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Abstract
The effect of small amounts of copper oxide, manganese oxide, and stainless steel as sintering additives on the sintering behavior and mechanical 
properties of Alumina Toughened Zirconia (ATZ, 3Y-TZP with 20 wt% Al2O3) ceramic composites were evaluated and contrasted with that of undoped 
ATZ by using microwave sintering (MW) method. Green bodies were sintered at 1250°C, 1350°C, and 1500°C using a holding time of 5 min., with 
a heating rate of 30°C /min. In general, all ATZ samples exhibited a similar trend, as the results showed that the relative density and mechanical 
properties increased with increasing sintering temperature regardless of the addition of dopants. It was found that the addition of 0.2 wt% CuO, 
0.5 wt% MnO2, and 0.2 wt% SS were beneficial in enhancing the densification and improving the mechanical properties of ATZ without inducing 
grain coarsening. The ATZ composite samples’ relative density, tetragonal phase stability, microstructural evolution, Vickers hardness, and fracture 
toughness were revealed. The addition of 0.2 wt% CuO was the most beneficial in improving the properties of ATZ at a low sintering temperature 
of 1250°C since the sample obtained the highest relative density of 97%, Vickers hardness of 13.2GPa and fracture toughness of 6.5 MPa m1/2. In 
contrast, the undoped ATZ required a high sintering temperature to achieve comparable results to the doped samples. The ANOVA analysis revealed 
that the CuO-doped ATZ sample exhibited the highest significance and was the most suitable in improving both hardness (H) and fracture toughness 
(KIc) across all temperature conditions. This study also proved that the microwave sintering technique promotes the densification and mechanical 
properties of ceramic composites compared to the conventional sintering technique.

Introduction
Titanium has been the preferred material for dental implants 
due to its biocompatibility, physical and mechanical proper-
ties, and fabrication versatility. However, criticisms have been 
raised regarding its clinical application, including esthetic dis-
advantages and possible adverse reactions. Furthermore, con-
cerns have been expressed about the material’s resistance to 
corrosion in a wet organic milieu. As a result, there has been a 
growing trend toward the use of metal-free implant materials.[1]

Ceramic materials have achieved widespread attention for 
their numerous applications such as structural and biomedical 
applications due to their distinctive properties which include 
high hardness, low density, excellent strength, and corrosion 
resistance in the chemical environment.[2] Zirconia is widely 
used as an engineering ceramic material because of its superior 
mechanical properties which are a combination of high hard-
ness, fracture toughness, and bending strength, as well as cor-
rosion resistance, chemical inertness, and biocompatibility.[3,4] 
yttria-stabilized zirconia polycrystalline ceramics (Y-TZP) has 
been introduced into several medical fields where it has been 
used to prepare femoral heads and is correctly considered a 

good option for preparing dental implants.[5] Nevertheless, the 
long-term durability of this material due to the phase transfor-
mation to the monoclinic phase (low temperature aging pro-
cess) which can limit its use in the biomedical field remains 
very concerning.[6,7]

The combination of ceramic materials, including zirconia 
and alumina, is gaining popularity due to their exceptional 
properties. Researchers have developed composites of these 
materials to further improve their mechanical properties. It 
has been found that the combination of zirconia and alumina, 
known as Alumina Toughened Zirconia (ATZ), containing 80 
wt% Y-TZP and 20 wt% Al2O3 has excellent mechanical and 
tribological properties. Moreover, it overcomes the transforma-
tion toughening issue, where a limited or absent phase trans-
formation was observed.[8,9] On the contrary, producing dense 
Y-TZP ceramic involves solid-state sintering at sintering tem-
peratures as high as 1500–1600°C.[10] Despite its effectiveness, 
this method is time-consuming and energy-intensive, as it takes 
hours to reach and maintain the high sintering temperature, 
which can lead to abnormal grain growth and a reduction in 
mechanical properties.[11]
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Consequently, several studies were interested in studying the 
non-conventional sintering method to replace the densification 
mechanism, which can reduce the grain growth of the sinter-
ing ceramic material and thus improve its mechanical proper-
ties.[12–14] Microwave sintering is one of the rapid sintering 
methods in which the material is heated by energy conversion 
instead of transferring energy.[15,16] Since it achieves higher 
material densification by employing less energy, less process-
ing time, and lower sintering holding time compared to con-
ventional sintering.[17,18] Y-TZP materials are characterized by 
their ability to absorb microwave radiation due to the presence 
of molecular dipoles. Whereas these diodes interact with the 
oscillating electric field caused by microwaves by continuous 
rotation to align with the field. Molecular resistance to these 
cycles generates heat and increases the temperature of the mate-
rial in what is known as dielectric heating.[19,20]

The authors’ previous works investigated the effect of sinter-
ing additives for enhancing the densification and mechanical 
properties of ATZ using the conventional method.[21] The pre-
sent research aims to investigate the effect of microwave sin-
tering on the properties of undoped and doped ATZ ceramics. 
In this research, sintering additives were utilized to investigate 
the potential for enhancing the densification of ATZ, as well as 
improving the mechanical properties of ATZ ceramics, includ-
ing Vickers hardness and fracture toughness. Additionally, the 
effect of sintering additives on the stability of the tetragonal 
phase, microstructural evolution, and grain size of ATZ was 
examined. Therefore, different oxides have been doped into 
ATZ composites, i.e., 0.2 wt%SS, 0.2 wt% CuO, and 0.5 wt% 
MnO2. All ATZ samples were sintered at three different sinter-
ing temperatures 1250°C, 1350°C, and 1500°C for short hold-
ing time of 5 min.

Materials and methods
Powder materials
For this study, the ATZ powder was prepared from as-received 
commercial (3 mol% Y2O3) stabilized zirconia polycrystal 
powder (Kyoritsu, Japan, grade KZ-3YF) and high purity alu-
mina (99.9%, Kyoritsu, Japan) with an initial composition of 
20 wt% (Al2O3) and 80 wt% (3Y-TZP). The ATZ power was 
blended with various sintering additives, i.e., copper oxide (0.2 
wt% CuO), manganese oxide (0.5 wt% MnO2), and stainless 
steel (0.2 wt% SS). The powder composites were milled using 
an attritor mill (Union Process, USA) under the rotational speed 
of 550 rpm for 30 min with the addition of ethanol as a mixing 
medium and the addition of 3 mm zirconia balls as grinding 
media to prevent aggregation. The filtered slurry was then dried 
in an oven for 24 h at 60°C before being crushed and sieved via 
a 212 µm sieve to obtain a fine powder. All composite powders 
were uniaxially pressed using a table-top hydraulic press at a 
pressure of 3 MPa to form pellets followed by cold isostatic 
pressing at 200 MPa for 1 min to reach the uniform density 
in the compacted powders. The green samples were sintered 
via microwave sintering technology at 2.45 GHz using a 6 kW 

multi-mode microwave furnace at various sintering tempera-
tures, i.e., 1250°C, 1350°C, and 1500°C for a holding time of 
5 min with the constant heating rate at 30°C/min.

Characterization
The phase composition of sintered undoped and doped ATZ 
ceramics was identified using the X-ray diffraction technique 
(XRD) in X’Pert Pro (EMPYREAN, PANalytical, Nether-
lands) diffractometer model, which operated at 40 kV and 
40 mA using Cu–Kα radiation source, using a step counting 
time of 0.5 s per step with a step size of 0.02° 2θ in the range 
of 20°–50°. The volume fraction of the monoclinic phase was 
evaluated using the formula defined by Toraya et al.[22] The 
relative density was evaluated by taking the theoretical density 
as 5.5 g/cm3, and the sintered samples’ bulk density was deter-
mined using the Archimedes method.

Vickers hardness (HV) and fracture toughness (KIC) meas-
urements were performed on the surface of the sintered samples 
via the indentation method (Mitutoyo AVK-C2, USA). The sur-
faces of the sintered samples were ground and polished before 
the measurement. The hardness of the samples was measured 
under an indentation load of 10 kgf for 10 s by taking an aver-
age of five measurements from each sample. While the frac-
ture toughness was calculated based on the Shetty and wright 
equation.[23] Sintered samples were then thermally etched in 
the air at 50°C below the sintering temperature for 30 min to 
form grooves at the grain boundaries prior to analyzing sur-
faces microstructures that were identified via Field Emission 
Scanning Electron Microscope (FESEM), while the mean lin-
ear interception method was carried out to calculate the aver-
age grain size of the sintered samples. To assess the statistical 
significance of the observed differences in hardness (H) and 
fracture toughness (KIc) among the different samples and tem-
perature conditions, an ANOVA analysis was performed. The 
ANOVA analysis allowed for the comparison of means and 
determination of the effects of the variables on the response 
variables (H and KIc). Confidence level for all intervals was 
set as 95. The data from multiple samples and temperature con-
ditions were collected and analyzed using statistical software 
general linear model of Minitab-16.

Results and discussion
The XRD phase analysis of the microwave sintered ATZ com-
posites is shown in Fig. 1. This XRD analysis was carried out to 
verify the complete zirconia monoclinic transformation into the 
tetragonal phase after sintering. It was confirmed that the MW 
has not affected the tetragonal and alumina phase stability. In 
addition, there was no reaction observed between the zirconia 
and alumina forming a secondary phase. Based on our earlier 
research[21] using similar sintering additives in ATZ ceramic 
composites sintered by the conventional (CS) method, it was 
discovered that the SS-ATZ contains a cubic phase (Fig. 2), 
which was not observed for other ATZ samples. In the pre-
sent study, the high-angle XRD analysis of the MW sintered 
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samples indicated the absence of the cubic-related peaks as 
typically shown in Fig. 2 for the SS-ATZ sample. The rapid sin-
tering did not induce the formation of cubic phase in the ATZs 
regardless of dopant additions and sintering temperature. The 
SEM examination of the sintered microstructure also confirmed 
the absence of abnormal cubic grain as seen for the conven-
tional sintered SS-ATZ as shown in the inset picture in Fig. 2.

The relative density of the microwave sintered ATZs as 
a function of sintering temperature is shown in Table I. The 
result clearly demonstrated the effectiveness of microwave sin-
tering in enhancing the densification of ATZ composites within 
a very short period of sintering time. The results revealed that 
the densification of ATZ was accelerated by the addition of 0.2 
wt% CuO and 0.5 wt% MnO2. In particular, the ATZ sample 
containing 0.2 wt% CuO achieved the highest relative density 
of 97% as compared to 95.1% for the undoped ATZ when 
sintered at 1250°C. The addition of 0.5 wt% MnO2 in ATZ 
accelerated the densification of ATZ and reached 96.3% while 
the presence of 0.2 wt% SS did not have any effect on the 
enhancement of the densification of ATZ when it exhibited the 
lowest relative density of 87.3% of the theoretical density. As 
the sintering temperature increased, the densification of ATZ 
samples increased, therefore, at 1350°C, the undoped ATZ and 
doped ATZ exhibited similar trends, i.e., the relative density 
of the 0.2 wt% CuO-doped ATZ increased up to 97.8% while 
the addition of 0.5 wt% MnO2 doped ATZ showed an increase 
in the, relative density (97.4%) as compared to undoped ATZ 
that obtained a relative density of 96.7%. Similarly, it can 
be clearly seen that the addition of 0.2 wt% SS doped ATZ 
strongly inhibited densification with a relative density of 
93.5%, consequently, a higher sintering temperature > 1350°C 
is required to achieve dense samples. The relative density of 
ATZ samples continued to increase with increasing sintering 
temperature. Nearly full densification was found when consoli-
dated at 1500°C when the addition of 0.2 wt% CuO exhibited 
a relative density of 99.8%. A relative density of more than 
98.5% can be obtained for the rest of the ATZ samples when 
sintered at 1500°C. The microwave sintering was effective in 
enhancing the diffusion of ions and thus enhancing the densi-
fication of ATZ composites.[24]

The high density obtained for the ATZs when sintered by 
microwave technology is encouraging in several aspects, the 
most important being the lower processing time and energy 
consumption when compared with those reported for con-
ventional sintering of ATZ by other researchers. For instance, 
Freitas[25] found that the higher densification of the ATZ was 
only achieved when sintered at 1600°C for 2 h. Furthermore, 
Flores et al.[17] found that the highest relative density of sin-
tered ATZ recorded was 99.2% when sintered conventionally 
at 1500°C with a holding time of 120 min. In addition, the 
authors confirmed that the ATZ samples that were microwave 
sintered at 1200°C for a holding time of 30 min could achieve 
higher densification of 99%. Rascon et al.[26] heated the green 
compacted (20 wt% Al2O3 + Y-TZP) under air atmosphere to 
1250°C using a heating rate of 10°C/min and then to 1500°C 

Figure 1.   XRD analysis of microwave sintered (1500°C/5 min.) 
ATZs. Similar profile was observed for other temperatures.

Figure 2.   Typical high-angle XRD analysis comparing the SS-ATZ 
sintered at 1500°C by the conventional sintering (CS) and micro-
wave (MW) method revealing the absences of the cubic (400)c 
peak in the latter. The inset SEM pictures (not up to scale) high-
light the absence of the cubic (c) grain in the MW sintered sample.
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at 6°C/min and maintained at this temperature during 2 h. They 
showed that the ATZ exhibited a relative density of ~ 97%.

The microstructural development of the polished, thermally 
etched, and microwave sintered ATZ samples at 1500°C is pre-
sented in Fig. 3. In general, the ATZs could accommodate the 
rapid heating via microwave sintering technique and did not 
exhibit any microcracks and the samples were all intact after 
sintering. All the ATZ composites were dense and exhibited a 
highly homogeneous microstructure consisting of finely dis-
tributed tetragonal and alumina grains in the composite matrix. 
It can also be observed that the tetragonal grains (light grains) 
have a smooth grain texture, whereas a rough texture and exag-
gerated with occasionally elongated grain morphology were 
observed for alumina grains (dark grains). It is worth noting 
that there is no agglomeration at this sintering stage, which 
reveals that these observations are consistent with the high 
relative density observed earlier. These grain characteristics 
are commonly observed in alumina–zirconia composites as 
reported by other researchers.[9,21,26,27]

In our previous study,[21] the effect of copper oxide, man-
ganese oxide, and stainless-steel addition on ATZ was inves-
tigated. It has been reported that the FE-SEM micrographs of 
the SS-ATZ composite exhibited cubic grains when sintered by 
the conventional sintering method. In comparison with the pre-
sent study, cubic grains were not observed for the microwave 
sintered samples as shown in Fig. 3(b). This observation could 
be associated with the sintering mode. In the conventional 
sintering mode, the ceramic heating process is carried out by 
conduction, in which the external heat source initially transfers 
the heat to the ceramic surface, and then the heat is transferred 
to the core when the surface temperature increases. One of the 
downsides of this sintering technique is that heat conduction 
to the ceramic core from the ceramic surface requires time and 
thus delays the onset of densification. This type of sintering 
is considered to be non-uniform sintering[28] and because of 
the long residency period at high temperature in conventional 
sintering, this would promote phase partitioning of yttria in 
the composite, i.e., causing segregation of yttria among the 
tetragonal structure to form Y2O3-rich cubic grains.[29] In con-
trast, microwave radiation generates effective internal heat by 
providing direct energy through molecular interaction with an 
electromagnetic field that penetrates the ceramic. As a result, 
the body is heated from the inside by converting electromag-
netic energy into thermal energy which leads to volumetric 
heating of the body within a shorter period.[30]

Table I presents the measured tetragonal and alumina grain 
sizes of the ATZ samples prepared by microwave method. As 
anticipated, the grain size of the ATZ samples increased with 
increasing sintering temperature. Therefore, all ATZ samples 
reached the highest grain size when sintered at 1500°C. The 
grain development of Y-TZP was hindered by the introduction 
of sintering additives in the ATZ ceramic composite. Doped 
ATZ samples were beneficial in reducing the grain size at 
higher sintering temperatures but at a lower rate. The undoped 
ATZ exhibited an average Y-TZP grain size of 0.38 µm as Ta
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compared to doping samples where their average Y-TZP grain 
sizes fluctuated between 0.27 and 0.31 µm. The average Al2O3 
grain size showed a similar trend. However, there was no sig-
nificant difference in the Al2O3 grain size with dopant addi-
tions. As depicted in Table I that the Al2O3 grain size varied 
from 0.42 µm at a low sintering temperature (1250°C) to about 
0.62 µm at a high temperature (1500°C).

The variation in the Vickers hardness of the microwave 
sintered ATZ samples is shown in Table I. In general, it has 
been observed that there is a good correlation between Vickers 
hardness and the relative density, which is also associated with 
increasing temperatures. This observation is in agreement with 
the study conducted by Flores et al.[17] They confirmed that 
the relative density and grain size of the ATZ had a significant 
impact on their hardness. Therefore, the increase in hardness 
was consistent with the increase in relative density. Moreover, 
the authors attributed the obtained highly dense samples to the 
microwave sintering technique used which resulted in excellent 
mechanical properties at low sintering temperature and shorter 
time. Similar appreciations have been reported by Rascon 
et al.[26] where their results showed that the Vickers hardness 
is affected by the final porosity and its distribution in addition 
to the potential inhomogeneities formed during mixing.

In the present study, the results revealed that the addition 
of dopants in ATZ was beneficial in enhancing the hardness 
regardless of the sintering temperature. The Vickers hardness 
of all ATZs increased with increased sintering temperature 

in the following order of efficacy: Cu-ATZ < Mn-ATZ < SS-
ATZ < ATZ. Hardness as high as 13.15GPa was attained for the 
Cu-ATZ when sintered at a low temperature (1250°C) compared 
to undoped ATZ, which failed to obtain similar hardness even 
after sintered at a high temperature (1500°C). In addition to the 
high relative density obtained, this enhancement could also be 
associated with the improvement in the sintering, resulting in an 
overall finer-grained microstructure as shown in Fig. 3.

Table I depicts the variation of the fracture toughness of 
the ATZ composites with the sintering temperature. All ATZ 
samples revealed the same pattern, namely that the fracture 
toughness increased as the sintering temperature increased. 
For instance, the fracture toughness of the undoped ATZ 
gradually increased from 5.72 to 6.54 MPa·m1/2 when sin-
tered at 1250°C and 1350°C, respectively, and then only had 
a minor increment to 6.63 MPa·m1/2 when fired at 1500°C. In 
general, the results revealed that the addition of dopants was 
beneficial in enhancing the toughness of the ATZ regardless 
of sintering temperature. Furthermore, the addition of 0.2 
wt% CuO was the most effective in enhancing the fracture 
toughness of the sintered ATZ. The higher fracture tough-
ness obtained for Cu-ATZ varied from 6.5 MPa·m1/2 when 
sintered at 1250°C and reached up to 7.27 MPa·m1/2 when 
sintered at 1500°C. These excellent values lead us to the fact 
that the method used for sintering the ATZ and the addition 
of dopants was good compared with that reported by other 
researchers.

Figure 3.   FESEM micrographs of microwave sintered ATZ composites sintered at 1500°C. (a) undoped ATZ, (b) 0.2 wt% SS (c) 0.5 wt% 
Mn, and (d) 0.2 wt% CuO.
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For instance, Freitas et al.[25] obtained a fracture tough-
ness of 3.6 MPa·m1/2 after conventionally sintered ATZ at 
1400°C for 2 h subjected to a uniaxial press at 100 MPa for a 
60 s. In another study conducted by Flores et al.[17], the ATZ 
powder was prepared by mixing 20 wt% Al2O3 + 80 wt % 
3Y-TZP) and uniaxially pressed at 80 MPa. For comparison 
purposes, composites were subsequently sintered by conven-
tional sintering in an air atmosphere at 1400°C/120 min to 
1500°C/120 min with that produced by microwave sintering at 

1200°C and 1400°C with the holding times of 10 and 30 min, 
respectively. The authors found that the microwave sintered 
samples obtained fracture toughness values slightly more sig-
nificantly than those consolidated by a conventional method. 
The highest toughness of 5.5 MPa·m1/2 was obtained for ATZ 
when sintered conventionally at 1500°C for 2 h. While the 
most increased fracture toughness occurred when microwave 
sintering was employed and reached 5.7 MPa·m1/2 at a sin-
tering temperature of 1300℃ using a holding time of 10 min. 

Table II.   Statistical analysis by ANOVA for H and KIc.

ANOVA for H versus Samples & temperature ANOVA for KIc versus Samples & temperature
Method: 
Confidence level for all intervals is 95. 
Factor coding (-1, 0, +1) 

Factor Information 

Factor Type Levels Values 

Samples Fixed 4 ATZ, CuO-ATZ, MnO-ATZ, SS-ATZ 

Temperature Fixed 3 1250, 1350, 1500 

Method: 
Confidence level for all intervals is 95. 
Factor coding (-1, 0, +1)

Factor Information: 

Factor Type Levels Values 

Samples Fixed 4 ATZ, CuO-ATZ, MnO-ATZ, SS-ATZ 

Temperature Fixed 3 1250, 1350, 1500 

Analysis of Variance (ANOVA): 

Source DF Adj SS Adj MS F-Value P-Value 

Samples 3 2.5249 0.84163 18.82 0.002 

Temperature 2 2.0510 1.02551 22.94 0.002 

Error 6 0.2682 0.04471 

Total 11 4.8442 

Model Summary: 

S R-sq R-sq(adj) R-sq(pred) 

0.211443 94.46% 89.85% 77.85% 

Coefficients: 

Term Coef SE Coef T-Value P-Value VIF 

Constant 12.6717 0.0610 207.60 0.000 

Samples 

ATZ -0.512 0.106 -4.84 0.003 1.50 

CuO-ATZ 0.695 0.106 6.57 0.001 1.50 

MnO-ATZ 0.108 0.106 1.02 0.345 1.50 

Analysis of Variance (ANOVA): 

Source DF Adj SS Adj MS F-Value P-Value 

Samples 3 0.71447 0.238156 34.57 0.000 

Temperature 2 1.53920 0.769600 111.72 0.000 

Error 6 0.04133 0.006889 

Total 11 2.29500 

Model Summary: 

S R-sq R-sq(adj) R-sq(pred) 

0.0829993 98.20% 96.70% 92.80% 

Coefficients: 

Term Coef SE Coef T-Value P-Value VIF 

Constant 6.5100 0.0240 271.70 0.000 

Samples 

ATZ -0.2133 0.0415 -5.14 0.002 1.50 

CuO-ATZ 0.4133 0.0415 9.96 0.000 1.50 

MnO-ATZ -0.0700 0.0415 -1.69 0.143 1.50 

SS-ATZ -0.292  0.106 -2.76 0.033 * 

Temperature 

1250 -0.5117 0.0863 -5.93 0.001 1.33 

1350 0.0108 0.0863 0.13 0.904 1.33 

1500 0.5008 0.0863 5.80 0.001 * 

SS-ATZ -0.1300  0.0415 -3.13 0.020 * 

Temperature 

1250 -0.5000 0.0339 -14.76 0.000 1.33 

1350 0.1800 0.0339 5.31 0.002 1.33 

1500 0.3200 0.0339 9.44 0.000 * 

Regression Equation: 

H = 12.6717 - 0.512 Samples_ATZ + 0.695 Samples_CuO-ATZ 
+ 0.108 Samples_MnO-ATZ- 0.292 Samples_SS-ATZ 
0.5117 temperature_1250 + 0.0108 temperature_1350 
+ 0.5008 temperature_1500 

Regression Equation: 

KIc = 6.5100 - 0.2133 Samples_ATZ + 0.4133 Samples_CuO-ATZ - 
0.0700 Samples_MnO-ATZ - 0.1300 Samples_SS-ATZ -  
0.5000 temperature_1250 + 0.1800 temperature_1350 
+ 0.3200 temperature_1500 

Note: Highlighted value in ANOVA showed that temperature is the most critical factor among all input’s factors. 

High R-sq value in model summary indicated the high compatibility of fit and endorsing the adequacy of the adopted regression model. 

The highlighted values in coefficients tables also showed that among all the tested samples, CuO-ATZ is the most critical and significant 

sample to improve the hardness (H) and fracture toughness (KIc) properties 
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In comparison with the present work, a fracture toughness 
above 5.7 MPa·m1/2 could be obtained when undoped ATZ 
was sintered at 1250°C using a 5 min holding time. In addi-
tion, the incorporation of sintering additives in ATZ achieved 
a fracture toughness above 5.7 MPa·m1/2 at a low temperature 
without the need for a long holding time or the use of high 
temperatures.

Statistical analysis is performed to determine the difference 
between the hardness (H) and fracture toughness (KIc) among 
the three sintering temperatures by using ANOVA: general lin-
ear model of Minitab-16 software. The results of the analysis, 
including simulated values, are presented in Table II.

The ANOVA analysis revealed that both the temperature 
and the tested samples had P-values lower than the standard 
value of 0.05, indicating their significant impact on both hard-
ness (H) and fracture toughness (KIc). The ANOVA tables 
further demonstrated that the temperature factor had higher 
F-values of 22.94 for hardness and 111.72 for fracture tough-
ness compared to the tested samples’ F-values of 18.82 and 
34.57, respectively. These results indicate that temperature is 
the most critical factor among all the input factors, emphasiz-
ing its strong influence on the observed variations in hardness 
and fracture toughness.

The R-sq values of 94.46% for hardness (H) and 98.20% for 
fracture toughness (KIc) indicated that the adopted regression 
model could effectively explain the variability in these proper-
ties. This high level of compatibility of fit validated the ade-
quacy of the regression model. The coefficients tables revealed 
that among all the tested samples, CuO-ATZ exhibited the high-
est T-values for both hardness (H) and fracture toughness (KIc), 
making it the most critical and significant sample for improving 
these properties in ATZ. The developed regression equations 
for hardness and fracture toughness are provided in Table II. 
In addition, the interaction plots and normal probability graphs 
are presented in Fig. 4.

The interaction plots for both hardness (H) and fracture 
toughness (KIc) revealed that CuO-ATZ sample (ATZ sample 
doped with CuO) exhibited the highest mean values among all 
the samples, indicating its significant role in improving both 
H and KIc across all temperature conditions. Furthermore, the 
normal probability graphs presented in Fig. 4 demonstrated 
that the predicted values obtained from the model were closely 
aligned with the experimental values. This strong correlation 
between the input factors and the predicted values of hardness 
(H) confirms the model’s effectiveness in accurately estimating 
the response values.

Figure 4.   Interaction and normal probability plots for responses H & KIc.
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Conclusion
This study demonstrates the feasibility of using minimal 
amounts of copper oxide, manganese oxide, and stainless steel 
to facilitate the low temperature densification of ATZ using the 
microwave method. It was found that the addition of sintering 
additives was beneficial in aiding the densification of ATZ with-
out causing grain coarsening. In addition, it was revealed that 
regardless of dopant addition, all sintered samples exhibited 
a dual microstructure comprising tetragonal zirconia (major) 
and alumina (minor) phases. There was no monoclinic phase 
formation after sintering, thus indicating that the stability of 
the tetragonal phase was not disrupted by the dopant addition, 
alumina addition, and microwave sintering method.

The addition of these dopants was beneficial in enhancing 
densification, Vickers hardness, and fracture toughness of ATZ 
regardless of sintering temperatures. In particular, the addition 
of 0.2 wt% CuO was most effective in aiding the low tem-
perature sintering of ATZ with a relative density over 99%, 
high hardness of above 13 GPa, and fracture toughness of 
higher than 7 MPam1/2 when sintered at 1500°C. In contrast, 
the undoped ATZ required a high temperature to obtain similar 
results as the CuO-doped ATZ samples.

The statistical analysis revealed that the CuO-doped ATZ 
sample exhibited the highest mean values for both hardness (H) 
and fracture toughness (KIc) among all the tested samples. This 
indicates that the CuO-doped ATZ sample is highly significant 
and effective in improving H and KIc across all temperature 
conditions.

Although zirconia ceramic is widely used, particularly in 
dentistry, there are still unanswered questions regarding its 
long-term stability under different environmental conditions. 
Therefore, further detailed analytical studies are required to 
validate the accuracy of these ceramic material results before 
recommending them for further biomedical applications.
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