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a b s t r a c t

In this work, for the first time, we report a novel method on the fracture toughness enhancement of
3 mol % yttria-stabilized tetragonal zirconia polycrystalline (3Y-TZP) ceramics through the incorporation
of 8 mol % magnesia-partially stabilized zirconia (8 Mg-PSZ) powders having high fracture toughness.
Highly densified composites (x3Y-TZP/y8Mg-PSZ; where x and y vary between 0.25 and 0.75 wt. %) were
obtained with a relative density over 99% by pressureless sintering. Relative density, Vickers hardness
(HV) and indentation fracture toughness (KIc) were significantly improved by sintering temperature and
dwell-time increment. Specifically, HV and KIc values of 0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite sintered at
1500oC-2h were increased by 7% and 30%, respectively, compared to that of 3Y-TZP. Sintered bodies
consisted of c-ZrO2, t-ZrO2 and m-ZrO2 phases without any new phase formation. m-ZrO2/c-ZrO2þt-ZrO2

volumetric phase ratios changed with the increase of sintering temperature and time. Stress-induced t-
ZrO2/m-ZrO2 phase transformation within c-ZrO2 grains in 8 Mg-PSZ was the main mechanism for
toughness enhancement. Energy absorbing mechanisms, e.g., crack-bridging, crack-deflection and crack
branching were also found to contribute the blunting of cracks. It is thought that our approach presented
herein can be considered not only fracture toughness enhancement but also other properties in various
materials for functional and structural purposes.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Due to its high flexural strength, superior biocompatibility and
good chemical resistance, zirconium oxide [zirconia (ZrO2)] has
been widely used so far for different functional and structural
purposes e.g., biomaterials: dental, hip and knee implants, cutting
tools, bearings and bushings [1]. ZrO2 has three main crystallo-
graphic polymorphs: monoclinic (m-ZrO2), tetragonal (t-ZrO2) and
cubic (c-ZrO2) [2]. Metallic oxides such as yttrium oxide (Y2O3) and
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magnesium oxide (MgO) are generally utilized to stabilize the t-
ZrO2 and c-ZrO2 phases at room temperature [2].

Especially, when 3 mol % Y2O3 enters to the t-ZrO2 crystal
structure, the resulting product at room temperature is called as
yttrium stabilized tetragonal zirconia polycrystalline (3Y-TZP)
ceramic [3]. In addition, 3Y-TZPs are themost popularmaterial used
in the bio-based ceramics to improve themechanical properties [1].
They exhibit high flexural strength between 900 and 1100 MPa;
however, with low or moderate fracture toughness that is around
5.0 MPam1/2 [4]. Based on the detailed literature survey, the stress-
induced t-ZrO2/m-ZrO2 phase transformation plays a key role to
gain high fracture toughness and strength by causing a significant
volume change (~4e5%), resulting in compression at the vicinity of
advancing crack [5]. Thus, transformation-toughening occurs in the
3Y-TZP ceramics to further stop the cracks [5]. However, these
excellent mechanical properties of the 3Y-TZPs suffer from a low
temperature (150e400 �C) degradation phenomenon in the pres-
ence of water or water environment due to the enhanced t-
ZrO2/m-ZrO2 phase transformation [6].
National University, Hanoi. This is an open access article under the CC BY license
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Table 1
Elastic modulus (E) of each recipe.

Sample Name E (GPa)

3Y-TZP 210.00
0.75(3Y-TZP)/0.25(8 Mg-PSZ) 205.27
0.5(3Y-TZP)/0.5(8 Mg-PSZ) 200.69
0.25(3Y-TZP)/0.75(8 Mg-PSZ) 196.28
8 Mg-PSZ 192.00
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MgO is another commonly used stabilizing material that its
amount ranges between 8 and 10mol % in the starting batches [7,8].
Magnesia partially stabilized zirconia (Mg-PSZ) ceramics are thus
obtained by introducing Mg2þ cations into the c-ZrO2 and/or t-ZrO2
lattices [7,8]. Here, unlike the TZP structure, PSZ usually consists of
two or more ZrO2 phases [7,8]. More specifically, the large
polygonal-shaped c-ZrO2 phase, lenticular-type formed t-ZrO2
precipitates within the c-ZrO2 grains, and spherical m-ZrO2 phase
along the grain boundaries are uniquely observed in the Mg-PSZ
microstructures after sintering [7,8]. In addition, Mg-PSZ ceramics
exhibit quite good mechanical properties due to the
transformation-toughening mechanism just like that of the Y-TZP
counterparts. So, the Mg-PSZ ceramics have high fracture tough-
ness (between 8 and 15 MPa m1/2) and good flexural strength
(around 450e820 MPa). They also show the outstanding high
temperature properties e.g., creep and thermal shock resistance,
and hence are generally considered as a structural ceramic as well
[9e12]. Moreover, the low temperature degradation of Mg-PSZ
ceramics is more stable than that of Y-TZPs [9]. Therefore, the
Mg-PSZs have been alternatively experienced for possible
biomedical applications [14].

When studies intended for fracture toughness improvement of
3Y-TZP ceramics were examined, it was firstly noteworthy that
Y2O3 was used in less than 3% mole (e.g. 1.5% and 2 mol %) as sta-
bilizing agent [15,16]. Afterwards, the fracture toughness of 3Y-TZP
Fig. 1. The bulk and % relative density results of (a) 3Y-TZP, (b) 0.75(3Y-TZP)/0.25(8 Mg-PS
specimens sintered at 1450oCe1500 �C for 1e2 h.
was tried to be developed by adding many different secondary
reinforcement materials such as especially Al2O3, carbon nanotubes
(CNTs), graphene etc. [17e19]. In addition, the effects of different
new sintering techniques such as spark plasma sintering (SPS),
microwave sintering and two-step sintering were reported on the
mechanical properties enhancement of 3Y-TZP ceramics [20].
Although these researches havemade very important contributions
scientifically, it can be evaluated as known drawbacks that com-
plete dense bodies are not obtained, secondary phases cannot be
fully distributed within the 3Y-TZP, and the proposed new sintering
techniques are not suitable for industrialization. Therefore, more
practical, industrial and feasible new approaches are still needed to
improve the fracture toughness of 3Y-TZPs.

In this study, it is aimed, for the first time in the literature, to
increase the fracture toughness of 3Y-TZP based sintered bodies
Z), (c) 0.5(3Y-TZP)/0.5(8 Mg-PSZ), (d) 0.25(3Y-TZP)/0.75(8 Mg-PSZ), and (e) 8 Mg-PSZ
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through the combination of 3Y-TZP powders with 8 Mg-PSZ pow-
ders having high fracture toughness. For this purpose, the effects of
sintering temperature and dwell-time were examined on the pro-
duction of designed zirconia composites. Physical, mechanical and
microstructural investigations of sintered bodies were carried out
in detail. Possible mechanisms on the fracture toughness
enhancement are also discussed.

2. Experimental

3Y-TZP (Admat Co., India) and 8 Mg-PSZ (Admat Co., India)
commercially available zirconia powders were utilized here as
starting raw materials. The 3Y-TZP, 0.75(3Y-TZP)/0.25(8 Mg-PSZ),
0.5(3Y-TZP)/0.5(8 Mg-PSZ), 0.25(3Y-TZP)/0.75(8 Mg-PSZ) and 8
Mg-PSZ recipes were prepared considering weight % ratios by using
dry-ball milling during 24 h. After homogenization, the powder
mixtures were sieved by 180 mm sized sieve to break up weakly
bonded agglomerates. Then, the powders were pre-shaped in cir-
cular stainless-steel die by a uniaxial press under 30 MPa pressure.
Following, cold isostatic pressing (CIP) was performed by 250 MPa
to achieve high green density compacts. The binder burn-out pro-
cess was applied to CIPed samples at 700 �C for 2 h with 0.8 �C/min
heating speed to control the removal of the organics from green
bodies. Afterwards, the specimens were densified by pressureless
sintering route in ambient atmosphere. In sintering process, the
maximum temperature was reached by a heating rate of 1.5 �C/min,
Fig. 2. The XRD analysis results of reference (3Y-TZP and 8 Mg-PSZ) and composite (x3Y-TZP
(c) 1500oC-1h and (d) 1500oC-2h.
and then held at 1450e1500 �C for 1e2 h before cooling to room
temperature with 10 �C/min speed.

The relative densities of sintered samples were determined by
Archimedes' method [21]. In this step, theoretical density of each
designed recipe was calculated according to rule-of-mixtures [22].
Therefore, the theoretical densities of 3Y-TZP and 8 Mg-PSZ pow-
ders were respectively taken into account as 6.10 g cm�3 and
5.80 g cm�3 in the calculations [23,24]. The crystalline phase con-
tents of the sintered specimens were determined by X-ray
diffraction analysis (Rigaku MiniFlex 600) with a scanning speed of
1�/min between 2q ¼ 5e80� scanning range. The Cu-Ka source was
also used at 40 kV and 10 mA during XRD analysis. The phase ratio
of m-ZrO2 to t-ZrO2 plus c-ZrO2 phases was obtained from the
formulation developed by Toroya et al. [25], depending on the
specific crystallographic planes for related zirconia phases. Vickers
hardness and indentation fracture toughness tests were performed
on the polished surfaces of sintered samples to clarify the me-
chanical properties. Tests were carried out by Vickers hardness
tester (Emco Test M1C 010) with a dwell time of 15 s and applying
294 N indentation load. Please note that the samples were also
subjected to low loads, but no sufficient cracking was encountered
in the indent's corners. Moreover, distance between the in-
dentations was retained constant to prevent their overlapping ef-
fect [26]. At least twenty-five indents were obtained from each
sample to evaluate the mean values. Thus, Vickers hardness was
calculated based on the following equation [27,28].
/y8Mg-PSZ; x and y ¼ 0.25e0.75 wt. %) bodies sintered at (a) 1450oC-1h, (b) 1450oC-2h,
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H¼1:8544
P

d2
(1)

In Eq. (1), P and d terms are called as applied load and indent di-
agonals, respectively. The indent diagonals were precisely
measured by means of optical microscopy. Niihara et al.’s reports
[27,28] were considered to calculate the indentation fracture
toughness of sintered samples, since the cracks were Palmqvist-
type rather than radial-median ones in the ceramics [29,30].
Accordingly, the Eq. (2) was utilized to determine the fracture
toughness values.
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Eø

�2=5
¼0:035

�c
a

��1=2
for 0:25<1= a < 2:5 (2)

Herein, KIc is the fracture toughness, 4 the geometric constanty 3,
H the hardness, the a equivalent to d/2, E the Young's modulus, and
the c the crack length. Additionally, E values of each recipe were
evaluated by the rule-of-mixtures [22]. At this point, Young's
modulus of 8 Mg-PSZ and 3Y-TZP were taken as 192 GPa and
210 GPa, respectively [12,31]. The calculated E values of each recipe
were also presented in Table 1.

Lastly, the microstructural observations of sintered samples
were examined by scanning electron microscopy (SEM, Zeiss Supra
50VP) attached with an energy dispersive X-ray spectroscopy
(EDXS). During SEM analysis, the microscope was operated at
20.00 kV, and back scattered electron imaging (BSEI) was preferred
to distinguish the phases in variable pressure (VP) mode without
coating. Furthermore, the samples were characterized by using a
field emission gun (FEG) ultra-high resolution scanning electron
microscope (UHR-SEM, FEI Nova Nano 650) to precisely investigate
the microstructure features.

3. Results and discussion

Fig. 1(aee) reveals the bulk and relative density results of 3Y-
TZP, 0.75(3Y-TZP)/0.25(8 Mg-PSZ), 0.5(3Y-TZP)/0.5(8 Mg-PSZ),
0.25(3Y-TZP)/0.75(8 Mg-PSZ) and 8 Mg-PSZ coded samples that
sintered at 1450 �C and 1500 �C for 1e2 h. Broadly speaking, the
specimens were successfully densified up to ~99% of their theo-
retical densities (TD). Here, the increasing of sintering temperature
and holding time gave rise to enhance the densification of samples
during sintering. Especially, looking at the data in Fig. 1(aee) in
terms of as-received zirconia bodies (3Y-TZP and 8 Mg-PSZ) and
their composite counterparts, the maximum relative density
values (�99%) were reached at 1500 �C and 2 h sintering condi-
tions. More importantly, the results implied that the incorporation
of different zirconia powders into each other could lead to easy
sintering without any problems and deterioration on the samples
Table 2
The volumetric phase ratios of m-ZrO2 and t-ZrO2þc-ZrO2.

Sample Sintering Temperature 1450 �C

Sintering Time (h) Tetragonal þ Cubic Phase % Monocl

3Y-TZP 1 99.15 ± 1 0.85 ±
3Y-TZP 2 99.01 ± 1 0.99 ±
0.75(3Y-TZP)/0.25(8 Mg-PSZ) 1 66.68 ± 1 33.32 ±
0.75(3Y-TZP)/0.25(8 Mg-PSZ) 2 62.44 ± 1 37.56 ±
0.5(3Y-TZP)/0.5(8 Mg-PSZ) 1 50.88 ± 1 49.12 ±
0.5(3Y-TZP)/0.5(8 Mg-PSZ) 2 47.45 ± 1 52.55 ±
0.25(3Y-TZP)/0.75(8 Mg-PSZ) 1 44.46 ± 1 55.54 ±
0.25(3Y-TZP)/0.75(8 Mg-PSZ) 2 43.47 ± 1 56.53 ±
8 Mg-PSZ 1 35.78 ± 1 64.22 ±
8 Mg-PSZ 2 29.66 ± 1 70.34 ±
by using pressureless sintering method. Considering the literature
survey, 3.5 wt. % Mg-PSZ powders could be sintered up to ~95%
maximum of relative density at 1670 �C [10]. In addition, 99.1% of
TD was obtained at 1500 �C in Mg-PSZ and 1.7 mol % Y2O3-doped
Mg-PSZ samples [11]. It was also known that 3Y-TZP powders
exhibited very good sintering behavior between 1450 and 1500 �C
[3]. At this point, our results are in agreement with those previ-
ously reported studies that related to as-received 3Y-TZP and 8
Mg-PSZ bodies [3e14].

To determine the crystalline phase contents, transformations
and new formations after sintering, the XRD data was collected
from all samples sintered at 1450 �C and 1500 �C for 1e2 h, and the
results were presented in Fig. 2(aed). The XRD patterns were also
recorded from well-polished sample surfaces rather than that of
powder XRD analysis, since t-ZrO2/m-ZrO2 phase transformation
can be strongly affected during the powder grinding step for
sample preparation [32]. Thus, it was ensured to avoid from the
misleading results. Additionally, volumetric phase ratios of m-ZrO2
to t-ZrO2þc-ZrO2 for all designed compositions were quantitatively
computed from {111} crystallographic X-ray peaks and summarized
in Table 2. Accordingly, the 3Y-TZP sample was almost completely
composed of t-ZrO2 (98-015-7619) phase, while theMg-PSZ sample
was determined to contain m-ZrO2 (98-008-9426) and t-ZrO2 plus
c-ZrO2 (98-005-3998) phases [Fig. 2(aed)] [33]. Here, please note
that the (101)t-ZrO2 and (111)c-ZrO2 peaks were overlapped due to
the similar lattice parameters of t-ZrO2 and c-ZrO2 phases [8].
Moreover, all zirconia phases (m-ZrO2, t-ZrO2 and c-ZrO2) can be
clearly discerned in the XRD patterns of 0.75(3Y-TZP)/0.25(8 Mg-
PSZ), 0.5(3Y-TZP)/0.5(8 Mg-PSZ) and 0.25(3Y-TZP)/0.75(8 Mg-PSZ)
composite samples [Fig. 2(aed)]. Furthermore, when sintering
temperature and dwell-time were increased, no new phase for-
mation was detected rather than known zirconia polymorphs.
However, X-ray peak intensities of the m-ZrO2, t-ZrO2 and c-ZrO2
phases at (-111)m, (111)m, (101)t and (111)c crystallographic planes
significantly changed depending on rising sintering temperature
and holding time [Fig. 2(aed)]. This strongly implies the t-
ZrO2/m-ZrO2 and c-ZrO2/t-ZrO2 phase transformations arising
from the 3Y-TZP and Mg-PSZ sides during sintering [5,13,32].

Considering the results in Table 2, the volumetric phase amount
of m-ZrO2 slightly increased when the sintering time was raised
from1 to 2 h for both 1450 �C and 1500 �C. On the other hand, when
the sintering temperature was increased from 1450 �C to 1500 �C, a
significant reduction was generally determined in the amounts of
m-ZrO2. To some extent, this situation can be explained by
ZrO2eMgO and ZrO2eY2O3 phase equilibria diagrams, showing
that more stable t-ZrO2 and c-ZrO2 phases can be formed at
elevated temperatures [34,35]. Jiang et al. [10] reported that when
the sintering temperature was just increased from 1600 �C to
1700 �C in Mg-PSZ ceramics, the m-ZrO2 volumetric phase content
drastically decreased from 80% to 5%. This is of paramount
Sintering Temperature 1500 �C

inic Phase % Sintering Time (h) Tetragonal þ Cubic Phase % Monoclinic Phase %

1 1 97.92 ± 1 2.08 ± 1
1 2 97.43 ± 1 2.57 ± 1
1 1 53.26 ± 1 46.74 ± 1
1 2 52.55 ± 1 47.45 ± 1
1 1 51.64 ± 1 48.36 ± 1
1 2 47.95 ± 1 52.05 ± 1
1 1 51.41 ± 1 48.59 ± 1
1 2 47.74 ± 1 52.26 ± 1
1 1 54.56 ± 1 45.44 ± 1
1 2 48.35 ± 1 44.65 ± 1
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importance to understand the mechanical properties of ZrO2-based
materials [10,11].

Fig. 3(a and b) shows the Vickers hardness (HV) and inden-
tation fracture toughness (KIc) results of as-received (3Y-TZP and
8 Mg-PSZ) and composite (0.75(3Y-TZP)/0.25(8 Mg-PSZ), 0.5(3Y-
TZP)/0.5(8 Mg-PSZ), 0.25(3Y-TZP)/0.75(8 Mg-PSZ)) samples
sintered at 1450oCe1500 �C for 1e2 h. In general, based on the
as-received 3Y-TZP and 8 Mg-PSZ samples findings [Fig. 3(a and
b)], the HV values of 3Y-TZP sintered bodies were measured as
~12.0e12.5 GPa and the KIc values were approximately around
5.5e6.0 MPa m1/2, while the HV and KIc data of 8 Mg-PSZ sam-
ples were determined as ~10.0e11.0 GPa and ~7.0e8.5 MPa m1/2,
respectively. These results are quite compatible with the me-
chanical properties of sintered bodies with 3Y-TZP and 8 Mg-PSZ
in the literature [3,4,9e13]. In addition, it was noteworthy that
the KIc values increased; however, the HV values decreased lin-
early with the increase of sintering temperature and dwell-time.
Fig. 3. The Vickers hardness and indentation fracture toughness values of reference (3Y-TZP
sintered at (a) 1450oCe1500 �C/1 h and (b) 1450oCe1500 �C/2 h.
In other words, the KIc values of composite bodies increased
significantly, whereas the HV values decreased simultaneously,
as expected with the incorporation of 8 Mg-PSZ into the 3Y-TZP.
More specifically, it could be expressed that the best mechanical
properties were obtained at 1500oC-2h in terms of process pa-
rameters. In particular, for instance, the KIc and HV values of
0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite sample were recorded as
7.59 ± 0.35 MPa m1/2 and 10.98 ± 0.34 GPa, respectively. So,
based on 1500oC-2h values, it was found that the fracture
toughness of 0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite sample
increased by ~30% when compared to that of 3Y-TZP. Similarly, an
increase of about 7% more than that of Mg-PSZ sample's hardness
value was achieved in 0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite due
to addition of 3Y-TZP. This result clearly shows that the me-
chanical properties i.e., Vickers hardness and fracture toughness
can be easily tailored in the composites formed by using 3Y-TZP
and 8 Mg-PSZ together.
and 8 Mg-PSZ) and composite (x3Y-TZP/y8Mg-PSZ; x and y ¼ 0.25e0.75 wt. %) bodies
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Here, transformation of precipitates developing in the form of
ellipsoidal, disc, lens or small spheres in the c-ZrO2 grains can be
shown as the reason for increasing the indentation fracture tough-
ness valueswith 8Mg-PSZ addition [13]. The tougheningmechanism
was also reported to be related to stress-induced t-ZrO2/m-ZrO2
phase transformation in 8 Mg-PSZ ceramics [36]. In addition, high
fracture toughness was provided by means of transformable t-ZrO2
precipitates that only occurred by suitable sintering conditions such
as temperature and time as well as controlled cooling process [36].
Moreover, m-ZrO2 phases resulting from the stress-induced t-
ZrO2/m-ZrO2 phase transformation were generally found to be
located along the grain boundaries [7,8]. In the sameway, the large c-
ZrO2 grains around 30e40 mm and the m-ZrO2 phases settled along
the grain boundaries can play an important role in the toughness
enhancement by different mechanisms e.g., crack bridging, crack
deflection and crack branching [7,8]. However, the linear decrease
observed in hardness due to the addition of 8 Mg-PSZ can be
explained by the HallePecth equation [37,38], expressing that the
hardnessof amaterial decreaseswith the increasinggrain size.At this
point, it can be considered that the hardness values of composites
decreasewith large c-ZrO2 grains arising fromthe8Mg-PSZ addition.

To clarify these facts, the indent trace of 0.5(3Y-TZP)/0.5(8 Mg-
PSZ) composite sample sintered at 1500oC-2h, which exhibited a
significant enhancement on the mechanical properties herein, was
examined in detail by SEM and EDX analyses. The obtained
Fig. 4. SEM-BSE images visualized from 0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite sintered a
propagating cracks in Mg-PSZ, (c) energy-absorbing mechanisms such as crack bridging, cra
region with Y-TZP and Mg-PSZ grains, and (f) EDX spectrum acquired from whole region in
microstructural observations were also given in Fig. 4(aef). At first
glance in Fig. 4(a), it could be seen that while the Vickers indent
trace was located in the middle of the SEM-BSE image, the char-
acteristic crack formations occurred in the Y-TZP and Mg-PSZ re-
gions after stress-induced. Here, please note that the polygonal-
shaped c-ZrO2 grains developed at ~3e10 mm grain size in Mg-
PSZ region, whereas t-ZrO2 grains were of submicron-size similar
to spherical morphology in the 3Y-TZP region. In Fig. 4(b), the nano-
sized t-ZrO2 precipitates were determined to be formed within the
c-ZrO2 grains (indicated by black arrows). As known, these pre-
cipitates play an important role on the toughness increase in Mg-
PSZ ceramics by causing t/m phase transformation under an
applied stress [13,36]. Therefore, observation of spherical nano-
sized m-ZrO2 grains during transgranular cracking (Fig. 4(b)) can
also be considered here as clear evidence that toughness was
increased by stress-induced t-ZrO2/m-ZrO2 phase trans-
formation. More interestingly, when looking at Fig. 4(b) in detail, it
was determined that the intergranular cracking proceeded around
the primary large c-ZrO2 and transformed m-ZrO2 grains located at
the grain boundaries. Thus, the energy of the crack was reduced,
contributing to the increase of fracture toughness [7,8,36]. More-
over, while the crack was absorbed by the primary large c-ZrO2
grains, the toughness enhancement mechanisms e.g. crack
bridging, crack deflection and crack branching helped to reduce the
total energy of the crack as well [Fig. 4(c)]. To better understand the
t 1500oC-2h revealing (a) Vickers indent trace, (b) transgranular and intergranular
ck deflection and crack branching in Mg-PSZ, (d) intergranular cracking in YTZ, (e) mix
Fig. 4(e).



Fig. 5. (aef) UHR-SEM/BSE images acquired from 5(3Y-TZP)/0.5(8 Mg-PSZ) composite sintered at 1500oC-2h.
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impact of thesemechanisms, it is necessary to analyze the SEM-BSE
images given in Fig. 4(d and e). Accordingly, as the crack progressed
continuously along the Y-TZP grain boundaries without encoun-
tering no further toughening mechanism rather than t/m phase
transformation [Fig. 4(d)]; however, it was firstly branched and
then blunted by decreasing its energy in the case of Mg-PSZ grains
around it [Fig. 4(e)]. Furthermore, the detection of Y, Mg, Zr and O
elements in the EDX spectrum [Fig. 4(f)] chemically confirmed
coexistence of the Y-TZP and Mg-PSZ grains in Fig. 4(e). Thus, these
microstructural results clearly support that why the mechanical
properties given in Fig. 3(a and b) were improved when Y-TZP and
Mg-PSZ were used together.

In order to get deep understanding of the facture toughness
evaluation through 8 Mg-PSZ addition, the 0.5(3Y-TZP)/0.5(8 Mg-
PSZ) composite sample sintered at 1500oC-2h was also character-
ized by using a field emission gun (FEG) ultra-high resolution
scanning electron microscope (UHR-SEM). The obtained SEM-BSE
images were presented in Fig. 5(aef). Here, considering the
Fig. 5(a), a crack propagation can be easily seen between the Mg-
PSZ and Y-TZP regions in the composite sample. At this point, we
state that the interganular cracking is characteristic for the Y-TZP
region, and no further toughing mechanism excepting t/m phase
transformation is available herein, as can be discerned from the
Fig. 5(b). However, the transgranular cracking along the large c-
ZrO2 grains that also including intense t-ZrO2 precipitates (marked
with Mg-PSZ in [Fig. 5(c)]) drastically reduces the crack's energy. In
addition, the crack deflection mechanism positively contributes to
energy reduction of propagating crack until it reaches to Y-TZP
region. Thus, the cracking was totally absorbed by Mg-PSZ grains
before cracks did not introduce into the Y-TZP grains. Moreover, the
crack branching within the c-ZrO2 (Mg-PSZ) grains was clearly
observed in Fig. 5(d), and this gave rise to similarly crack's energy
reduction and/or blunting of the cracking. Furthermore, nano-size
m-ZrO2 grains along the Mg-PSZ grain boundaries due to the
t/m phase transformation under the stress were detected in
Fig. 5(e). This can also be considered as an alternative way to lower
the crack's energy. More interestingly, for the same purpose, the
crack bridging occurrence was observed in the c-ZrO2 (Mg-PSZ)
grains, whichwere densely composed of t-ZrO2 grains [Fig. 5(f)]. So,
all these observedmicrostructural features originated fromMg-PSZ
addition, i.e. crack's energy reduction, crack deflection, crack
branching, stress-induced t/m ZrO2 phase transformation, and
crack bridging played a key role on the improvement of fracture
toughness in Y-TZP ceramics [7,8,13,36].

4. Conclusion

The fracture toughness of 3Y-TZP ceramics was enhanced by
incorporating 8 Mg-PSZ powders having high toughness into the 3Y-
TZP powders. As-received (3Y-TZP and 8 Mg-PSZ) and composite
(x3Y-TZP/y8Mg-PSZ; where x and y vary between 25% and 75% in
weight) samples were successfully densified over ~99% of relative
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density at 1450oCe1500 �C for 1e2 h by using pressureless sintering
method. The relative density, Vickers hardness (HV) and indentation
fracture toughness (KIc) of sintered samples were improved by
increasing sintering temperature and holding time. Also, the HV and
KIc values of composite bodies (x3Y-TZP/y8Mg-PSZ) can be easily
tailored by increasing the content of 8 Mg-PSZ. In particular, the HV
and KIc values of 0.5(3Y-TZP)/0.5(8 Mg-PSZ) composite sintered at
1500 �C for 2 h increased by 7% and 30%, respectively, compared to
that of 3Y-TZP as-received sample. According to XRD analysis, it was
determined that sintered bodies only contained the c-ZrO2, t-ZrO2
and m-ZrO2 phases without observing any new phase formation. In
addition, m-ZrO2/c-ZrO2þt-ZrO2 volumetric phase ratios changed
with increasing sintering temperatureand time.Basedonthedetailed
SEM and EDX analyses obtained from the indent trace of composite
samples, the stress-induced t-ZrO2/m-ZrO2 phase transformation
within c-ZrO2 grains in 8 Mg-PSZ was determined as the main
mechanism in toughness enhancement. In addition, crack-bridging,
crack-deflection and crack branching mechanisms contributed to
toughness increase. It is anticipated that different zirconia-based
composites that not only improved toughness but also other me-
chanical properties can be produced for functional and structural
applications by the easy, fast and practicable approach presented
here.
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