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of an alumina–zirconia–mullite
composite coating on the properties of zirconia

Dake Cao, *ab Kuilin Lv,ab Yiwang Bao,*ab Yuan Tianab and Detian Wanab

It is predicted that the thickness of a coating has major effects on a substrate in terms of mechanical and

thermal properties. In this study, an Al2O3–ZrO2–SiO2 slurry was prepared as a coating material, which

formed an alumina–zirconia–mullite composite coating after sintering. The alumina–zirconia–mullite

composite coating was coated on a zirconia substrate to generate compressive stress in the coating due

to the mismatch of the coefficient of thermal expansion (CTE). A series of coated samples with different

coating thicknesses from ∼10 mm to ∼200 mm were prepared to investigate the effects of coating

thickness. The residual compressive stress, thermal conductivity, CTE, and Young's modulus of the

coating material were determined by relative methods, and the flexural strength of the coated and

uncoated samples was measured by 3-point bending. The strength of the coated samples was 1362.98

± 30.29 MPa, which is a 54.07% enhancement compared to the uncoated samples. The thermal

conductivity of the coated samples was also increased compared to that of the uncoated samples. For

a given thickness of the substrate of 2 mm, there was an optimum thickness of the coating of 90 mm,

which showed the greatest strength compared to the other samples. Coatings that were too thin or too

thick did not show the best reinforcement. Moreover, the porosity of the coated samples was also

determined and discussed in this study. Comparison samples without SiO2 were also manufactured, and

their flexural strength and thermal conductivity were found to not be as good as the samples with SiO2.
1. Introduction

It is known that there are various uses for zirconia, such as in
refractories, glazes, and abrasives, due to its high wear resis-
tance, chemical corrosion resistance, and good thermal shock
resistance. The main drawback of zirconia is its brittleness,
which severely limits its reliability. Therefore, zirconia tough-
ening techniques have always been an important research topic.
Several zirconia toughening methods have been investigated,
such as phase transformation toughening, bre toughening,
and particle transformation toughening. Aside from these
methods, it has been proven that inducing residual stress by
adding a compressive layer to the zirconia surface can be an
effective and convenient way to improve its strength and frac-
ture toughness. In order to generate compressive stress, the
coefficient of thermal expansion (CTE) of the coating material
should be lower than that of the substrate material. The
mismatch in Young's modulus and CTE between adjacent layers
of the material results in elastic and thermal mismatch during
the sintering process, which eventually generates compressive
residual stress throughout the ceramic.1,2 Moreover, localised
tensile stress occurs where the compressive layer ends at the
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interface between the coating and substrate. Excessive tensile
stress can weaken the bonding strength of the coating, and
compressive stress can hinder crack initiation and propagation
to enhance the strength of ceramics.3 A simple method has been
reported to produce high-strength prestressed ceramics by
applying a compressive thin layer with a low CTE on a ceramic
substrate. It has been reported that a prestressed ZrO2 substrate
coated with an Al2O3 layer exhibited a exural strength of 1330
± 52 MPa, a 45% enhancement compared to an uncoated ZrO2

substrate.4

In this work, an Al2O3–ZrO2–SiO2 mixed slurry was brushed
on a green zirconia substrate in order to prepare an alumina–
zirconia–mullite composite-coated ceramic. The effect of
thickness of the coating was analysed. In addition, the theo-
retical value of the compressive residual stress, Young's
modulus, CTE, and thermal conductivity of the coating material
were calculated and evaluated using relative methods.
2. Experimental
2.1. Materials

Yttria-free zirconia powder (Shanghai Xinchao Welding Mate-
rial Co., Ltd China) with an average particle size of 0.02 mm,
alumina powder (Aluminum Corporation of China, China) with
an average particle size of 0.67 mm, a prefabricated 5 mol%
yttria partially stabilised green zirconia substrate (D50 = 0.4 mm)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic diagram of prestressed ceramic design. (B) Stress
state of prestressed ceramics.
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with dimensions of 60 mm × 60 mm × 2.5 mm (Zhisheng
Kuangye Co., Ltd China), a fused silica powder with 1250 mesh
(Jiangsu Ronghui Silica Co., Ltd, China), polyvinyl butyral
(Shanghai Macklin Biomedical Co., Ltd. China), castor oil
(Shanghai Macklin Biomedical Co., Ltd. China), and ethanol
(Modern Orient Technology Development Co., Ltd. China) were
used to prepare the coating slurry.
2.2. Preparation and fabrication of the coated samples

The standard coating slurry was formulated to contain 22.6 wt%
of alumina, 15.1 wt% of zirconia, 59.5 wt% of ethanol, 1.4 wt%
of fused silica, 1.3% wt% of polyvinyl butyral, and 0.1 wt% of
castor oil. The mentioned slurry was mixed in a planetary ball
mill (YXQM-1L, MITR, China) in a zirconia container for 8 h at
a speed of 280 rpm, where the weight ratio of ball : powder was
5 : 1. The green zirconia substrates were machined to dimen-
sions 5 mm × 25 mm × 2.5 mm.

The formulated slurry was uniformly brushed on both sides
of dry pressed green zirconia substrates. The green substrates
were brushed repeatedly in order to control the thickness of the
coating. The coating thickness aer sintering was controlled to
10 mm aer one instance of brushing, and a 90 mm coating
thickness was therefore accordingly achieved aer brushing 9
times, etc. Aer the brushed samples were dried in an oven at
70 °C for 2 h, the samples were heat treated at 900 °C for 30 min
to remove the binder. Then, the samples were pressureless
sintered at 1600 °C for 2 h. All samples aer sintering had
coatings with different thicknesses, of around∼10 mm,∼30 mm,
∼50 mm, ∼70 mm, ∼90 mm, ∼110 mm, ∼130 mm, ∼150 mm, and
∼200 mm (named h10, h30, h50, h70, h90, h110, h130, h150 and
h200, respectively).

For comparison, a comparison coating slurry without the
addition of SiO2 was produced. The comparison coating slurry
was formulated to contain 22.9 wt% of alumina, 15.3 wt% of
zirconia, 60.5 wt% of ethanol, 1.2% wt% of polyvinyl butyral,
and 0.1 wt% of castor oil. The preparation and fabrication
processes of the comparison sample (named ns90) were the
same as those of the standard samples. The comparison
samples were manufactured to have a coating thickness of 90
mm.
Fig. 2 Schematic diagram of heat flowing through three heat
conduction areas with different temperatures under stable heat
conduction.
2.3. Characterisation

2.3.1. Residual stress determination. The samples were
coated symmetrically on both sides to identify compressive
residual stress in the surface layer (Fig. 1A and B). It is known
that the tensile stress and compressive stress in the cross-
section of the coated samples are balanced, so the following
equation can be derived:

−ssSs = scSc (1)

The residual stress in the coating can be determined
according to the cross-sectional area ratio of the substrate to the
coating, and the corresponding Young's modulus and CTE,
using the following equation:
© 2023 The Author(s). Published by the Royal Society of Chemistry
sc ¼
�
Ss

Sc

�
ss ¼

�
Ss

Sc

�
Es ðas � aÞ DT (2)

where sc, Ss, Sc, Es, as, a�and DT are the compressive residual
stress of the coating, cross-sectional area of the substrate, cross-
sectional area of the coating, Young's modulus of the substrate,
CTE of the substrate, and CTE of the composite, respectively. DT
represents the difference between the brittle–ductile trans-
formation temperature and room temperature. The brittle–
ductile transformation temperature is almost 2/3 of the sinter-
ing temperature. However, material characteristics instead of
uncertain factors can be used to precisely assess residual stress
in coatings. Therefore, the CTE of the composite can be repre-
sented as a function of the CTE of the coating material by the
following equation:

a ¼
�
EsSs

EcSc

as þ ac

���
1þ EsSs

EcSc

�
(3)

and the Young's modulus of coating materials can be expressed
as follows:

F ¼ ð1þ 2RÞ3Em

Es

(4)

Ec ¼
"

ðF � 1Þ�
8R3 þ 12R2 þ 6R

�
#
Es (5)

where F, Em, and R are the ratio of deection of the substrate,
the Young's modulus of the composite and composite, and the
ratio of the thickness of the coating and substrate, respectively.
Consequently, the compressive residual stress can be expressed
as follows:

sc ¼
�
Ss

Sc

� 	
1�

�
EsSs

EcSc

þ ac

as

���
1þ EsSs

EcSc

�

Es as DT : (6)

As eqn (6) indicates, the theoretical value of residual stress is
related to the Young's modulus, CTE, the cross-sectional ratio of
coating and substrate, and equivalent temperature. The cross-
sectional area ratio is the only variable factor in eqn (6) by
RSC Adv., 2023, 13, 2736–2744 | 2737
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Fig. 3 Micrographs show the sintered flawless coatings manufactured
by brushing. (A) 100 mmcoating thickness. (B) 10 mm coating thickness.

Fig. 4 Size of the alumina and zirconia particles in the coating
material. (A) SEM image of the coating material. (B) Diagram of the
probability distribution of size of zirconia particles. (C) Diagram of the
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which to determine the residual stress when the fabrication
process and materials of the coating and substrate are
unchanged.4

2.3.2. Microstructure and X-ray diffraction. Scanning elec-
tron microscopy (SEM) (Quanta 250 FEG, FEI Company, USA)
was used to inspect the growth morphology and crystal size of
the sintered samples. In addition, optical microscopy (VHX-
970F, KEYENCE, Japan) was used to inspect the regularity of
the samples and measure the thickness of the coating. The
distribution of Si in the coating material was determined using
an energy-dispersive X-ray spectrometer (EDS) (EMAX, HORIBA,
Japan). The phase analysis of the sintered coating material was
identied by X-ray diffractometry (XRD) (Ultima IV, Rigaku,
Japan). The surface of the samples was scanned at a speed of
2° min−1 using Cu Ka radiation (2q = 20°–80°).

2.3.3. Thermal conductivity and coefficient of thermal
expansion. It is known that the thermal conductivity of a sample
with a thickness of H can be expressed using the following
equation:

l ¼ Q1

AtðT2 � T1Þ=H (7)

where A, Q1 and (T2−T1)/H are the thermal conductive area, heat
ux during time t, and temperature gradient, respectively. A
schematic illustration of the heat ow of the coated sample is
shown in Fig. 2.

The thermal conductivity of the coating material can be
calculated separately as follows:5

l00 ¼ h

ðH þ hÞ
l0

� H

l

(8)

where l′ and l are the thermal conductivities of the coated
samples and substrate, respectively, and h and H are the
thickness of the coating and substrate, respectively. In order to
reveal the thermal conductivity of the coating material, 0.9 mm
thick substrates with different coating thicknesses were tested
at room temperature to 1000 °C using a laser ash system (LFA
1000, Linseis, Germany). The thermal conductivity of the
coating material was calculated using eqn (8). The CTEs of
coated and uncoated samples was determined using a hori-
zontal dilatometer (L75PT, Linseis, Germany) from room
temperature to 1200 °C, and the CTE of the coating material was
determined using eqn (3).

2.3.4. Mechanical properties. The coated and uncoated
samples had dimensions of 2 mm × 4 mm × 20 mm aer
sintering. A universal test machine with a maximum load of
5000 N (UTM) (Model 45, MTS, USA) was used to test the exural
strength of the samples by 3-point bending. The samples were
loaded at a displacement speed of 0.5 mmmin−1, and a span of
16 mm was used to support the samples. Indentation testing
was performed on the polished cross-section of coated samples
using a Vickers hardness tester (HXD-2000TM/LCD, Shanghai
Taiming Optical Instrument Co., Ltd., China) with a load of 2
kg, and the load was held for 15 s. The Young's modulus of the
samples wasmeasured using the impulse excitation of vibration
method (ATSM E1876-09), and the Young's modulus of the
2738 | RSC Adv., 2023, 13, 2736–2744
coating material was calculated using the relative method
introduced in eqn (4) and eqn (5).

2.3.5. Archimedean porosimetry. The apparent porosity of
the coated samples was determined according to Archimedean
porosimetry. According to Archimedes' principle, the pores of
the sample are lled with water, therefore causing it to corre-
spondingly gain weight, where the increase in weight is
proportional to the volume of the porosity. Three states of
sample weight were determined, which were dry mass (m1),
soaked mass (sample was boiled in water for 3 h, m3) and sus-
pended mass (m2). The apparent porosity (P) of the sample was
then calculated from these masses as:

P ¼ m3 �m1

m3 �m2

� 100% (9)

3. Results and discussion
3.1. Microstructure and X-ray diffraction

In this study, the manufacturing method produces a thin,
uniform and at coating with expected thickness, as shown in
Fig. 3. The sizes of zirconia and alumina particles in the coating
material are around 0.9 mm and 3.2 mm, respectively, and the
results are shown in Fig. 4.

Compressive residual stress is not the only factor to enhance
the strength of the zirconia substrate in this study. The mech-
anism of dispersion strengthening is another factor by which to
achieve enhancement. Fig. 5A shows that the zirconia particles
probability distribution of the size of the alumina particles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electron microscopy of coated samples after sintering. (A)
Fracture surface at the coating material. (B) Fracture surface at the
interface between the coating and substrate. (C) Fracture surface
morphology of the overall view of the coated sample.

Fig. 7 X-ray diffraction pattern of the sintered coating material.
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are uniformly distributed among the alumina particles. The
zirconia particles act as a second phase, leading to a “pinning
effect’’, resulting in the restriction of grain boundary migration
and grain growth of the alumina particles. The fracture
morphology of prestressed zirconia greatly uctuates (Fig. 5C),
and also shows an uneven fracture surface and tortuous crack
propagation path. Furthermore, the fracture type in the
compressive layer is highly distinct compared to that in the
substrate. The compressive layer mainly shows transgranular
fracture, and an intergranular and transgranular mixed fracture
type is observed in the substrate, as shown in Fig. 5B. This
fracture morphology in prestressed ceramics is not consistent
with that of conventional ceramics. This is strongly considered
to be the compressive residual stress that exists in the surface
layer. For prestressed ceramics, the great magnitude of
compressive residual stress in the surface layer could maintain
tetragonal zirconia at room temperature. When the samples
Fig. 6 Abnormal grain growth at the interface of the prestressed
ceramic (h130).

© 2023 The Author(s). Published by the Royal Society of Chemistry
experience external stress, the tetragonal zirconia can be
transformed into monoclinic zirconia, and such transformation
involves ∼4% volume expansion. Volume expansion normally
occurs along the direction of external stress, so microcracks are
most likely to occur perpendicular to the direction of external
stress. Consequently, the microcracks propagate through the
grain and meet the main cracks with the presence of external
stress, forming transgranular fractures through the alumina
grain. The presence of residual compressive stress makes the
interface between the crystals strongly bond and restricts grain
growth, so the external stress does not easily damage the
interface between the ne grains, that is, greater external stress
is required to break the rm bonding of the crystals.

Fig. 6 shows the microstructure features at the interface of
the thick sample, where it can be observed that abnormal grain
growth occurs at the interface. The shape of grains at the
interface is different from the grains at the compressive layer
and substrate, and this can be explained as abnormal grain
boundary migration caused by the completely different grain
boundary energy of the two phases. Such a phenomenon also
corresponds to the results observed in laminated ceramics.6 In
addition, it was also found that the abnormal grain growth is
signicant with increasing layer thickness, which has also been
observed in the literature.7–9 Abnormal grains have a signicant
effect on mechanical properties, in which the cracks are pref-
erably propagated through the vertical abnormal grain
boundary due to the weak and loose nature of such a structure.
Decreasing the layer thickness can eliminate the formation of
this structure, thus enhancing the mechanical properties.10–12
Fig. 8 EDS results of the sintered coating material. (A) Cross-section
of the coating layer. (B) Distribution of Si in the coating material.

RSC Adv., 2023, 13, 2736–2744 | 2739
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Fig. 9 Indentation photograph from an optical microscope of the
indentation morphology of the prestressed ceramic at the coating
layer, proving the existence of compressive stress in the coating.

Table 1 Parameters used for residual stress calculations and the
results from experiments and calculations

Samples hc, mm
as,
10−6 K−1

a�,
10−6 K−1 Em, GPa Es, GPa

sc,
MPa

h10 10 10.94 10.92 211.99 211.49 796
h30 30 10.94 10.89 213.09 211.49 787
h50 50 10.94 10.88 218.21 211.49 778
h70 70 10.94 10.86 223.66 211.49 769
h90 90 10.94 10.83 217.26 211.49 761
h110 110 10.94 10.81 220.35 211.49 753
h130 130 10.94 10.80 226.52 211.49 745
h150 150 10.94 10.63 225.79 211.49 737
h200 200 10.94 10.56 219.76 211.49 717

Table 2 Young's moduli of coating materials with different thick-
nesses calculated using the relative method

Samples Ec (GPa)

h10 228.49
h30 230.35
h50 259.30
h70 274.15
h90 236.82
h110 244.45
h130 260.46
h150 253.24
h200 229.32
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The X-ray diffraction pattern of the studied sample indicates
that there is no peak for SiO2 detected in the diffraction pattern,
and the peaks of mullite are observed, as labelled in Fig. 7. It is
predicted that the Al2O3 is co-melted with SiO2 to form a liquid
phase at high temperatures, thus mullite is formed during the
cooling stage. The mullite distributed in the coating material
can eliminate the localised micro-residual stress at grain
boundaries caused by the completely different Young's
modulus and CTE of alumina and zirconia, so as to avoid the
possibility of delamination.13,14 The EDS results (Fig. 8) show
that Si is uniformly distributed in the sintered coating material,
meaning that no big dimensional inclusions formed.
Fig. 10 The theoretical compressive residual stress of prestressed
ceramics as a function of (A) Es/Ec, and (B) ac/as.
3.2. Mechanical properties and residual stress

The indentation of the polished cross-section of the coated
sample is shown in Fig. 9. The direction of crack propagation
indicates that compressive stress exists in the compressive layer
of the coated samples. Moreover, the mean exural strength of
the uncoated samples was determined as 884.61 ± 99.25 MPa
and that of the coated samples was determined as 1362.98 ±

30.29 MPa. The exural strength was enhanced by ∼54.1% due
to the compressive stress in the coating. From the results of the
2740 | RSC Adv., 2023, 13, 2736–2744
CTE testing, the DT, in this case, was determined around 1200 °
C. The results related to residual stress are presented in Table 1.

The compressive residual stress in this study is in agreement
with literature reports (∼0.8 GPa), which show the applicability
of eqn (6).15 The results of the Young's modulus of the coating
material were calculated and are presented in Table 2, with
there being no obvious dependence of it on the thickness of the
coating. The mean of the Young's modulus of the coating
material was 246.29 ± 16.38 GPa. The dispersion of Young's
modulus can be explained by the inhomogeneity of the micro-
structure of the coating material, in which alumina has
considerable difference to zirconia in terms of its elastic
properties.

Based on eqn (6), the theoretical compressive residual stress
in the coating gradually increases with increasing Ss/Sc, then
a plateau occurs when Ss/Sc becomes greater than 20. In general,
a uniformly coated layer shares the same width as the substrate,
which means that the cross-sectional area ratio is equal to the
thickness ratio of the coating and substrate. In other words, the
residual stress in the coating decreases with increasing coating
thickness, and is at its greatest when the coating is as thin as
possible. In order to produce great compressive stress in the
coating, the material must satisfy the following requirements:
(a) ac/as<1; (b) a relatively low Es/Ec value; (c) as high a Ss/Sc
value as possible (Fig. 10). However, in this study, the samples
with ∼90 mm show the greatest exural strength, the samples
with excessively thin coating thickness do not show the rein-
forcement effect as described in eqn (6), as shown in Fig. 11.
Moreover, the thick coating samples show coating delamination
and peeling, which also compromise its strength.

The surface compressive stress gradually increases along the
thickness direction. The compressive stress reaches
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The flexural strength and theoretical compressive residual
stress of samples with different coating thicknesses.

Fig. 13 Fracture surface of thick samples (h130, h150, and h200). (A),
(B), and (C) Delamination cracks observed in samples with different
coating thicknesses. (D) Perpendicular crack blocked by the
compressive layer of prestressed ceramic.
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a maximum value when it approaches the interface layer, as is
the case for the tensile stress. The tensile stress gradually
decreases upon approaching half the thickness of the substrate,
as shown in Fig. 12.16 Moreover, stress redistribution and
relaxation occurred at the surface of the coating, namely, the
“edge effect”.17 If the compressive layer is thin enough, high
compressive stress should be generated theoretically according
to eqn (6). Although the theoretical compressive stress of the
thin compressive layer is high enough to block the cracks, the
effective reinforcement is not pronounced in this study. Energy-
dissipating mechanisms, such as crack deection and crack
bifurcation, are not obvious in thin coated materials, and the
critical thickness of the compressive layer should be above ∼70
mm to block crack propagations, as reported.18 A critical thick-
ness should be designed to improve the energy absorption
capacity of the material to achieve reinforcement effect.19,20 In
addition, thick samples (h130, h150, and h200) show delami-
nation cracks at the interface, as shown in Fig. 13A–C, which
severely compromise the strength of the samples. Such
phenomenon is pronounced with the increasing thickness of
the compressive layer. It is acknowledged that delamination is
normally associated with excessive tensile stress distributed
around the interface. This is in agreement with the calculations
Fig. 12 The state of the residual stress displayed at the cross-section
of prestressed ceramic.

© 2023 The Author(s). Published by the Royal Society of Chemistry
in a reported study, that the tensile stress increases with
increasing coating thickness.21 When tensile residual stress
overcomes the tensile strength of ceramics, delamination could
occur at any time, and the tensile strength of ceramics is nor-
mally 40% to 60% of the exural strength.22 It is interesting that
the cracks perpendicular to the interface are hindered and
deected at the interface between the coating and substrate, as
presented in Fig. 13D, so that the strength of the thick samples
is still enhanced compared to uncoated substrate materials.
3.3. Analysis of the porosity of the coated samples

In this study, the apparent porosity of samples with and without
SiO2 was determined, with the results shown in Table 3. It is
noticed that the prestressed ceramics manufactured in this
study are relatively dense, and the apparent porosity does not
exceed 0.6%. The apparent porosity of coated samples is not
obviously inuenced aer the coating is applied. However, the
thick samples are not as dense as the thin samples, the
apparent porosity of the thick samples is almost double that of
the thin samples. This is explained as the presence of cracks at
the interface of the thick samples. Moreover, compared to the
Table 3 Results of bulk density and apparent porosity from Archi-
medean porosimetry

Samples
Bulk density
(g cm−3)

Apparent porosity
(%)

Substrate 6.01 0.23
h10 5.98 0.23
h30 5.90 0.27
h50 5.97 0.27
h70 5.90 0.21
h90 5.87 0.21
h110 5.95 0.26
h130 5.88 0.28
h150 5.78 0.45
h200 5.77 0.59
ns90 5.78 0.44
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Fig. 14 CTE changes of h90 and ns90 with increasing temperature.
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SiO2 containing samples, the samples without SiO2 in the
coating material show relatively high apparent porosity. A small
number of sintering aids, such as SiO2, MgO, and TiO2 when
added to alumina can promote its densication. The addition of
SiO2 forms mullites during the cooling stage of sintering, and
the formed mullites are distributed among the alumina parti-
cles, avoiding the abnormal grain growth of alumina particles,
thus removing the pores.23

The exural or tensile strength of the ceramic materials can
be related to porosity, which is demonstrated by an exponential
function:

s = s0 exp(−BP) (10)

where s is the exural strength of the material with porosity P,
s0 is the exural strength of the material with zero-porosity, and
B is a porosity dependence constant. B in a range of 6–10 is used
in most circumstances. Besides this, the Young's modulus of
materials with pores can be expressed as:

E = E0(1 − P2/3)1.21 (11)

where E and E0 are the Young's modulus of the porous body and
pore-free body, respectively. This equation is valid by assuming
the pores found in the material are spherical. The porosity of
the samples in this study has a negligible effect on the strength
and Young's modulus, from the results of eqn (10) and eqn
(11).24,25
3.4. Thermal properties

The CTEs of coating materials at 1200 °C with different thick-
nesses are demonstrated in Table 4. The mean CTE of the
coating material at 1200 °C is 8.23 × 10−6 ± 7.62 × 10−7 K−1.
The theoretical CTE of the coating material is lower than re-
ported, so it can be explained as the formation of mullite
lowering the CTE of the coating material.26 Fig. 14 shows the
CTEs of h90 and ns90 with increasing temperature. It can be
observed that there is a drop in the CTE at around 500 °C. This
is predicted as a smaller number of monoclinic grains trans-
form to tetragonal grains at around 500 °C, resulting in volume
change. It has been reported that the monoclinic to tetragonal
transformation temperature of zirconia can be progressively
lowered by the addition of other compounds.26 When the
Table 4 The calculated CTEs of coating materials with different
thicknesses

Samples ac (10
−6 K−1)

h10 7.48
h30 8.03
h50 8.82
h70 8.89
h90 8.73
h110 8.78
h130 8.95
h150 7.08
h200 7.30

2742 | RSC Adv., 2023, 13, 2736–2744
temperature reaches about 1200 °C, the constraint of the
coating on substrate is signicantly weakened, in other words,
the residual stress is relaxed or even vanishes, then the coated
samples lose their constraints and expand freely.

Fig. 15 shows the results of the thermal conductivity of
coated samples at 1000 °C. It is interesting that the thermal
conductivity of coated samples is higher than that of uncoated
samples. It is known that alumina has a much higher thermal
conductivity value than that of zirconia, therefore the content of
alumina in the coating material correspondingly increases the
thermal conductivity of the coated samples. The thermal
conductivity of the coated samples at 1000 °C slightly decreases
with an increase in the thickness of the coating, as shown in
Fig. 15. The thermal conductivity of ceramic materials is mainly
affected by lattice vibration (phonons) and radiation (photons).
The presence of pores, defects, and grain boundaries can easily
scatter photons and phonons, resulting in a decrease in thermal
conductivity. In this study, the zirconia particles with small
grain size are dispersed and pinned among alumina particles,
which increases the number of grain boundaries in the coating,
resulting in a great scattering effect, which consequently
decreases the thermal conductivity of thick samples. When the
coating thickness increases, the numbers of grain boundaries
and defects statistically increase, further decreasing the thermal
conductivity of the coated samples. In addition, the thermal
Fig. 15 Thermal conductivity of coated samples with different thick-
nesses at 1000 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The fracture surface of the comparison sample without SiO2.
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conductivity of the thick samples h150 and h200 decreased
considerably compared to relatively the thin samples. It has
been discussed that the cracks are largely observed in h150 and
h200 at the interface due to the excessive residual tensile stress,
and these defects amplify the effect of scattering, leading to
a signicant decline in thermal conductivity.27,28

In order to use eqn (8) properly, the following factors should
be considered; (a) homogeneity of the coating, (b) thickness of
the coating, and (c) interface defects. The thermal conductivity
of alumina is very high at low temperatures, as the laser ash
system is not that accurate due to the small thermal gradient
across the coated samples at low temperatures, so h110 with
fewer defects was used to calculate the thermal conductivity of
the coating material at 1000 °C. The thermal conductivity of the
coating material calculated using eqn (8) is 7.01 W mK−1. The
lower value of the thermal conductivity is due to the formation
of mullite.

3.5. Effect of SiO2 in the coating material on prestressed
ceramics

The results of various properties of comparison samples are shown
in Table 5. The exural strength of ns90 is 1093.31 ± 143.50 MPa,
which is decreased by 20.0% compared to that of h90. It was found
that some of the comparison samples appeared to bend aer
sintering. The sintering shrinkage rate of the coating is dissimilar
to that of the substrate, which means that highly localised stress
can be found at the interface of the coated samples. Excessive
localised stress can cause interlaminar cracks, delamination and
deformation, etc. When SiO2 is introduced into the formula,
a liquid phase can be formed in the later stage of sintering. The
presence of a liquid phase can lead to creep and plastic defor-
mation at the point where excessive localised stress exists, elimi-
nating excessive localised stress. The CTE of the ns90 coating
material was calculated using the relative method, and compared
to the CTE of the h90 coating material it is closer to the CTE of the
zirconia substrate. The change in the CTEs of the comparison
samples results in a signicant reduction in the compressive
residual stress in the coating, which is 507.58 MPa. The reduction
in the compressive residual stress of the comparison samples
reduces the reinforcement effect accordingly. The thermal
conductivity of the comparison samples is 3.05 W mK−1, lower
than that of h90 (3.12 W mK−1). It is known that mullite is
commonly used as a refractory material, and low thermal
conductivity is an important characteristic by which to determine
its performance as a thermal isolationmaterial. When the formula
of the coating does not contain SiO2, there is no mullite formation
Table 5 Flexural strength, CTE, Young's modulus, and thermal
conductivity results of the comparison sample

Properties ns90 Coating material

Flexural strength (MPa) 1093.31 —
CTE (10−6 K−1) 10.86 9.29
Young's modulus (GPa) 224.91 270.39
Thermal conductivity at 1000 °C (W mK−1) 3.05 5.96
Compressive residual stress (MPa) 507.58 —

© 2023 The Author(s). Published by the Royal Society of Chemistry
during sintering, whichmeans that the thermal conductivity of the
samples accordingly decreases. The thermal conductivity of the
composite coating without SiO2 is calculated as 5.96 W mK−1,
which is consistent with the simple rule of mixing results (6.22 W
mK−1). The results calculated using the relative method show
a reasonable agreement to the simple rule of mixing (eqn (12)). In
this case, the simple rule of mixture is consisted of thermal
conductivity of pure alumina and zirconia and their volume
fraction.

lC = lZVZ + lAVA (12)

t has been reported that doping some SiO2 into alumina can
reduce the sintering temperature to 50 °C–150 °C. Fig. 16 shows
the SEM of the fracture surface of the comparison sample. The
essential microstructure changes can be observed in Fig. 16.
The samples without SiO2 require a higher sintering tempera-
ture to promote the advanced densication of the coating
material. The sintering temperature can be reduced by adding
SiO2 to make the sintering process easy to complete.29
4. Conclusions

As a result, the compressive stress layer can improve the
strength of ceramics. The sample with a 90 mm thick coating has
the highest strength among the series of samples. When the
thickness of the compressive layer reaches 200 mm, the rein-
forcement of the compressive layer is almost eliminated due to
abnormal grain growth and delamination cracks. Moreover, the
very thin coating also shows no obvious improvement in the
strength of ceramics, because cracks cannot be deected or
bifurcated by a thin coating. The CTE and Young's modulus of
the coating material were determined using the relative method
as 246.29 ± 16.38 GPa and 8.23 × 10−6 ± 7.62 × 10−7 K−1,
respectively. Mullite is formed during the sintering process,
according to the XRD results. The presence of mullite reduces
the concentration of localised stress and the CTE of the coating
material, resulting in an improvement in strength. The thermal
conductivity of the coated sample is slightly increased
RSC Adv., 2023, 13, 2736–2744 | 2743
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compared to that of uncoated zirconia, and the thermal
conductivity of the coating material was determined as 7.03 W
mK−1. Besides this, the overall performance of samples without
the addition of SiO2 is inferior to that of samples with SiO2

addition.
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