>99%), TiO2
rutile, >99.8%) and SnO2 at 1100 ◦C during 2 h. The main
haracteristics of BTS powders are given in Table 1. The phase
tructure of the BTS powders was determined using a powder
-ray diffractometer (Philips PW 1050). Theoretical density of
TS2.5 and BTS15 powders, tin content, average crystallite size
nd volume of unit cell were calculated according to the Rietveld
nalysis on the XRD data. Rietveld analysis on the XRD patterns
as carried out using the FullProf software package (version
.10). The particle size values (d10, d50 and d90) were mea-
ured by laser particle size analyzer (PSA). The used instrument
as Mastersizer 2000 (Malvern Instruments Ltd., UK), which

overs the particle size range of 0.02–2000 �m. For the PSA
easurements, the powders were dispersed in 2-propanol with

he aid of an ultrasonic bath (low-intensity ultrasound, at a fre-
uency of 40 kHz and power of 50 W), for 3 min. The average
reen density of the BTS monomorph layers, pressed in the
ame conditions as further FGMs, was measured according to
rchimedes’ principle. The average green density values of 63.5

nd 65% of theoretical density were estimated for BTS2.5 and
TS15, respectively.

The BTS2.5/BTS15 FGMs were fabricated by the powder-

tacking method. The BTS powders with different compositions
ere stacked sequentially in die; they were uniaxial pressed into

ylindrical compacts (∅ 4 mm and h ≈ 2 mm) under a pressure of

r
d
i

ig. 1. (a) Photograph of sintered cylindrical sample as observed in heating microsco
s BTS FGM), with marked diameters measured during sintering.
ean Ceramic Society 29 (2009) 2309–2316 2311

00 MPa along the thickness direction of the graded layers. The
GMs were sintered in a heating microscope (E. Leitz, Wetzlar,
ermany) in order to determine the sintering shrinkage. The

xperiments were performed in air up to 1420 ◦C, using a heat-
ng rate of 2, 5, 10 and 20 ◦C/min. The diameters of the recorded
amples were measured on appropriate images (Fig. 1(a)) of con-
iderable enlargement, using by measure tools (in pixel units) of
omputer program Adobe® Photoshop® CS (version 8.0). Mea-
urements were done on the basis of the squares grid built in
eating microscope chamber (width of two squares is 1 mm).
ccording to several measurements of every digital photograph

t is established that measurement unit (1 mm) corresponds to
15–320 pixels. Measurement error was 5 pixels, i.e. less than
%. Fig. 1(b) shows schematically the layered structure of the
nvestigated samples. The changes of diameters (dbottom and
top, denoted as diameters of graded layers BTS2.5 and BTS15,
espectively, see Fig. 1(b)) were photographed during sintering
rocess at appropriate time intervals.

The microstructure of the FGMs was studied by scanning
lectron microscopy (SEM model JSM 5300, operating at
0 kV). Before SEM measurements, the FGM samples were
ut perpendicularly with respect to the layers; the cross-section
urfaces were polished and gold coated.

. Results and discussion

The properties of the BTS2.5 and BTS15 powders are sum-
arized in Table 1. The values of particle size and theoretical

ensity are important because they determine activation energy
or sintering process.

.1. Sintering

It has been shown that the heating microscope is an excel-
ent instrument for detailed quantitative studies of sintering
inetics.4,17–19 In situ monitoring of the shrinkage process with-
ut the exertion of external loads is possible, so that friction with
onstrains and other external influences are minimized.4
ecorded in radial (d) direction. From experimental data for
bottom (BTS2.5), and dtop (BTS15) recorded at appropriate time
ntervals during the experiments and using Eq. (5), the percent-

pe and (b) scheme of uniaxially pressed layered sample (after sintering denoted
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Fig. 2. Shrinkage of BTS graded layers in FGMs during diffe

ge of shrinkage was calculated for the diameter of graded BTS

ayers in FGMs:

hrinkage (%) = �d

do
× 100 (5)

d

n

Fig. 3. Relative density (% TD) versus temperature for: (a) graded laye
eating rate of sintering: (a) 2; (b) 5; (c) 10 and (d) 20 ◦/min.

here �d denotes the difference between the initial value of

iameter do (at time to) and the values of di (at time ti).

The calculated values of shrinkage were used for the determi-
ation of sintering behavior of FGMs graded layers. In Fig. 2, the

r BTS2.5 and (b) graded layer BTS15, in BTS2.5/BTS15 FGM.
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Fig. 4. Φ(ρ) = log Θ(t, T(t)), for

intering behavior of FGMs was represented by the shrinkage
urves of the diameter of each graded layer, BTS2.5 (dbottom),
nd BTS15 (dtop) versus temperature during sintering. Heating
ate of sintering was: (a) 2; (b) 5; (c) 10 and (d) 20 ◦/min.

Here, according to Fig. 2, we can compare the shrinkage
ehaviors of the BTS graded layers in FGMs during different
hermal treatments (2, 5, 10, and 20 ◦/min). The shrinkage curves
re relatively similar for all FGMs and both graded layers, they
how that the main densification proceed in the temperature
nterval 1000–1300 ◦C (during solid-state sintering), followed
y a gentle increase of the shrinkage values (slight densifica-
ion proceeded with grain growth). From Fig. 2(a) it can be
oticed that during the sintering with the heating rate of 2 ◦/min,
he shrinkage of graded layer BTS2.5 begins at ∼1000 ◦C, and
eaches the maximum value of 10%. Besides, the shrinkage
f graded layer BTS15 begins at ∼1100 ◦C, and reaches the
aximum value of 6.7%. During the sintering with the heating

ate of 5 ◦/min, the shrinkage of graded layer BTS2.5 begins
t ∼1050 ◦C, and reaches the maximum value of 9.8%, while,

he shrinkage of graded layer BTS15 begins at ∼1150 ◦C, and
eaches the maximum value of 6.4% (Fig. 2(b)). As it can be
een from Fig. 2(c), during the sintering with the heating rate
f 10 ◦/min, graded layer BTS2.5 begins to shrink at ∼1100 ◦C,

a
s
M
t

nt Ea, for graded layer BTS2.5.

hile the maximum of shrinkage reaches the value of 8.6%,
n the same time, the upper part of the FGM, graded layer
TS15 begins to shrink at ∼1220 ◦C, while the maximum of

hrinkage reaches the value of 5.2%. Finally, during the sinter-
ng with the heating rate of 20 ◦/min (Fig. 2(d)), the shrinkage
f graded layer BTS2.5 begins at ∼1150 ◦C, and reaches the
aximum value of 8.2%, as well, the shrinkage of graded layer
TS15 begins at ∼1250 ◦C, and reaches the maximum value of
%.

Evidently, shrinkage is the most intense for the graded lay-
rs in FGM heated by 2 ◦/min. The degree of densification of
he graded layers decreases with the increase of FGMs sinter-
ng heating rate. Also, with the increase of heating rate, the
emperature at which shrinkage begins is shifted toward higher
emperatures. These results confirm that the kinetics of densi-
cation of the graded layers within the same FGMs depend on
eating rate.

Regardless the heating rate during sintering process, there is
lways a difference in shrinkage between graded layers BTS2.5

nd BTS15. BTS2.5 graded layer shows the higher value of
hrinkage than BTS15 graded layer in BTS2.5/BTS15 FGMs.

oreover, the shrinkage of BTS2.5 graded layer occurs at
he lower temperature interval. Generally, sintering shrinkage



2314 S. Marković, D. Uskoković / Journal of the European Ceramic Society 29 (2009) 2309–2316

differ

d
s
g
i
d
t
s
f
w
d

4

B
t
T
h
n
s
r

s

v

ρ

w
r

w
a
a
d
e
o
s
s

c
T

Fig. 5. Φ(ρ) = log Θ(t, T(t)), for

epends on composition, green density, temperature, time, atmo-
phere, etc.20 Here, the different sintering shrinkage of the
raded layers BTS2.5 and BTS15 is attributed to the difference
n the tin content (i.e. composition), and can be explained by a
ifferent activation energy for sintering. Moreover, the activa-
ion energy depends on the mass transport mechanism during
intering. Thus, it is necessary to estimate activation energies
or the sintering process for those two graded layers, and to find
hether they are suitable for the preparation of FGMs without
eformations.

.2. Master sintering curves

Fig. 3 shows relative density versus temperature for (a)
TS2.5, and (b) BTS15 graded layers in FGMs sintered up

o 1420 ◦C at the heating rates of 2, 5, 10 and 20 ◦C/min.
he curves have similar shapes and are generally shifted to
igher temperatures with increasing heating rate. It can be
oted that the sintered densities obtained at any temperature

howed a modest but systematic dependence on the heating
ate.

By assuming isotropic shrinkage of the graded layers during
intering, the relative density was converted from the shrinkage

o
u
c
fi

ent Ea, for graded layer BTS15.

alues using Eq. (6)13,21:

=
[

1

(1 − dl/ lo)

]3

ρo (6)

here ρ and ρo are the densities of the sintered and green layer,
espectively.

The use of Eq. (6) can be explained by following: if
e consider whole BTS2.5/BTS15 FGMs we can notice that

xial shrinkage is somewhat larger than diametrical one, thus
nisotropic densification of FGMs occurs; however, there is no
istinct boundary between the BTS2.5 and BTS15 graded lay-
rs in FGMs, consequently we cannot measure axial shrinkage
f the layers in FGMs during sintering, i.e. we cannot con-
ider anisotropy of the graded layers. Therefore, we assume that
hrinkage of the graded layers is isotropic.

As it was noticed in part 2, one of the essential data for the
onstruction of master sintering curve is activation energy Ea.
herefore, the density data for BTS2.5 and BTS15 graded layers

btained from the thermal microscope measurements, and val-
es calculated from Eq. (3) are used. Firstly, ρ–Θ curves were
onstructed for BTS2.5 graded layer, for the four heating pro-
les, for a chosen value of activation energy (200 kJ/mol) as
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ig. 6. Mean residual square versus Ea for graded layers BTS2.5 and BTS15 in
TS2.5/BTS15 FGM.

hown in Fig. 4(a). It can be seen that the curves for different
eating rates are not converging. So, a new value of Ea was cho-
en and the calculation was repeated. The curves for 300, 400
nd 500 kJ/mol are shown in Fig. 4(b–d), respectively.

The same procedure was repeated for graded layer BTS15.
he ρ–Θ curves were constructed for a chosen value of acti-
ation energy (200, 300, 400 and 500 kJ/mol) as shown in
ig. 5(a–d).

Fig. 6 presents the mean residual squares for various values
f the two activation energies, previously used for the construc-
ion of plots Φ(ρ) = log Θ(t, T(t)), for graded layers BTS2.5 and
TS15. After fitting, the value of 359.5 kJ/mol was obtained
s the minimum for BTS2.5 graded layer, while the value of
40.5 kJ/mol was obtained as the minimum for BTS15 graded
ayer.

From the knowledge of the activation energies of sintering,

SCs for graded layers BTS2.5 and BTS15 were constructed

nd are shown in Fig. 7. It can be seen that the value of θ, for
TS2.5 graded layer, increased from 10−18 at 66% of T.D. to
0−11 at 87.5% of T.D. Despite a 10 fold rise in heating rate, the

ig. 7. MSCs (Φ(ρ) = log Θ(t, T(t))) of BTS2.5 and BTS15 graded layers in
TS2.5/BTS15 FGM.
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ig. 8. Scanning electron micrographs showing: (a) macroscopic shape of the
GM and (b) magnifier BTS2.5/BTS15 boundary region. SEMs were done on
olished cross-section of BTS2.5/BTS15 FGM sintered at 1420 ◦C, heated by
ate of 10 ◦/min.

our sintering curves (Fig. 7, full symbols) were almost merged
o one single curve, regardless of sintering path, which is defined
s MSC by Su and Johnson (discrepancies between slow and fast
eating rate curves, at higher densities may be caused by grain
rowth during which the evolution of microstructure depends on
he heating profile).10 Simultaneously, the value of θ for BTS15
raded layer, increased from 10−17 at 67% of T.D. to 10−10

t 80% of T.D. Additionally, the four sintering curves (Fig. 7,
mpty symbols) were merged to one single curve, regardless of
intering path.

According to these two very close and similar MSCs for
raded layers BTS2.5 and BTS15 in BTS2.5/BTS15 FGM,
nd due to the estimated results for sintering activation ener-
ies (359.5 and 340.5 kJ/mol, respectively), delamination or
istortion of FGMs are not expected during sintering up to
420 ◦C. Those assumptions were confirmed by SEM analysis of
TS2.5/BTS15 FGMs in cross-section view, as shown in Fig. 8

white dashed line marks the boundary region of the FGM). It
an be seen that there is no distinct boundary between layers in
TS2.5/BTS15 FGM (Fig. 8(a)). Also, there is neither signifi-
ant change of densification behavior nor microstructure in the
oundary region (Fig. 8(b)). Clearly, delamination or distortion
f FGMs does not exist.

According to literature data, the activation energy values for
he sintering of undoped barium titanate, derived from differ-
nt techniques are very scattered. The values deduced from the
tudies of isothermal sintering and hot-pressing fall into a range
f 290–590 kJ/mol.22–25 Those values represent the solid-state
intering mechanism. Otherwise, the activation energies from
rain growth of the barium titanate ceramics were calculated
o 420–840 kJ/mol.26 Accordingly, estimated activation ener-
ies of 359.5 and 340.5 kJ/mol, for densification of BTS2.5 and

TS15 graded layers, can be ascribed to more than one mass

ransport mechanism operating simultaneously during the sin-
ering process of BTS2.5/BTS15 FGMs. Therefore, since the

ultiple mechanisms can be active during the sintering pro-
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ess of BTS2.5/BTS15 FGMs, estimated values of activation
nergies can be denoted as effective activation energies.

In the present work, during non-isothermal sintering up to
420 ◦C, the FGMs have not achieved full density (about 87%
f the theoretical density for the bottom—BTS2.5, and about
0% of T.D. for the top—BTS15). Using the established MSCs
t is possible to find out optimal heating conditions for con-
truction of FGMs of desired density. If the final desired density
s known, it is possible to find out the corresponding θ value
rom the abscissa of the master sintering curve and thereafter
o plan the sintering schedule. Thus, the established MSCs can
e used to controlling the shrinkage behavior and also to tailor-
ng the microstructure of BTS2.5/BTS15 FGMs. The absence
f delamination and/or distortion of BTS2.5/BTS15 FGMs in
ny of heating conditions for construction of FGMs of desired
ensity is provided by similarity of effective activation energies
f BTS2.5 and BTS15.

. Conclusions

It was shown that the shrinkage of BTS2.5 and BTS15 graded
ayers in FGMs depend on the tin content and the heating rate.
TS2.5 graded layer in FGMs always reaches higher values of

hrinkage than BTS15 graded layer. Besides, identical FGMs
ave different sintering behavior during different thermal treat-
ent. The percent of shrinkage of the graded layers decrease
ith the increase in heating rate during sintering of FGMs. Also,
ith increasing heating rate, temperature at which shrinkage
egins is shifted toward higher temperatures. These results con-
rm that the kinetics of densification of graded layers within the
ame FGMs depend on heating rate.

The master sintering curves for BTS2.5 and BTS15 graded
ayers in FGMs were constructed using the shrinkage data
btained by heating microscope. The concept of MSC has
een used to estimate the effective activation energy for sin-
ering for the above composition of FGM, the values of 359.5
nd 340.5 kJ/mol were obtained. Those values of the effective
ctivation energy indicate more than one mechanism of mass
ransport, which simultaneously occur during the sintering pro-
ess of BTS2.5/BTS15 FGMs. Neglecting differences between
he effective activation energies of BTS2.5 and BTS15 graded
ayers enable the production of FGMs free of any form of defor-

ation during sintering up to 1420 ◦C.
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