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A B S T R A C T   

Information on the sintering activation energy is currently focused on evaluation of single-phase ceramic sys
tems. This work shows the results of high-temperature dilatometry measurements of layered and particle com
posites based on alumina and zirconia. Layered composites with different layer thickness ratios and particle 
composites with variable composition in the entire concentration range were prepared by electrophoretic 
deposition allowing manufacturing composites with precious design and strongly bonded interfaces. The phe
nomena observed during the high-temperature dilatometry measurements are discussed, and the data were used 
to calculate the sintering activation energies of composites using the modified Master Sintering Curve concept. 
By covering a wide range of composite designs, it was possible to determine differences in activation energies and 
to show their dependence on the direction in the case of laminate composites given by the directionally 
dependent sintering behaviour. Sintering activation energies of layered composites were always higher than for 
monoliths due to constrained sintering showing maximum sintering activation energies at lower volumes of 
zirconia in the layers for longitudinal and transversal orientation of the samples. A similar trend was identified in 
particle composites due to slowed down alumina densification by the pinning effect. Additionally, mechanical 
properties represented by Vickers hardness and indentation elastic modulus were related to the microstructure 
developed during sintering. The effects of interconnectivity of phases present in the composites together with 
other parameters of the microstructure were described.   

1. Introduction 

Generally, sintering is the densification of free powder or powder 
compact at a temperature below the material’s melting point. Such a 
thermally driven process has been known for thousands of years; how
ever, in the last century, considerable efforts have been made in the 
development of sintering methods and the sintering of various advanced 
ceramic materials. Along with this, various sintering models were 
derived, which are subject to constant refinement. One of the significant 
parameters allowing a better insight into the physical background of the 
sintering is the activation energy of sintering also referred to as apparent 
activation energy. 

The beginnings of the study of the sintering activation energy are 
related to the work of Young and Cutler [1] who studied the densifica
tion of alumina, zirconia and titania at constant rates of heating to 

describe solid-solid reactions. Their work was followed up by Wang and 
Raj [2,3] who used constant-heating-rate experiments to estimate acti
vation energy in alumina, alumina/titania and alumina/zirconia parti
cle composites. Since then, many scientific works have been published 
reporting the sintering activation energies of various ceramics. After
wards, an engineering tool based on non-isothermal sintering for pre
dicting the sintering process and also determining sintering activation 
energies was developed [4]. 

Su and Johnson [4] developed the concept of master sintering curve 
(MSC) assuming that the geometric parameters related to the sintering 
are functions only of green body microstructure (and therefore inde
pendent on the heating profile) and that only one prevalent diffusion 
mechanism is dominant in the sintering process. The MSC gives the 
relation between the thermal history of the sintering (using the 
parameter Q describing the activation energy of sintering) and density. 
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The experimental approach of the concept is based on the 
time-consuming mathematical iterations drawing data from the number 
of sintering experiments conducted at different heating regimes. How
ever, the following works brought simplification in the construction of 
the MSC using computer programs [5] together with dilatometric data 
[6,7] reducing computing time dramatically. 

A lot of works have been published up to now to establish activation 
energies of monolithic ceramics. The most attention was paid to alumina 
[1–3,7–13], zirconia [3,7,9,14–16], silicon nitride [17], zinc oxide [8], 
uranium dioxide [18,19], yttrium oxide [20], etc. Moreover, it was 
found that the sintering technique can also play a role in diffusion 
mechanisms in studied materials affecting the activation energy of sin
tering [8]. Therefore, not only conventional sintering [1–3,7–9] but also 
microwave sintering [8], sintering in microwave-induced oxygen 
plasma [21], spark plasma sintering [22], and liquid phase sintering 
[17] were considered to report complex data concerning activation 
energy of sintering at different conditions. 

However, a more complex situation arises when multiple phases 
appear in the material. The volume of these phases can be distributed in 
an ordered manner in the form of individual particles (grains) or layers. 
The sintering activation energy of the particle composites based on 
alumina and zirconia ceramics was studied for the very first time by 
Wang and Raj [2,3]. They showed that the activation energy remains in 
the range of 700 ± 100 kJ/mol when the composition changes from 5 to 
95 vol% zirconia [3]. Although the authors reported full range compo
sition, only concentrations of 0, 5, 50, 95 and 100 vol% zirconia were 
investigated. Therefore, a substantial part of the concentration profile of 
this ceramic particle composite is missing. Even less data is known about 
layered materials. Maca et al. [9] recently showed layered composites 
where alternating layers with different thicknesses and/or volumes of 
alumina and zirconia were evaluated in terms of sintering activation 
energies. The original MSC works with the density of sintered bodies and 
assumes that their sintering shrinkage is isotropic [4]. For non-isotropic 
shrinkage, the MSC concept had to be modified to the so-called Master 
Shrinkage Curve [9]. 

Moreover, it was found that strongly bonded layers exhibit sintering 
anisotropy demonstrated by different sintering activation energies in the 
two measurement directions of the sintered samples. However, as with 
particle composites [3], only a small concentration range was studied in 
this work, i.e., the composite that had 50 vol% represented by layers of 
alumina and the rest by zirconia. Thus, a much more precise insight into 
this issue is necessary for a better understanding of the sintering process 
in particle and layered ceramics. 

These materials are very interesting from the point of view of their 
microstructural and mechanical properties. The alumina and zirconia 
particle composites can be divided into two categories depending on the 
major phase on Zirconia Toughened Alumina (ZTA, alumina is a major 
phase) and Alumina Toughened Zirconia (ATZ, zirconia is a major 
phase) providing improved strength, fracture resistance, elasticity, 
hardness, toughness, and/or wear resistance etc. These composites are 
widely employed in various structural applications across different in
dustries such as cutting tools [23–25], aerospace applications [26], 
electrical insulators [27], wear-resistant products (nozzles, pump parts, 
valves etc.) [28], dental implants [29,30], orthopaedic replacements 
[31,32], coatings [29,33] etc. Layered architectures which are 
composed of alternating layers of two or more different ceramic mate
rials, offer unique fracture behaviour if the internal stresses are gener
ated in the layers during sintering and cooling. In the case of 
alumina/zirconia layered material, the internals stresses arise during 
densification of the composite at the heating stage and dwell time on the 
sintering temperature [34]. However, such internal stresses are rela
tively small and can relax during the dwell time at the sintering tem
perature via the diffusion processes. More significant are internal 
stresses developed when reference (stress-free) temperature is exceeded 
[35] at the cooling stage of sintering. The stresses inside the strongly 
bonded layered structure originate from the thermal expansion 

mismatch of the ceramic materials resulting, among others, in a crack 
deflection behaviour [36]. Moreover, the presence of zirconia might 
originate transformation toughening mechanisms, which operate at the 
microstructural level [37]. 

The paper substantially expands the existing knowledge about the 
sintering activation energy of the particle and layered structures that are 
composed of alumina and zirconia in the full volume (concentration) 
range. This is achieved by using a modified MSC concept and high- 
temperature dilatometry. The sintering behaviour is correlated with 
the mechanical response of composite materials and discussed. 

2. Experimental 

Alumina (HP-DBM, Malakoff Ind., USA) and 3 mol.% yttria stabilised 
zirconia (TZ-3YS-E, Tosoh, Japan) ceramic powders with mean particle 
sizes of 0.47 and 0.14 μm, respectively, were used for this study. The 
single-phase nature of as-received powders is demonstrated in Fig. 1. 
The phase composition of as-received powders was analysed by X-ray 
powder diffractometer SmartLab 3 kW (XRD, Rigaku, Japan) with 
Bragg-Brentano setup and Cu-Kα radiation source (λ = 1.54 Å). The 
powders were dispersed in colloidal suspensions for their wet shaping 
via electrophoretic deposition (EPD). To this purpose, the suspensions 
were composed of 15 wt% alumina and/or zirconia, 12.75 wt% mono
chloroacetic acid (99 %, Merck, Germany) acting as a stabiliser, and 2- 
propanol dispersant (p.a., Lachner, Czech Republic) in the amount of 
72.25 wt%. Suspensions were stirred mechanically in an ultrasonic bath 
(output power 320 W) for 30 min prior to EPD. 

The vertical position of two stainless steel electrodes with an effec
tive surface area of 18.2 cm2 placed at a distance of 26 mm between 
them was used for EPD in a glass cell. The electrodes connected with a 
stabilised source allowed to set a circuit with a constant current of 5 mA. 
Three types of ceramic materials were prepared i) monoliths (standards 
– alumina or zirconia denoted as A and Z) ii) particle composites (i.e., 
homogeneous mixture of alumina and zirconia with given volume 
fraction), and iii) layered composites (i.e., alternating alumina and zir
conia layers with various thickness). The particle composites (denoted 
as PC) were prepared by mixing of certain volume fraction of zirconia (i. 
e., 17, 25, 33, 45, 50, 55, 66, 75, and 83 vol%) into alumina. The de
positions lasting 30 min were interrupted each 5 min and the suspen
sions were thoroughly stirred to prevent sedimentation of the particles. 
Based on our previous results [38,39] concerning deposition kinetic 
studies of alumina and zirconia we were able to fabricate layered 
structures (laminates; denoted as LC) with a precise thickness of layers. 
The laminates were designed with the same volume fractions of alumina 
and zirconia as in particle composites and the desired concentrations 

Fig. 1. XRD patterns of alumina and zirconia as received powders.  
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were set by different layers thickness ratios. The thickness ratios (A:Z) of 
5:1, 3:1, 1.2:1 and vice versa were prepared by the repeated moving of 
deposition electrode from suspension containing alumina to zirconia 
suspension at strictly defined time segments. The total number of layers 
was set to 100. The information about prepared samples including vol
ume fractions of ceramic materials is summarised in Table 1. The de
posits were dried at room temperature for 24 h after deposition. 
Subsequently, they were removed from deposition electrodes and 
annealed at 800 ◦C for 1 h in an ambient atmosphere. 

The prepared samples were cut out from the green bodies in longi
tudinal (perpendicular to the deposition direction) and transversal 
orientation (parallel to the deposition direction) in the form of bars (4 ×
4 × 10 mm) or cylinders (ø5 × ca 5 mm), respectively. For a better 
illustration of the mentioned orientations, Fig. 2 shows a scheme of a 
deposition electrode with layered structure. The samples underwent 
high-temperature dilatometry sintering using L70/1700 (Linseis, Ger
many) at 1500 ◦C with heating rates 2, 5, 10, and 20 ◦C/min for 2 h at 
sintering temperature. The samples intended for mechanical testing 
were sintered in a conventional furnace at 1500 ◦C with a heating rate of 
10 ◦C/min and a dwell time of 2 h. 

The coefficient of thermal expansion was calculated using Equation 
(1): 

α=
εT room − εT max

(Troom − Tmax) • 100
, (1)  

where εT room is the shrinkage after cooling, εmax is the shrinkage at the 
end of the dwell, Troom is the temperature after cooling, and Tmax is the 
dwell temperature. 

The sintering shrinkage was calculated using Equation (2): 

ε(t, T)= εinstant(t,T) − α • 100 • (T − Troom), (2)  

where εinstant (t,T) is the instantaneous measured shrinkage, t is the time, 
and T is the actual temperature. 

To examine activation energies, allowing deeper insight into the 
physical background of the sintering process of anisotropic layered and 
particle composites, the modified Master Sintering Curve model [9] was 
applied for the construction of Master Shrinkage Curves. Assuming the 
work of Hansen et al. [40], it includes the relationship between the 
thermal history of the sintering and linear shrinkage under the following 
Equation (2): 

− k
γΩD0

∫εf

0

(G(ε))n

Γ(ε) dε=Θ=

∫t

0

1
T

exp
(

−
Q

RT

)

dt, (3)  

where function Θ describes the thermal history of the sintering with the 
activation energy of sintering Q, k is the Boltzmann constant, γ is the 
surface energy, Ω is the atomic volume, D0 is the coefficient of a diffu
sion process, G is the mean grain size, Γ represents scaling parameters, ε 
is the linear shrinkage, T is the thermodynamic temperature, R is the gas 
constant and t is the time. The four heating regimes were conducted for 
all samples to obtain sufficient data sets to find the best overlap of in
dividual curves calculated using Eq. (1). The criterion of Mean 
Perpendicular Curve Distance was used to find the best overlap [41]. 

The densities of the green bodies and sintered samples were 
measured using the soaking method and Archimedes principle. The 
microstructure of the samples was observed using scanning electron 
microscopy Verios 460L (SEM, FEI, Czech Republic). The mean grain 
size (MGS) was determined using the linear intercept method from at 
least 5 images and the results were multiplied by a correction factor of 
1.56 [42]. 

Cooling from the sintering temperature can cause the development of 
internal stresses as was mentioned in the introduction chapter. The 
theoretically estimated internal stresses for laminate based on the vol
ume fraction of individual phases independent of the layer design are 
shown in Fig. 3a) [43]. The input values for internal stress calculation 
were taken from our previous works [35,44]. Similarly to laminates, the 
internal stresses are also developed in the particle composite materials 
due to CTE mismatch and can influence hardness, modulus and/or 
strength in the dependence of design and phase volume fraction. In the 
particle composite, the level of internal stresses within individual phases 
is estimated by Eshelby’s inclusion model in the dependence on the 
volume fraction, see Fig. 3b) [45,46]. The model estimates stresses 
based on the fact of which phase forms the matrix (σm) and which 

Table 1 
Summarization of sample’s compositions and their microstructural properties.  

Sample Z content 
(vol%) 

A/Z 
thickness 
ratio 

green 
density (% 
t.h.) 

final 
density (% 
t.h.) 

A/Z grain 
size (μm/ 
μm) 

monoliths 
A 0 – 61.0 98.3 1.3/- 
Z 100 – 47.4 99.7 -/0.3 
particle composites 
PC17 17 – 57.6 97.7 1.0/0.5 
PC25 25 – 56.4 97.9 0.9/0.5 
PC33 33 – 55.6 98.1 0.8/0.5 
PC45 45 – 53.4 98.4 0.7/0.4 
PC50 50 – 53.1 98.6 0.7/0.5 
PC55 55 – 53.1 99.0 0.7/0.5 
PC66 66 – 51.1 99.2 0.7/0.5 
PC75 75 – 51.0 99.5 0.6/0.5 
PC83 83 – 50.6 99.8 0.6/0.5 
layered composites – longitudinal orientation 
LC17 17 5:1 58.1 97.6 1.6/0.6 
LC25 25 3:1 57.1 98.7 1.7/0.6 
LC45 45 1.2:1 54.8 98.6 1.8/0.6 
LC55 55 1:1.2 54.7 99.9 1.6/0.6 
LC75 75 1:3 51.1 99.6 1.5/0.6 
LC83 83 1:5 50.4 99.9 1.5/0.6 

A, Z – Alumina, Zirconia; PC – Particle Composite; LC – Layered Composite. 
Sintering regime 1500 ◦C/2h; heating rate of 10 ◦C/min. 

Fig. 2. Scheme of a deposition electrode with layered structure.  
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reinforcement (σf ). 

σf =
− 2Em

(
1 − vf

)
βα∗

A
, (4)  

σm =
2Emvf βα∗

A
, (5)  

A=
(
1 − vf

)
(β+ 2)(1+ μm) + 3βvf (1 − μm), (6)  

β=
Ef (1 + μm)

Em
(
1 − 2μf

) , (7)  

α=
(
αf − αm

)
ΔT, (8)  

where ΔT = T − Troom similarly as in Equation (1), v,E, μ and α are the 
volume fraction, elastic modulus, Poisson’s ratio and CTE for given 
phase, indexes m and f mean matrix or reinforcement, respectively. 

The microhardness of the particle composites was measured on the 
polished cross-section surfaces using an instrumented Vickers indenta
tion technique using an electromechanical machine Z2.5 equipped with 
a ZHU0.2 indentation head (Zwick/Roell, Germany). The indentation 
load of 5 kg (~49 N) was selected to incorporate into the indentation 
imprint a significant number of grains to sufficiently describe the me
chanical behaviour of particle composite (i.e., compare imprint di
agonals of 70–80 μm vs 0.5–1.0 μm grain size). The instrumented 
indentation was used to estimate the indentation elastic modulus 
calculated from the unloading part of the recorded loading curve. 

Experimental data used for this paper are available in a general- 
purpose open repository [47], Zenodo, developed under the European 
OpenAIRE program and operated by CERN. 

3. Results and discussion 

The alumina and zirconia green bodies prepared by EPD reached the 
relative density of 61.0 % and 47.4 % t.d., respectively (see Table 1). 
One could expect that the layered or particle materials composed from 
these ceramics using the same fabrication technique should follow the 
superposition of alumina and zirconia densities. This assumption is 
confirmed in Fig. 4 showing relative densities of annealed layered 
composites and particle composites prepared by EPD. Newly acquired 
data was supplemented with information from recently published re
sults (red symbols) [9]. The linear dependence of measured values is 
visible for both types of composites. Moreover, the recently published 
values fit very well the trend of the newly acquired data demonstrating 
good reproducibility of the experiment. The EPD shaping technique 
makes it possible to obtain composites, whether they are made up of 
bulk layers or dispersed particles, which have the same density for 

individual material compositions. 
The lower green density of the zirconia monolith resulted in higher 

shrinkage in the longitudinal and transversal orientation of the 
measured sample during sintering than that of the alumina. This is 
documented in Fig. 5 where the sintering shrinkage and sintering 
shrinkage rate of monoliths and layered composites in longitudinal and 
transversal orientations are given. Alumina and zirconia shrinkage in 
longitudinal and transversal orientation shows sintering shrinkage 
anisotropy. Fig. 5a and b shows that the total difference in sintering 
shrinkage in longitudinal and transversal orientations for alumina was 
4.8 % (εL = 13.1 % vs. εT = 17.9 %) whereas for zirconia it was 1.9 % (εL 
= 22.3 % vs. εT = 24.2 %). The origin of the anisotropy can be found in 
the anisotropic (oval) shape of alumina particles contrary to more less 
spherical shape of zirconia particles [38] resulting in shape-oriented 
packing of charged particles in an electrical field during EPD [48]. 

The sintering shrinkage curves of layered samples in longitudinal 
orientation (see Fig. 5a) are more inclined to the shrinkage curve of 
alumina monolith even when a high volume of zirconia is present in the 
layers, e.g. see sample LC83. It means, that the sintering in longitudinal 
orientation is more controlled by the alumina than zirconia content in 
layered structures. To explain this behaviour, the initial particle size 
must be considered. Zirconia layers composed of smaller particles tend 
to shrink earlier than alumina layers because the sintering temperature 

Fig. 3. Theoretically estimated internal stresses developed due to thermal expansion mismatch for each phase in a) laminates and b) particle composites with two 
limit situations, i.e. upper and lower bounds for each phase. LC – Layered Composite, PC – Particle Composite. 

Fig. 4. Dependence of relative density on zirconia content in monoliths, 
layered and particle composites in their green state (red symbols – reported 
data from Maca et al. [9]). LC – Layered Composite, PC – Particle Composite. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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decreases with decreasing particle size [49]. Therefore, zirconia layers 
shrink at lower temperatures (of around 1300 ◦C for zirconia monolith) 
with a higher sintering shrinkage rate at a lower sintering shrinkage 
maximum, as can be seen in Fig. 5c. Together with the fact that alumina 
does not yet sinter/shrink at this temperature and many interfaces be
tween alumina and zirconia layers exist, zirconia layers can densify in 
transversal orientation predominantly [50]. As a result of this, a con
strained sintering takes place demonstrated by lower sintering shrinkage 
of zirconia layers in longitudinal orientation than in transversal one. 

The sintering shrinkage in transversal orientation was even higher 
for most of the layered composites than for zirconia monolith (see 

Fig. 5b). To explain this abnormality, relative volume change was 
calculated for pure materials and layered composites (see Fig. 6). As 
expected, the volume shrinkage gradually increases with increasing 
zirconia content. It means, that high shrinkage in transversal orientation 
only compensates for the shrinkage deceleration in the longitudinal 
orientation and the effect is more pronounced with increasing zirconia 
content. In pure zirconia, of course, this „compensation“ does not occur. 

When comparing Fig. 5c and d, the sintering shrinkage curves in 
longitudinal orientation show a shift of the maximal shrinkage rate 
values of layered composites with increasing alumina content to higher 
temperature into the area appropriate for alumina sintering (around 
1400 ◦C). However, the sintering shrinkage rates of layered composites 
measured in transversal orientation are similar or close to the sintering 
shrinkage rate of zirconia monolith. In summary, from the analysis of 
the sintering shrinkage curves in Fig. 5c and d it emerged that sintering 
shrinkage of laminates was constrained in the longitudinal direction by 
alumina which was densified at higher temperatures than zirconia. As a 
consequence, sintering shrinkage in the transversal direction was 
accelerated by the preferential shrinkage of zirconia in this direction. 

The sintering shrinkage and sintering shrinkage rates of monoliths 
and particle composites are given in Fig. 7. The samples were measured 
in longitudinal orientation only. The sintering shrinkage of particle 
composites was the superposition of the alumina and zirconia shrink
ages. Surprisingly, the maximal shrinkage rate occurred at a tempera
ture close to 1500 ◦C in the particle composite with the lowest zirconia 
volume fraction, see Fig. 7b. It means, that the sintering was retarded 
due to the microstructural events discussed below. However, as the 
volume of zirconia grains in the samples increased, the curves of the 
shrinkage rate shifted to lower temperatures towards the curve of the 
zirconia monolith. 

Fig. 8 shows the sintering activation energies of monoliths, layered 
composites in longitudinal and transversal orientations and particle 
composites. The activation energies were calculated from the Master 

Fig. 5. Sintering shrinkage a, b) and sintering shrinkage rate c, d) of monoliths and layered composites in the longitudinal and transversal orientation of the samples. 
LC – Layered Composite. 

Fig. 6. Dependence of relative volume shrinkage on zirconia content in 
layered composites. 
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Shrinkage Curve model using samples sintered with heating rates of 2, 5, 
10, and 20 ◦C/min in longitudinal as well as in transversal orientations 
allowing construction of Master Shrinkage Curves given in Fig. 9. Fig. 9 
shows a typical example of the layered sample (LC45) having good 
overlap of individual curves and the MPCD criterion exhibits a single 
sharp minimum. 

It was found that activation energies of alumina and zirconia were 
670 and 580 kJ/mol in longitudinal orientation and 700 and 550 kJ/mol 
in transversal orientation, respectively. These values fit the previously 
reported data in the literature covering a big scatter in the range of 
342–1163 kJ/mol for alumina [1–4,7–13,21,22,51] and 310–990 
kJ/mol for zirconia [3,9,14–16,22,52]. The broad values spread is given 
by evaluation method, morphology [7] and purity of the powder used, 
considered density interval [14,53,54], different microstructure before 
sintering and temperature range [9]. In the case of layered composites, 
the activation energies were always higher than for monoliths due to 
constrained sintering [55]. The highest activation energies were found 
for samples with higher alumina content. For longitudinally oriented 
samples the highest sintering activation energy of 1250 kJ/mol was 
obtained for the sample with 17 vol% of zirconia, for transversely ori
ented one it was for the sample with 25 vol% of zirconia (880 kJ/mol). It 
is also evident that the absolute values of the activation energies were 
lower in transversal orientation because of the preferential sintering of 
zirconia. 

The activation energies of the particle composites showed a similar 
trend to that observed for layered ceramics. At low zirconia content, the 
densification of alumina is slowed down by the so-called pinning effect. 
It is manifested by an increase in activation energy related to reduced 
shrinkage rate and the shift of the sintering temperature to higher values 
(see Fig. 7b). Even at higher zirconia concentrations, the activation 
energy remains relatively high probably because of the slightly retarded 

diffusion of atoms in the two-phase material during sintering. The newly 
obtained results significantly modify the data reported by Wang and Raj 
[3], who established an activation energy of about 700 kJ/mol for the 
entire concentration range for this type of particle composite. 

Fig. 10 shows typical microstructures of layered and particle com
posites. Generally, the layered structures can be divided into two groups 
regarding the strength of the interfaces between layers. The first one is 
layered structures with weak interfaces findable also in nature (e.g., 
tooth enamel and sea shells [56]) overcoming their inherent brittleness 
at static or dynamic loads by deflection or delamination of the propa
gating crack to generate toughening mechanisms [57,58]. The second 
group resists against crack propagation by energy-dissipating mecha
nisms such as crack deflection or bifurcation phenomena due to the 
presence of compressive residual stresses whose intensity is given by the 
thickness of layers [59,60]. These layered structures, typically 
composed of alumina and zirconia [59–62], have strongly bonded 
interfaces. 

Fig. 10a-d shows layered composites with different layer thickness 
ratios. The EPD allowed to fabrication of multilayer ceramics with sharp, 
narrow, defect-free and strongly bonded interfaces. However, a certain 
level of porosity was observed in layered composites, see Table 1, that 
decreased with zirconia volume. The typical microstructures of the 
alumina and zirconia individual layers in a layered composite are shown 
in Fig. 11. Some porosity is evident in alumina while the zirconia layer is 
fully dense which corresponds with the density measurements of 
monoliths. Therefore, the density in layered composites depends on the 
thickness of the alumina layers (alumina volume) in particular. 

The second benefit of the fabrication method is nicely dispersed 
alumina and zirconia grains in the sintered microstructures of the par
ticle composites, as demonstrated in Fig. 10e-h. The mean grain size of 
the particle as well as layered composites is shown in Fig. 12. The graph 

Fig. 7. Sintering shrinkage a) and sintering shrinkage rate b) of monoliths and particle composites. PC – Particle Composite.  

Fig. 8. Sintering activation energies of monoliths, a) layered composites in longitudinal and transversal orientations and b) particle composites (red columns – 
reported data from Maca et al. [9]). LC – Layered Composite, PC – Particle Composite. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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shows the usefulness of adding a dispersed second phase to control grain 
growth during sintering. The MGS of alumina in particle composites 
decreased at low zirconia contents as a consequence of the pinning effect 
[55]. Subsequently, the MGS size was mainly affected by retarded 
diffusion caused by an increasing zirconia concentration. On the other 

Fig. 9. Master Shrinkage Curves of LC45 sample in longitudinal and transversal 
orientations. 

Fig. 10. Micrographs a-d) layered and e-h) particle composite microstructures (alumina – dark fields, zirconia – bright fields). LC – Layered Composite, PC – 
Particle Composite. 

Fig. 11. Microstructures of a) alumina layer and b) zirconia layer in the layered 
composite LC75. 
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hand, the MGS of zirconia remained unaffected in particle composite 
microstructures because it is widely believed that alumina grains 
effectively impede the mobility of zirconia grain boundaries in Alumina 
Toughened Zirconia composites [63]. Approximately 50 vol% of 
alumina in the microstructure seems to be beneficial for stabilising MGS 
on the minimal level possible. However, a higher volume of alumina in 
the composite resulted in lower density, see Table 1. As a confirmation 
of this, certain porosity is present in the microstructures in Fig. 10e and 
f. Contrary, two distinct populations of MGSs were measured in layered 
composites. There is no reason for pinning effect application in alumina 
or zirconia layers behaving more as monolithic ceramics, so their grain 
growth is driven by original particle size, chemical nature, packing 
density, and sintering temperature. 

The mechanical properties of laminates according to their layer 
design and total volume fraction of phases are in the literature well 
described [43,62,64]. The apparent fracture toughness and flexural 
strength depend on the developed internal stresses (see Fig. 3a) due to 
CTE mismatch given by alumina-zirconia laminate prepared by EPD 
similar to the laminate used in this work [39,44]. The laminate prepared 
for this study contains a higher number of layers which is not optimal for 
the strength and fracture toughness [43]. The crack behaviour during 
indentation for laminates was clearly described here [65] showing that 
the indentation method is not suitable to characterize fracture behaviour 

when internal stresses are present. 
However, Vickers hardness and indentation elastic modulus devel

opment with increasing addition of zirconia to the alumina matrix 
determined for particle composite can provide valuable information. 
The dependencies are shown in Fig. 13 where average values together 
with indicated standard deviation by error bars are plotted. The general 
trend is obvious that with increasing amounts of zirconia, both hardness 
and elastic modulus decreases. 

When a single-phase material is loaded, the corresponding defor
mation is uniformly distributed over the whole body. In a material 
composed of two phases, the deformation is distributed between the 
phases according to their stiffness. A standard method used for esti
mating the overall mechanical properties of a composite material is 
based on the rule of mixtures (RoM). The simplest linear combination of 
the Vickers hardness HV (or elastic modulus E) versus the volume 
fraction of the phases is given by the iso-stress model (Voigt) [66]: 

HVc =HVf • vf +HVm •
(
1 − vf

)
, or Ec =Ef • vf + Em •

(
1 − vf

)
(9)  

where vf is the reinforcement volume fraction, HVm and HVf are the 
Vickers hardness and Em, Ef is the elastic modulus of the matrix and 
reinforcement, respectively. The Voigt model originates from the axial 
loading of continuous fibre-reinforced composites. When materials with 
large differences in hardness are combined, it is clear that the defor
mation of the soft matrix is greater than that of the hard particles. On the 
other hand, the deformation of the hard matrix containing soft particles 
increases and the hardness can be lower than predicted by Eq. (9). In 
these cases, to estimate the Vickers hardness HV (or elastic modulus E), 
Reuss proposed the iso-strain model as a lower bound of the RoM 
method [66]: 

HVc =

(
vf

HVf
+

(
1 − vf

)

HVm

)− 1

, or Ec =

(
vf

Ef
+

(
1 − vf

)

Em

)− 1

. (10) 

The predictions of the Vickers hardness HV and indentation elastic 
modulus EIT of the fabricated particle composites based on Eq. (9) and 
Eq. (10) are given in Fig. 13 by the dashed lines. The indentation elastic 
modulus keeps the trend given by the mixture law (Eq. (9)) given by 
input values of pure alumina and zirconia as can be seen in Fig. 13. In 
contrast, the Vickers hardness of the prepared particle composites 
significantly differs from the predictions given by the RoM methods. The 
observed change in Vickers hardness of the prepared particle composites 
is influenced by several jointly acting effects such as interconnection of 
phases, internal thermal stresses present, transformation toughening by 
zirconia and grain size pinning effect. 

The main effect can be attributed to the developed internal stresses. 
According to the literature, experimental data lay mostly close to the 
zirconia matrix inclusion bounds (see Fig. 3b) - full line) even for higher 
concentrations of reinforcement (i.e. forming continuous phase) [46,67, 

Fig. 12. Dependence of mean grain size on zirconia content in monoliths, 
layered and particle composites (in longitudinal orientation) sintered at 
1500 ◦C for 2 h with a heating rate of 10 ◦C/min (pink symbols – reported data 
from Maca et al. [9]). LC – Layered Composite, PC – Particle Composite. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 13. Dependence of a) Vickers hardness HV and b) indentation elastic modulus EIT on zirconia content in the particle composites.  

D. Drdlik et al.                                                                                                                                                                                                                                  



Ceramics International 50 (2024) 37430–37440

37438

68]. This influence can be affected by the development of additional 
stresses caused by volume change during the stress-induced trans
formation of partially stabilised tetragonal zirconia grains during 
loading [25,69–72]. This effect can be weakened by spontaneous 
transformation due to the development of internal stresses during 
cooling from sintering temperature [72]. 

Interconnectivity and gain pinning effect are other factors influ
encing mechanical behaviour. The isolated grains of the secondary 
(reinforcing) phase are restricted in their growth due to a lack of ma
terial in the surrounding eliminating diffusion processes during sinter
ing. On the other hand, the grains in the matrix are also restricted in the 
grain growth by the pinning effect [73]. Therefore, the development of 
grain size distributions for both phases is very dependent except the 
volume fraction also on the processing conditions (temperature, dwell 
time etc.) and the initial particle size and level of dispersion of the 
reinforcing phase. The development of the grain size for all composites 
under investigation is shown in Fig. 12. Some relations can be found 
between the restricted gain growth and activation energies determined 
during sintering, see Fig. 8. 

Generally, the formation of continuous phase from one of two phases 
of the same grain size should change symmetrically with the threshold 
depending on the theory used. In our particle composite is the situation 
more complex because the particle/grain sizes are different for each 
phase and each composition because of geometrical and physical rea
sons. The breakpoint will be shifted from the equilibrium of 50 vol % to 
between 55 and 67 %. This fact corresponds well to the hardness 
development shown in Fig. 13 where two different trends (slopes) 
depending on the composition can be observed. The first slope can be 
seen for 0–55 % of zirconia and the second one is steeper from 67 % to 
100 % of zirconia. We believe that the dominance of the interconnected 
phase is responsible for this behaviour. The enhanced hardness values 
(above the RoM upper bound) can be explained by the synergism of 
developed internal stresses, transformation toughening, and formation 
of interconnected phases and therefore the number of biphase interfaces 
[74]. 

Contrary to hardness, the indentation elastic modulus keeps the 
trend given by the RoM given by values of alumina and zirconia as can 
be seen in Fig. 13. Also, here is an effect of relative densities (shown in 
Table 1) mirrored to the scattering of values and slight differences from 
the linear dependence. The effect of the interconnected phase is not 
observable as in the case of Vickers hardness because the level of in
ternal stresses and grain size does not change elastic modulus. 

Summing all together the above-mentioned effects acting and 
affecting the mechanical properties can be concluded that there is no 
direct relationship between the activation energy of sintering. The only 
relationship through the resulting microstructure and amount of bi- 
phase interfaces can be found. The number of interfaces is higher for 
the particle composite than in the case of laminates having the same 
volume fraction. Also, the grain size pinning effect is more pronounced 
in particle composites because in laminates the majority of grains within 
one phase are interconnected. 

4. Conclusions 

The complex evaluation of particulate and laminate composites by 
the modified Master Sintering Curve concept was done for the whole 
range of compositions for the first time. The alumina/zirconia com
posites designed as layers in various thickness ratios or dispersed par
ticles covering the entire concentration profile were successfully 
prepared using electrophoretic deposition (EPD). The composites with 
strongly bounded interfaces were obtained. 

Sintering of the composites was monitored by high-temperature 
dilatometry in the longitudinal and transversal orientation of the sam
ples. The pure alumina and zirconia monoliths showed shrinkage 
anisotropy due to the morphology of starting ceramic particles. In the 
case of layered composites, the sintering in longitudinal orientation was 

more controlled by the alumina than zirconia content resulting in con
strained sintering. On the other hand, in the transversal orientation, the 
shrinkage only compensates for the shrinkage deceleration in the lon
gitudinal orientation. The effect was more pronounced with increasing 
zirconia content. Therefore, the sintering shrinkage in transversal 
orientation was even higher for most layered composites than for zir
conia monolith. The sintering shrinkage of particle composites was the 
superposition of the alumina and zirconia shrinkages. 

Sintering activation energies of layered composites were always 
higher than for monoliths due to constrained sintering. However, the 
absolute values of the activation energies were lower in transversal 
orientation because of the preferential sintering of zirconia. In both 
orientations, the highest sintering activation energies were calculated 
for samples with lower content of zirconia, i.e. 17 vol% (1250 kJ/mol - 
transversal orientation) and 25 vol% (880 kJ/mol - transversal orien
tation). In the case of particle composites, the increase of sintering 
activation energy (~1100 kJ/mol) at low zirconia content was attrib
uted to the slowed-down densification of alumina by the pinning effect 
caused by smaller zirconia particles. These results significantly modify 
reported knowledge to date. 

The microstructural analysis showed that EPD allowed to fabrication 
of multilayer ceramics with sharp, narrow, defect-free and strongly 
bonded interfaces and particle composites with nicely dispersed alumina 
and zirconia grains in the sintered microstructures. Moreover, in the 
particle composites, the mean grain size of alumina decreased at low 
zirconia contents confirming the pinning effect. 

The mechanical properties represented by Vickers hardness 
measured for particle composite varied from the theoretical predictions, 
especially for the compositions exhibiting the highest activation en
ergies, however, no direct relationship between the hardness and acti
vation energy was found. The observed behaviour was interpreted with 
the help of microstructural interconnectivity between phases given by 
initial particle size, development of internal stresses during cooling 
down from the sintering temperature and grain size pinning effect. 
Contrary to the hardness the indentation elastic modulus respects well 
the upper bound of the rule of mixture given by Voigt’s iso-stress model. 
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[32] S.M. Kurtz, S. Kocagöz, C. Arnholt, R. Huet, M. Ueno, W.L. Walter, Advances in 
zirconia toughened alumina biomaterials for total joint replacement, J. Mech. 
Behav. Biomed. Mater. 31 (2014) 107–116, https://doi.org/10.1016/j. 
jmbbm.2013.03.022. 

[33] B.J. McEntire, B.S. Bal, M.N. Rahaman, J. Chevalier, G. Pezzotti, Ceramics and 
ceramic coatings in orthopaedics, J. Eur. Ceram. Soc. 35 (2015) 4327–4369, 
https://doi.org/10.1016/j.jeurceramsoc.2015.07.034. 

[34] D.J. Green, P.Z. Cai, G.L. Messing, Residual stresses in alumina–zirconia laminates, 
J. Eur. Ceram. Soc. 19 (1999) 2511–2517, https://doi.org/10.1016/S0955-2219 
(99)00103-X. 

[35] Z. Chlup, H. Hadraba, D. Drdlik, K. Maca, I. Dlouhy, R. Bermejo, On the 
determination of the stress-free temperature for alumina–zirconia multilayer 
structures, Ceram. Int. 40 (2014) 5787–5793, https://doi.org/10.1016/j. 
ceramint.2013.11.018. 

[36] H. Moon, M.G. Pontin, F.F. Lange, Crack interactions in laminar ceramics that 
exhibit a threshold strength, J. Am. Ceram. Soc. 87 (2004) 1694–1700, https://doi. 
org/10.1111/j.1551-2916.2004.01694.x. 

[37] J. Gurauskis, A.J. Sánchez-Herencia, C. Baudín, Alumina–zirconia layered ceramics 
fabricated by stacking water processed green ceramic tapes, J. Eur. Ceram. Soc. 27 
(2007) 1389–1394, https://doi.org/10.1016/j.jeurceramsoc.2006.04.081. 

[38] H. Hadraba, D. Drdlik, Z. Chlup, K. Maca, I. Dlouhy, Control of electrophoretic 
deposition kinetics for preparation of laminated alumina/zirconia ceramic 
composites, Key Eng. Mater. 507 (2012) 209–213, https://doi.org/10.4028/www. 
scientific.net/KEM.507.209. 

[39] H. Hadraba, D. Drdlik, Z. Chlup, K. Maca, I. Dlouhy, J. Cihlar, Layered ceramic 
composites via control of electrophoretic deposition kinetics, J. Eur. Ceram. Soc. 
33 (2013) 2305–2312, https://doi.org/10.1016/j.jeurceramsoc.2013.01.026. 

[40] J.D. Hansen, R.P. Rusin, M.-H. Teng, D.L. Johnson, Combined-stage sintering 
model, J. Am. Ceram. Soc. 75 (1992) 1129–1135, https://doi.org/10.1111/j.1151- 
2916.1992.tb05549.x. 

[41] K.J. An, M.K. Han, H.J. Kim, The pressure-assisted master sintering surface of 
metallic powder mixture, Mater. Trans. 51 (2010) 822–825, https://doi.org/ 
10.2320/matertrans.M2009303. 

[42] M.I. Mendelson, Average grain size in polycrystalline ceramics, J. Am. Ceram. Soc. 
52 (1969) 443–446, https://doi.org/10.1111/j.1151-2916.1969.tb11975.x. 

[43] L. Sestakova, R. Bermejo, Z. Chlup, R. Danzer, Strategies for fracture toughness, 
strength and reliability optimisation of ceramic-ceramic laminates, Int. J. Mater. 
Res. 102 (2011) 613–626. https://doi:10.3139/146.110523. 

[44] Z. Chlup, H. Hadraba, L. Slabáková, D. Drdlik, I. Dlouhy, Fracture behaviour of 
alumina and zirconia thin layered laminate, J. Eur. Ceram. Soc. 32 (2012) 
2057–2061, https://doi.org/10.1016/j.jeurceramsoc.2011.09.006. 

[45] J.D. Eshelby, The determination of the elastic field of an ellipsoidal inclusion, and 
related problems, Proc. R. Soc. A: Math. Phys. Eng. Sci. 241 (1957) 376–396, 
https://doi.org/10.1098/rspa.1957.0133. 

[46] Y. Akiniwa, K. Tanaka, N. Minakawa, Y. Morii, Neutron diffraction study of 
thermal residual stress in ceramic composite, J. Soc. Mater. Sci. Jap. 49 (2000) 
281–286, https://doi.org/10.2472/jsms.49.12Appendix_281. 

[47] D. Drdlik, I. Sokolov, H. Hadraba, Z. Chlup, K. Drdlikova, K. Maca, Data for 
“Sintering activation energies of anisotropic layered and particle alumina/zirconia- 
based composites and their mechanical response”, Zenodo, v1, 2024, https://doi. 
org/10.5281/zenodo.10592589. 

[48] S. Yang, W. Cai, G. Liu, H. Zeng, From nanoparticles to nanoplates: preferential 
oriented connection of Ag colloids during electrophoretic deposition, J. Phys. 
Chem. C 113 (2009) 7692–7696, https://doi.org/10.1021/jp901961h. 

[49] M.J. Mayo, Processing of nanocrystalline ceramics from ultrafine particles, Int. 
Mater. Rev. 41 (1996) 85–115, https://doi.org/10.1179/imr.1996.41.3.85. 

[50] A.J. Sánchez-Herencia, J. Gurauskis, C. Baudín, Processing of Al2O3/Y-TZP 
laminates from water-based cast tapes, Compos. B Eng. 37 (2006) 499–508, 
https://doi.org/10.1016/j.compositesb.2006.02.002. 

[51] B. Baruah, R. Anand, S.K. Behera, Master sintering curve and activation energy of 
sintering of ZrO2-doped Al2O3, Ceram. Int. 47 (2021) 7253–7257, https://doi.org/ 
10.1016/j.ceramint.2020.11.001. 

[52] A.J. Rayner, R.M.C. Clemmer, S.F. Corbin, Determination of the activation energy 
and master sintering curve for NiO/YSZ composite solid oxide fuel cell anodes, 
J. Am. Ceram. Soc. 98 (2015) 1060–1065, https://doi.org/10.1111/jace.13405. 

[53] V. Pouchly, K. Maca, Z. Shen, Two-stage master sintering curve applied to two-step 
sintering of oxide ceramics, J. Eur. Ceram. Soc. 33 (2013) 2275–2283, https://doi. 
org/10.1016/j.jeurceramsoc.2013.01.020. 

D. Drdlik et al.                                                                                                                                                                                                                                  

https://doi.org/10.1111/j.1151-2916.1970.tb12036.x
https://doi.org/10.1111/j.1151-2916.1970.tb12036.x
https://doi.org/10.1111/j.1151-2916.1990.tb05175.x
https://doi.org/10.1111/j.1151-2916.1990.tb05175.x
https://doi.org/10.1111/j.1151-2916.1991.tb07815.x
https://doi.org/10.1111/j.1151-2916.1991.tb07815.x
https://doi.org/10.1111/j.1151-2916.1996.tb08097.x
https://doi.org/10.1111/j.1151-2916.1996.tb08097.x
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref5
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref5
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref5
https://doi.org/10.1111/j.1551-2916.2009.03011.x
https://doi.org/10.1111/j.1551-2916.2009.03011.x
https://doi.org/10.2298/SOS1001025P
https://doi.org/10.2298/SOS1001025P
https://doi.org/10.1016/j.jeurceramsoc.2014.04.006
https://doi.org/10.1016/j.jeurceramsoc.2014.04.006
https://doi.org/10.1016/j.jeurceramsoc.2017.04.030
https://doi.org/10.1016/j.jeurceramsoc.2017.04.030
https://doi.org/10.1016/S0272-8842(00)00073-0
https://doi.org/10.1016/S0272-8842(00)00073-0
https://doi.org/10.2298/SOS0803251S
https://doi.org/10.1016/j.ceramint.2010.07.027
https://doi.org/10.1016/S0254-0584(02)00373-5
https://doi.org/10.1016/S0254-0584(02)00373-5
https://doi.org/10.1111/j.1551-2916.2006.01415.x
https://doi.org/10.1590/0366-69132021673823099
https://doi.org/10.1111/j.1551-2916.2005.00620.x
https://doi.org/10.1111/j.1551-2916.2005.00620.x
https://doi.org/10.1016/j.ceramint.2021.11.021
https://doi.org/10.1016/j.ceramint.2021.11.021
https://doi.org/10.1016/S0022-3115(01)00661-4
https://doi.org/10.1016/S0022-3115(01)00661-4
https://doi.org/10.1016/j.jnucmat.2006.05.046
https://doi.org/10.1111/jace.17273
https://doi.org/10.1111/j.1151-2916.1996.tb08096.x
https://doi.org/10.1111/j.1151-2916.1996.tb08096.x
https://doi.org/10.2298/SOS1202169P
https://doi.org/10.1016/j.jeurceramsoc.2007.09.016
https://doi.org/10.1016/j.jeurceramsoc.2007.09.016
https://doi.org/10.1016/j.matpr.2019.07.123
https://doi.org/10.1016/j.matpr.2019.12.134
https://doi.org/10.1111/ijac.12069
https://doi.org/10.1108/ACMM-03-2017-1773
https://doi.org/10.1016/S0955-2219(02)00031-6
https://doi.org/10.1155/2015/157360
https://doi.org/10.1155/2015/157360
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref30
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref30
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref30
http://refhub.elsevier.com/S0272-8842(24)01660-2/sref30
https://doi.org/10.1016/j.ceramint.2016.09.216
https://doi.org/10.1016/j.jmbbm.2013.03.022
https://doi.org/10.1016/j.jmbbm.2013.03.022
https://doi.org/10.1016/j.jeurceramsoc.2015.07.034
https://doi.org/10.1016/S0955-2219(99)00103-X
https://doi.org/10.1016/S0955-2219(99)00103-X
https://doi.org/10.1016/j.ceramint.2013.11.018
https://doi.org/10.1016/j.ceramint.2013.11.018
https://doi.org/10.1111/j.1551-2916.2004.01694.x
https://doi.org/10.1111/j.1551-2916.2004.01694.x
https://doi.org/10.1016/j.jeurceramsoc.2006.04.081
https://doi.org/10.4028/www.scientific.net/KEM.507.209
https://doi.org/10.4028/www.scientific.net/KEM.507.209
https://doi.org/10.1016/j.jeurceramsoc.2013.01.026
https://doi.org/10.1111/j.1151-2916.1992.tb05549.x
https://doi.org/10.1111/j.1151-2916.1992.tb05549.x
https://doi.org/10.2320/matertrans.M2009303
https://doi.org/10.2320/matertrans.M2009303
https://doi.org/10.1111/j.1151-2916.1969.tb11975.x
https://doi:10.3139/146.110523
https://doi.org/10.1016/j.jeurceramsoc.2011.09.006
https://doi.org/10.1098/rspa.1957.0133
https://doi.org/10.2472/jsms.49.12Appendix_281
https://doi.org/10.1021/jp901961h
https://doi.org/10.1179/imr.1996.41.3.85
https://doi.org/10.1016/j.compositesb.2006.02.002
https://doi.org/10.1016/j.ceramint.2020.11.001
https://doi.org/10.1016/j.ceramint.2020.11.001
https://doi.org/10.1111/jace.13405
https://doi.org/10.1016/j.jeurceramsoc.2013.01.020
https://doi.org/10.1016/j.jeurceramsoc.2013.01.020


Ceramics International 50 (2024) 37430–37440

37440
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