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bstract

rystallization kinetics of amorphous alumina–zirconia–silica ceramics was studied by nonisothermal differential scanning calorimetry (DSC).
ifferent amorphous materials were produced by plasma spraying of near-eutectic Al2O3–ZrO2–SiO2 mixtures. Phase composition and microstruc-

ure of the amorphous materials and nanocrystalline products were analyzed. All of the investigated materials show an exothermic peak between
40 and 990 ◦C in the DSC experiments. The activation energies calculated from DSC traces decrease with increasing SiO2 concentration. Values

f the Avrami coefficients together with results of the microstructural observations indicate that tetragonal zirconia crystallization from materials
ontaining more than 10 wt.% SiO2 proceeds by a diffusion-controlled mechanism with nucleation occurring predominantly at the beginning of
he process. In contrast, material with almost no SiO2 exhibited a value of the Avrami exponent consistent with the crystal growth governed by
rocesses at the phase boundary.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic nanocrystalline powders can be conventionally
ynthesized in large quantities but the consolidation of
anopowders into mesoscopic structures and large bulk parts
emains a challenge.1 The powder consolidation process must
llow retention of the nanometer grain size and at the same
ime bring residual porosity levels to a minimum. Moderate
uccess has been achieved for certain ceramic materials by
o-called Transformation Assisted Consolidation2 or by Spark
lasma Sintering.3 Another approach uses thermal spraying

o prepare nanostructured coatings by spraying agglomerated
anocrystalline feedstock while ensuring its only partial
elting. The question remains whether some moderate gain

n coating performance justifies economically the use of more
xpensive nanostructured feedstock.4 The deposits sprayed
sing solutions and suspensions are still in the early research
nd development phase.4 In an alternative approach, suitable

aterials are processed by rapid solidification technique to

roduce amorphous parts. The formation of nanostructured
aterials can then be achieved by appropriate heat treatment
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o introduce nanocrystallites in the bulk. Such treatment has
ommonly been used for metallic glasses (e.g. Ref. 5) but is
ess common in the case of ceramics.

It has been previously reported that ceramic materials with
ear-eutectic composition can solidify as fully or partially amor-
hous solids due to rapid solidification (e.g. Refs. 6–10). In this
ork, the ternary Al2O3–ZrO2–SiO2 system was chosen as it

ontains binary and ternary eutectic points, alumina–zirconia is
well-studied system, and silica is a glass former. Nanocompos-

tes comprising ZrO2 nanocrystallites with average crystallite
ize as low as 12 nm embedded in fine amorphous matrix have
een prepared by solid-state crystallization during heat treat-
ent of plasma-sprayed amorphous parts.11 In order to obtain

n optimized nanocomposite product, it is necessary to under-
tand and at least qualitatively describe the kinetics of demixing
nd crystallization and to determine the influence of individual
hemical constituents on the underlying diffusion processes.

. Experimental
Seven different material compositions (labeled as NZ, Eucor-
, Eucor-B, etc.) are shown in a partial ternary phase diagram

Fig. 1) and their composition is given in Table 1. The NZ
aterial is commercially available as fused and crushed powder.

mailto:tchraska@ipp.cas.cz
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.020
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Fig. 1. Part of ternary equilibrium phase diagram showing different composi-
tions of materials used in this study (marked by triangles). Concentration values
shown in Table 1 were normalized to 100% with respect to the three main
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ompounds to facilitate plotting in the ternary diagram. Circles denote binary
e1–e3) and ternary (e) eutectic points. Diagram taken from ACerS-NIST Phase
quilibria Diagram, CD-ROM Database, Version 3.0.

he other materials are based on the bulk cast ceramic material
alled EucorTM.12 All of the selected materials in powder form
ere plasma sprayed in air at atmospheric pressure using the
ater stabilized plasma torch WSP® 500. In the plasma spraying
rocess, powder particles (60–100 �m) are injected into a high
emperature plasma jet generated by the plasma torch. Individ-
al particles are quickly melted by the plasma and propelled
nto a substrate where they spread upon impact and rapidly
olidify due to very high heat extraction by the cold substrate.
he solidified discs are called splats and they represent the basic
uilding blocks of a coating. Repetitive passing of the plasma
orch over a substrate produced coatings from 0.5 mm to several

illimeters thick. Further details of the amorphous material
reparation by plasma spraying can be found elsewhere.11

Microstructure was characterized by a variety of experimen-
al techniques, namely scanning electron microscopy (SEM),
nergy dispersive X-ray spectrometry (EDS), transmission
lectron microscopy (TEM) at 200 kV, and high-resolution
EM (HRTEM) at 300 kV equipped with EDS. Thin foil
ross-sectional samples for TEM were prepared either by the
edge-polishing technique13 or by crushing into very fine parti-

les using a tungsten carbide mortar and pestle. X-ray diffraction
XRD) was used to determine crystallinity and phase content
f the bulk samples and line-profile analysis was employed to
stimate crystallite size.

Crystallization behavior was investigated by differential

canning calorimetry (DSC). The DSC experiments were per-
ormed using the Setaram SETSYS instrument with a DSC
easuring head. Eighty-six milligrams of the finely crushed

amples were weighed (±2 mg) into a 100 �l corundum cru-

able 1
omposition of investigated materials in wt.% as determined by energy disper-

ive X-ray fluorescence.

aterial Al2O3 ZrO2 SiO2 Other oxides

Z 52.8 42.7 1.0 3.5
ucor-A 48.0 36.7 11.6 3.7
ucor-B 41.9 35.4 17.3 5.4
ucor-C 44.3 34.9 15.5 5.3
ucor-D 33.6 38.2 23.7 4.5
ucor-E 47.2 29.6 19.5 3.7
ucor-F 46.7 34.8 14.1 4.4
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ible. Crystallized material of the same composition from the
revious runs was used in the reference crucible to obtain a
eat capacity of the reference comparable to that of the sample.
ure argon was passed through the measuring head at a constant
ow rate. The temperature and heat flow measurements were
alibrated by measuring the melting temperature and heat of
elting of pure silver and indium. The DSC experiments started

y a fast heating (30 K/min) to a temperature of about 100 ◦C
ower than the onset temperature of the crystallization process;
hen the desired heating rate (1, 2 and 5 K/min, in some experi-

ents also 10 K/min) was applied. After the baseline correction,
he net heat release rate due to crystallization as a function of
ime was obtained and the total crystallization heat evolved was
etermined by integration. The experimental values of α, mass
raction of material crystallized, were obtained as a ratio of the
eat evolved up to a time t and the total heat evolved. Similarly,
he normalized crystallization rate dα/dt was calculated as the
nstantaneous heat release rate divided by the total heat evolved.

. Results and discussion

.1. Microstructure of amorphous materials

The microstructure of as-sprayed samples of all investigated
aterials exhibits a pattern typical for plasma spraying (Fig. 2).
ost of the sample consists of thin splats (thin disk-shape lamel-

ae) with a few partially melted particles and cracks. Each splat
as a different chemical composition (Fig. 2) due to different
roportions of Al and Zr oxides in the individual powder par-
icles. Such chemical variations among splats are present in
ll as-sprayed materials. Chemical compositions of the pow-
er particles and therefore of the resulting splats vary around
he average composition of the two main constituents (Table 1)
y as much as ±10 wt.%. Most of the individual splats in the
s-sprayed materials are, however, a chemically homogeneous
lend of Al, Zr and Si oxides. EDS line scans were performed
n HRTEM within individual splats using electron beam probe
ize of 5 nm. At the 5 nm resolution, there are no detectable
hemical gradients within the splats (Fig. 3a). XRD analysis
Fig. 4) established the as-sprayed samples of Eucor materi-
ls to be mainly amorphous with relative amorphous content
etween 82% and 94% whereas XRD pattern of the as-sprayed
Z material does contain wide peaks of tetragonal zirconia and
elta alumina in addition to the amorphous background (relative
morphous content approximately 65%). It was confirmed by
EM that the as-sprayed NZ material contains nanocrystalline

egions of tetragonal zirconia and delta alumina, whereas the
ucor materials have most of the splats amorphous. The pres-
nce of silica in the sprayed materials (all variants of Eucor)
uppresses crystallization during rapid solidification. The crys-
alline peaks (mainly monoclinic ZrO2) in Eucor as-sprayed

aterials come from the embedded partially melted particles.

herefore, the limited crystalline content of the as-sprayed Eucor
amples is not related to the chemical composition of individual
aterials but it is a result of the imperfect nature of plasma spray-

ng processes, which allows a small fraction of the feedstock
owder particles to reach the coating only partially melted.
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order to study their microstructure and phase content. XRD pat-
terns (Fig. 4) of all the heat-treated samples contain wide peaks
of tetragonal ZrO2 (t-ZrO2) as the predominant phase and also
small, wide peaks of tetragonal �-Al2O3. Due to the chemical

Table 2
Heat of crystallization and kinetic characteristics obtained from the DSC
measurements.

Material Heat of crystallization
(average value)
(kJ/kg)

Activation energy,
Kissinger’s method
(Eq. (3)) (kJ/mol)

Avrami exponent
(Eq. (5)) (–)

NZ 88 1349 3.3
Eucor-A 148 1090 1.8
Eucor-B 138 996 1.8
ig. 2. SEM image (backscattered electrons) of un-etched polished cross-section
f as-sprayed samples. Arrows point to partially melted particles: (a) NZ and
b) Eucor-B.

.2. DSC results

All investigated materials exhibit an exothermic DSC peak
pon heating between 940 and 990 ◦C. As an example, DSC
races of Eucor-F samples for different heating rates are given
n Fig. 5. The DSC signals also show a local maximum at a
emperature interval of 420–500 ◦C corresponding to the glass
ransition (inset in Fig. 5). The exothermic peaks above 900 ◦C
orrespond to crystallization of the amorphous material. Most
f the DSC peaks exhibit a small irregularity (a shoulder) on one
ide of the curve due to overlap of the major peak with another
mall peak. The shoulder may be indicative of a separate crys-
allization process with only a small contribution to total release
f heat (Fig. 6). The heat of crystallization values per unit mass
f sample are given in Table 2. These values correlate with the
elative amorphous content in the as-sprayed samples estimated
rom XRD patterns. The lowest heat of crystallization per gram
s exhibited by the NZ material, which has the lowest amorphous

ontent in the as-sprayed condition. If the heat of crystallization
alues are normalized to 100% of amorphous content, a value of
66 ± 5 kJ/kg is obtained for all Eucor materials and 139 kJ/kg
or the NZ material.

E
E
E
E

ig. 3. Examples of EDS line scan analyses performed in HRTEM using a 5 nm
robe size: (a) within an amorphous splat and (b) within a nanocrystalline splat.

.3. Phase content and microstructure of crystallized
aterials

Samples of all investigated materials were heat-treated to
000 ◦C (i.e. above the end of crystallization temperature) in
ucor-C 137 941 2.1
ucor-D 125 903 1.5
ucor-E 145 843 2.0
ucor-F 140 937 2.1
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ig. 4. XRD patterns of selected as-sprayed and annealed samples; t – tetragonal
rO2, m – monoclinic ZrO2, � – delta Al2O3, � – mullite.

ifferences among individual splats, there is always a certain
umber of Al-rich splats in all of the investigated materials that
rystallize as �-Al2O3 phase nanocrystallites. Crystallization of
-Al2O3 phase is probably responsible for the observed irregu-

arities in DSC peaks. In most of the splats, however, nanocrys-
allites of alumina–zirconia solid solution are formed with the
etragonal zirconia crystal lattice. The high fraction of Al2O3
n t-ZrO2 solid solution leads to the observed systematic shift

ig. 5. Heat flow due to crystallization of Eucor-F at different heating rates of
, 2, 5 and 10 K/min. The inset shows DSC traces (before baseline correction)
ear the glass transition temperature.
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ig. 6. Comparison of various shapes of DSC traces taken at the heating rate of
K/min (Eucor-B, Eucor-D and Eucor-E) and 2 K/min (NZ).

f the diffraction peaks toward higher angles. Radius of the Al
tom is smaller than that of Zr atom and thus the tetragonal lattice
hrinks when Zr atoms are substituted by Al atoms and hence the
-spacing decreases. The heat-treated Eucor-D material, which
as the highest content of silica, is the only material that con-
ains additional small amount of mullite (3Al2O3·2SiO2) phase
Fig. 4). The presence of mullite can be related to the extra peak
howing only in the DSC traces of Eucor-D material (Fig. 6).

Observation of the annealed microstructure was carried out
n TEM and HRTEM (Fig. 7). Several hundreds of nanocrystal-
ites were analyzed on several TEM micrographs (e.g. Fig. 7).
he TEM results are in good agreement with the XRD line
idth analysis and the average crystallite size is increasing with

ncreasing silica content from 10.5 nm for NZ material (almost
o silica content) to 25 nm for Eucor-D with the highest sil-
ca content. The nanocrystallites are approximately spherical
i.e. three-dimensional) and do not form standard angular grain
oundaries. There is a fine network of a weak contrast phase
n between the individual t-ZrO2 crystallites that is observed
n bright field TEM images (Fig. 7) of all Erucor materials.
he fine network surrounding individual crystallites is shown to
e an amorphous phase in HRTEM (Fig. 7). The predominant
-ZrO2 crystallites within each splat are embedded in remains of
he original amorphous matrix. EDS line analyses in HRTEM
5 nm probe size) showed that each nanocrystallite is rich in Zr
xide whereas the amorphous matrix is enriched by Si oxide and
ontains only a small amount of Zr oxide (Fig. 3b). Thus the crys-
allization in all Eucor materials requires solid-state demixing
f ZrO2 and SiO2 constituents. The Al oxide content variations
Fig. 3b) follow to a small degree the Zr oxide content. There-
ore, the tetragonal zirconia lattice accommodates a high fraction
f Al2O3 in an extended solid solution. There is no diffusional
emixing taking place in the NZ material as there is almost no
ilica present.
.4. Kinetic parameters of crystallization

In a DSC crystallization experiment with a linear tempera-
ure increase (heating rate β = dT/dt = constant), the fractional
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ig. 7. Bright field TEM and HRTEM micrographs of annealed samples with co
igh-resolution images (b) and (d) show tetragonal ZrO2 nanocrystals.

onversion α at temperature T is obtained from the measured
eat release rate Φ:

= 1

βQc

T∫
T0

Φ dT (1)

n Eq. (1), Qc is the total crystallization heat evolved and T0 is the
emperature corresponding to the beginning of crystallization. A
eneral expression for the normalized rate of the crystallization
rocess, dα/dt, is written as

dα

dt
= Φ

Qc
= k(T )f (α)

Qc
= k0f (α)

Qc
exp

(
− Ea

RT

)
(2)

ssuming that the crystallization rate is a product of an α-
ependent function f(α) and a rate constant k(T) having an
rrhenian temperature dependence; Ea is the apparent (i.e.
ncluding contributions from both nucleation and crystal growth)
ctivation energy of the crystallization process.

From a series of experiments with the same material at dif-
erent heating rates, the activation energy Ea can be determined

t
d
t
o

nding diffraction patterns shown as insets: (a) and (b) NZ, (c) and (d) Eucor-A.

y the Kissinger method14

n
β

T 2
p

= − Ea

RTp
+ const (3)

here Tp is the peak crystallization temperature. Even though
he Kissinger method is of approximate nature and more rigor-
us methods are available,15,16 its utilisation is advantageous in
valuation of DSC traces exhibiting irregularities (as mentioned
n Section 3.2) since only peak positions, i.e. well-defined quan-
ities, are taken into account. The values of activation energy
btained by the Kissinger method for the materials investigated
re summarized in Table 2. There is an approximately linear cor-
elation between the values of activation energy of crystallization
nd SiO2 concentration in the material (Fig. 8).

The relatively high values of activation energy are fully com-
arable with those reported for crystallization of mullite from
lasses.17 There are no data available on activation energies of
r4+ and Si4+ diffusion in the Al2O3–ZrO2–SiO2 ternary sys-
em. Cherniak18 studied Si diffusion in zircon (ZrSiO4) and
etermined the activation energy to be around 720 kJ/mol for
emperatures above 1350 ◦C. Cherniak also states that diffusion
f Si in zircon is about an order of magnitude faster than diffu-



3164 T. Chráska et al. / Journal of the European Ceramic Society 29 (2009) 3159–3165

F
c

s
d
i
t
l
v
m
f
T
s
t
t

i
m
J
s

α

w
w
p
o

l

P
t
t
A
T

a
r
a
s
v
d

F
s
2

N
f
o
g
t
A
a
d
t
a
n
p
f
t
w
g

4

s
p
s
s
t
i
s
n

i
e
n
2

ig. 8. Plot of apparent activation energies of crystallization against silica con-
entration.

ion of Hf and many orders of magnitude slower than oxygen
iffusion. Hf may be considered as a proxy for Zr, given its sim-
lar charge and size, thus the diffusivity of Zr is also smaller than
hat of Si in zircon18 and the corresponding activation energy is
ikely higher. It can be therefore concluded that the measured
alues of apparent activation energy of crystallization for Eucor
aterials (from ∼900 to ∼1100 kJ/mol) are associated with dif-

usion of Zr ions in the amorphous three-component material.
he simultaneous diffusion of Si ions, which is necessary for
olid-state demixing of ZrO2 and SiO2 leading to crystalliza-
ion, has probably lower value of activation energy similar to
hat measured by Cherniak in the case of zircon.

The crystallization processes in amorphous solids are usually
nterpreted in terms of the standard nucleation and growth kinetic

odel due to Johnson, Mehl and Avrami (JMA).16,19,20 In the
MA model, the relationship for the fractional conversion in a
ystem with a constant heating rate has the form

= 1 − exp

[
−

(
K(T )

T − T0

β

)n]
(4)

here n is the Avrami exponent. For a nonisothermal experiment
ith a constant heating rate, the Avrami exponent may be com-
uted by using Ozawa’s method.21 Taking twice the logarithm
f Eq. (4) gives the relationship:

n[−ln(1 − α)] = n ln[K(T )(T − T0)] − n ln β (5)

lotting ln[−ln(1 − α)] versus ln β for a number of DSC traces
aken at different heating rates (where α is obtained at the same
emperature) yields the value of n (Fig. 9). The values of the
vrami exponent n for each material investigated are given in
able 2.

The Avrami exponent n can be expressed as n = a + mb, where
refers to the nucleation rate with value of 1 for a constant

ate, 0 for a zero nucleation rate (site saturation), and a < 1 for

decreasing rate, m corresponds to the crystal growth dimen-

ionality, and b relates to the mechanism of growth with the
alue of 1 for an interface-controlled process and 0.5 for a
iffusion-controlled process.22 The Avrami exponent n for the

r
t
e
o

ig. 9. Plot of ln[−ln(1 − α)] against the logarithm of the heating rate for
elected materials: NZ, Eucor-A, Eucor-D and Eucor-F (for NZ and Eucor-A at
K/min, the data x-coordinates are slightly offset in the plot to improve clarity).

Z material (n = 3.3) stands apart from the n values calculated
or the Eucor materials (1.5 ≤ n ≤ 2.1). From the microscopic
bservations (as described in Section 3.3), it follows that the
rowth of nanocrystallites in the materials investigated is of
he three-dimensional type, m = 3. Therefore, the values of the
vrami exponent for ZrO2 crystallization in the Eucor materials
re consistent with a crystal growth mechanism controlled by
iffusion transport toward the phase boundary and with instan-
aneous nucleation. Since the n values for the Eucor materials
re on average somewhat higher than the nominal value n = 1.5,
ucleation of the tetragonal crystallites may to some extent also
roceed during the crystal growth process. The Avrami exponent
or the NZ material, however, points to a growth mechanism con-
rolled by a reaction at the phase boundary. This is consistent
ith HRTEM structural observation showing no concentration
radient present in the annealed NZ material.

. Summary and conclusions

Crystallization kinetics of amorphous alumina–zirconia–
ilica ceramics was studied for seven different material com-
ositions. The amorphous materials were prepared by plasma
praying thus the sample consists of thin splats (thin disk-
hape lamellae) with a significant chemical variation among
hem due to different proportions of Al and Zr oxides in the
ndividual powder particles. Most of the individual amorphous
plats in the as-sprayed materials are chemically homoge-
eous.

The amorphous materials crystallize above 920 ◦C primar-
ly as tetragonal ZrO2 solid solution with Al2O3 and to a small
xtent as �-Al2O3 in Al2O3-rich splats. The tetragonal zirconia
anocrystallites have average diameters increasing from 10.5 to
3 nm with increasing silica content. For silica-containing mate-

ials the nanocrystallites are embedded in silica rich remains of
he amorphous matrix thus creating steep concentration gradi-
nts at the nanocrystal/glass interface. The kinetic stabilization
f the nanoscale microstructure is related to the silica rejection
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uring growth involving a soft impingement between neighbor-
ng nanocrystallites.

The apparent activation energy of the crystallization increases
pproximately from 850 to 1350 kJ/mol with decreasing sil-
ca content. These activation energy values are comparable to
hose reported for crystallization of mullite from glasses. Based
n the values of Avrami coefficient and on the microstructural
bservations, crystallization mechanism of the silica-containing
aterials is best described by instantaneous nucleation followed

y three-dimensional crystal growth controlled by diffusion
ransport of Zr and Si cations in opposite directions (demixing).
he Avrami exponent for the NZ material, however, points to a

hree-dimensional growth mechanism controlled by a reaction
t the phase boundary.
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