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Abstract
In this investigation, surface modification toughening of partially stabilized zirconia ceramics, by sub-eutectoid solu-
tion annealing, has been performed. The Zr0.918Mg0.068Y0.014O1.925 designated (MZY) was prepared by mixing Magnesia 
Partially Stabilized Zirconia (MZ9) and Yttria Tetragonal Zirconia (TZ3Y) Polycrystal commercial powders using wet ball 
milling. The mechanical properties and microstructure of the MZY were investigated. XRD and SEM were used for phase 
analysis and microstructure examination of the sintered samples’ surfaces. The fracture toughness and hardness of the 
sintered compacts were determined by the Vickers indentation technique. The physical and mechanical properties of 
MZY were compared to those of MZ9 ceramics prepared under the same conditions. The results showed that, the Yttria 
addition inhibited the exaggerated growth of the tetragonal precipitates during sintering. The MZY showed a maximum 
in the fracture toughness of 12.9 MPa√m upon sub-eutectoid solution annealing at 1000 °C for 150 h, while the tetragonal 
precipitates in the MZ9 lost coherence due to their spontaneous massive transformation to the monoclinic phase via 
the decomposition reaction.

Article Highlights

•	 Surface modification of MZY by sub-eutectoid solution 
annealing enhance fracture toughness.

•	 Yttria addition inhibited the exaggerated growth of the 
tetragonal precipitates during sintering.

•	 The MZY produced is a good ceramic material for high 
temperature applications due to its high thermal stabil-
ity.

Keywords  Sub-eutectoid · Solution annealing · Transformable tetragonal precipitates · Surface modification 
toughening · Decomposition reaction

1  Introduction

The surface boundary of a material is an envelope that acts 
as a phase barrier between the bulk and the surrounding 
environment, whether solid, liquid, or gas. It usually con-
tains defects: point defects such as vacancies or intersti-
tials, line defects like dislocations, surface flaws, cracks, and 

cavities [1]. A surface containing broken bonds of the mate-
rial ions might attract impurities from the environment to 
react with or adsorb gases or liquids. So, surface modifica-
tion by Surface texturing [2], or machining and polishing is 
a necessary step to remove the contaminants and cracks.

Zirconia toughened ceramics possess high strength 
and fracture toughness, giving these materials their 

 *  Omyma H. Ibrahim, omyma_essam@yahoo.com | 1Metallurgy Department, NRC Nuclear Research Centre, Egyptian Atomic Energy 
Authority, Cairo, Egypt.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-023-05394-9&domain=pdf


Vol:.(1234567890)

Research	 SN Applied Sciences           (2023) 5:180  | https://doi.org/10.1007/s42452-023-05394-9

importance as structural and bio-ceramics [3-8]. The high 
ionic mobility renders them useful in high-temperature 
fuel cells [9, 10] and oxygen sensors [11]. Due to their 
interesting, versatile properties, zirconia ceramics have 
drawn the attention of researchers for decades. Many 
dopants and co-dopants such as: MgO, CaO, CeO2, Gd2O3, 
Y2O3, Yb2O3… etc., have been used to stabilize the cubic, 
tetragonal and meta-stable tetragonal phases in zirconia 
ceramics [12-17].

The doped zirconia products possess different physical, 
thermal, mechanical, and electrical properties; depend-
ing on the type of dopant, its concentration, processing 
method as well as the surface treatment. An important 
aspect in this concern, is the properties/microstructure 
dependence [18-21] and the ability of the material to 
retain the tetragonal phase symmetry upon cooling to 
room temperature after sintering [3, 6, 22].

Among the doped zirconia ceramics, magnesia partially 
stabilized zirconia Mg-(PSZ) could be obtained with a mag-
nificent microstructure, giving extraordinary properties 
to this material. In the seventies, Garvie [23] discovered 
the great aspect of transformation toughening in zirco-
nia ceramics, which led him to call this material “ceramic 
steel”. He showed that the stress which associated trans-
formation of the metastable tetragonal precipitates to the 
monoclinic phase changed this brittle ceramic material 
into a tough one. Partially stabilized zirconia is widely used 
as an advanced technical ceramic material because of its 
enhanced fracture toughness and nonlinear stress–strain 
behaviour. The outstanding mechanical properties of 
Mg-(PSZ) result from solid state phase transformation at 
regions of high stress concentration which creates a great 
resistance to crack evolution. This stress-induced transfor-
mation requires the existence of a considerable amount of 
the transformable tetragonal phase, a goal which can be 
achieved through changing various parameters such as: 
microstructure, grain size and chemical composition [22].

In order to improve the mechanical properties of par-
tially stabilized zirconia ceramics, surface treatment or 
modification could have a beneficial effect. The surface 
of the sintered Mg-(PSZ) material could be modified by 
a wide variety of methods, to induce phase transforma-
tion on the sample surface, which increases strength and 
fracture toughness [22, 24, 25].

The surface modification in this respect serves to gen-
erate compression stress in the sample surface layer. It 
can be performed through mechanical, chemical [26], 
or thermal means. The first mechanism (the mechani-
cal surface treatment) includes grinding, polishing and 
sand-blasting [27]. It is based on the stress driven phase 
transformation of the metastable tetragonal phase to the 
monoclinic phase. In the latter two methods, the desta-
bilization of the surface layer through dopant depletion 

results in transformation of the coherent metastable 
tetragonal phase precipitates to a monoclinic phase plus 
free magnesia. Increasing the transformable tetragonal 
precipitates on the surface of these PSZ ceramic mate-
rials, through coarsening the fine non-transformable 
tetragonal precipitates during solution annealing, might 
be an interesting way of surface modification that leads 
to the enhancement of the fracture toughness [28].

Despite having good mechanical properties, this 
interesting ceramic material shows a lack of long-term 
phase and structure stabilities at elevated temperatures 
[29], which needs to be a subject of extensive research 
and development.

In the present work, we studied the effect of sub-
eutectoid solution annealing of Mg-PSZ ceramics doped 
with yttria (Zr0.918Mg0.068Y0.014O1.925), designated as MZY. 
The powder was prepared by wet ball milling of com-
mercial (9 mol%) Magnesia doped Zirconia and (3 mol%) 
yttria doped zirconia. The sintered compacts made from 
these powders were polished and sub-eutectoid solution 
annealed at 1000 °C for different periods of time and 
were subjected to the necessary examinations for micro-
structure and phase analysis. The surface modification 
of the sub-eutectoid solution annealed and its effects 
on the fracture toughness and the hardness of the sin-
tered compacts have been investigated. The physical 
and mechanical properties of MZY were evaluated and 
compared to those of MZ9 ceramics prepared under the 
same conditions.

2 � Experimental work

2.1 � Materials

a.	 Commercial powder of magnesia partially stabilized 
zirconia MZ9, from TOSHO-JAPAN. The chemical analy-
sis is given in Table 1.

b.	 Yttria tetragonal zirconia polycrystals TZ3YA from 
TOSHO-JAPAN. The chemical analysis is given in 
Table 2.

Table 1   MZ9 chemical analysis Chemical analysis Wt.%

MgO 3.23
SiO2 0.016
Fe2O3 0.016
Na2O 0.002
Al2O3 0.11
Ig. loss 0.9
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T h o s e  p o w d e r s  w e r e  u s e d  t o  p r e p a r e 
Zr0.918Mg0.068Y0.014O1.925 (MZY).

2.2 � Methods

The MZY powder was prepared by mixing 76 mol% of MZ9 
and 24 mol% TZ3YA. The mixed powder was wet ball milled 
in ethyl alcohol using zirconia balls for 8 h. Rectangular com-
pacts were prepared from the dried powder by pressing in a 
steel die (8 × 30 mm2) at a pressure of 100 MPa, followed by 
sintering in air at 1700 °C for 4 h.

The sintered densities were determined by the water 
displacement “Archimedes” method. The polished sintered 
samples were sub-eutectoid solution annealed at 1000 °C 
for different periods of time. The microstructure examination 
was performed using both a scanning electron microscope 
JEOL-Japan and an optical microscope Olympus-Japan.

X-ray diffraction machine (XRD-3A) from Schimadzu-
Japan has been used for phase analysis. The analyses were 
made on the surfaces of polished sintered as well as the 
solution annealed samples. The monoclinic fraction (Xm) 
and the volume fraction (Vm) of the monoclinic phase were 
calculated from the integrated peak area of It+c(111) for the 
cubic plus tetragonal phases and Im (111) and Im ( 111 ) for 
the monoclinic phase. The following equations were used 
to perform these calculations [30].

where P is a constant equal to 1.333.
Zwick hardness tester from Germany has been used 

for measuring the Vickers hardness HV and the fracture 
toughness stress intensity factor KIC. The tests were per-
formed using 200 N load for 10 s. Vickers hardness was 
calculated using the following equation:
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Fracture toughness was calculated using the halfpenny-
crack equation [31]:

where P is the indentation load in Newton (N), d and c are 
the mean indentation diagonal and the half crack lengths 
in meters, respectively. The average of 6 indentations was 
taken for each.

3 � Results and discussion

Table 3 summarizes the physical and mechanical proper-
ties of the as-sintered MZ9 and MZY ceramics. The sintered 
compacts of both materials had high densities (99% of 
theoretical density). It can be seen from the table that the 
co-doping with yttria increased the Vickers hardness while 
the fracture toughness decreased, in agreement with pre-
viously published works [32-34].

XRD patterns are shown in Fig. 1 for MZ9 and Fig. 2 
for MZY, both sintered at 1700 °C/4 h. The phase analy-
sis showed only cubic plus tetragonal phases for MZY 
in contrast to MZ9 which contained in addition, 14% 
monoclinic phase. This amount of the monoclinic phase 
indicates the presence of large transformable tetragonal 
precipitates; that transform to the monoclinic phase upon 

(3)HV = 1.854 P∕d2

(4)KIC = 0.0725 P c
−3∕2

Table 2   TZ3YA chemical 
analysis

Chemical analysis Wt.%

Y2O3 5.08
SiO2 0.011
Fe2O3 0.006
Na2O 0.007
Al2O3 0.10
Ig. loss 3.5

Table 3   Physical and mechanical properties of the as-sintered MZ9 
and MZY ceramics

Material Density % of TD HV, GPa K1C MPa√m

MZ9 98.8 ± 0.8 9.9 ± 0.3 6.7 ± 0.26
MZY 99.7 ± 0.2 10.8 ± 0.4 5.5 ± 0.2

Fig. 1   XRD pattern for MZ9, sintered at 1700 °C/4 h
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cooling from the sintering temperature. Recently pub-
lished results showed a monoclinic content of about 50% 
on the sintered, 1500 °C/2 h, sample surfaces for materials 
prepared from dry milled powder mix of TZ3Y and Mg-PSZ 
(8 mol% MgO) [34]. The high monoclinic content might be 
attributed to the use of 8 mol% MgO in Mg-PSZ instead of 
9 mol% MgO in the Mg-PSZ or due to their employing dry 
milling that might have produced heterogeneous pow-
der. In contrast, Mg-PSZ and Mg-PSZ with 1.7 mol% Y2O3 
addition, made by co-precipitation method [33], showed a 
comparable phase analysis to that obtained in the present 
work. This is explained by the heterogeneities appearing 
in the dry milled powder in [34] compared to the homo-
geneity on the molecular level scale obtained by the co-
precipitation technique in [33].

Figure 3 shows the SEM micrograph of the as-sintered 
MZ9. It can be seen from the figure that the microstructure 
is composed of a cubic matrix of large grains 25 μm in 
size, containing very small and finely dispersed lenticular 
tetragonal (t) precipitates beside relatively larger oblate 
shape monoclinic (m) precipitates and white spots of MgO 
rich phase at/or near the grain boundaries. Coarsening 
of some tetragonal (t) precipitates during the sintering 
process can drive their transformation to the monoclinic 
phase during cooling [35, 36]. On the other hand, the SEM 
micrograph of the as-sintered MZY sample (Fig. 4) consists 
of a matrix of large cubic grains of average grain size of 
40 µm containing small finely dispersed lenticular tetrago-
nal (t) precipitates, which retained their tetragonal sym-
metry upon cooling from the sintering temperature. Few 
white spots of the magnesia-rich phase appeared in the 
microstructure. That is to say, the yttria addition inhibited 
the exaggerated growth of the tetragonal precipitates dur-
ing sintering, in agreement with Yamagata et al. [32].

Figure 5 shows the zirconia rich part of the ZrO2-MgO 
binary phase diagram [37]. At 1700 °C, the sintering tem-
perature used in this investigation, the dominant phases 

are the cubic and the tetragonal solid solutions; while in 
the sub-eutectoid temperature range 1400–1240 °C, a 
tetragonal solid solution phase plus Magnesium Oxide 
prevails. At lower temperatures, below 1240 °C, the equi-
librium phases are the monoclinic ZrO2 and MgO.

In the present work, upon sub-eutectoid solution 
annealing at 1000 °C (in the middle of the hatched area, in 
which the composition of the sample used lies), a decom-
position reaction of tetragonal phase (t) to the monoclinic 
phase (m) plus MgO might have taken place for the rela-
tively large sized transformable tetragonal precipitates.

Figure 6 shows the fraction of the monoclinic phase 
formed on the samples’ surfaces of both MZ9 and MZY 
upon annealing at 1000 °C for various periods of time. It 
can be seen that upon solution annealing MZ9 a substan-
tial increase in the monoclinic phase in the sample surface 
occurred, which increased with annealing time. More than 

Fig. 2   XRD pattern for MZY, sintered at 1700 °C/4 h

Fig. 3   SEM micrograph of the as-sintered MZ9

Fig. 4   SEM micrograph of the as-sintered MZY
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90% t → m transformation was measured after anneal-
ing for 240 h. This result agrees with published results 
[36] obtained for zirconia containing 3.6 wt.% MgO when 
annealed at 1000 °C. The coarsening of the transformable 
tetragonal precipitates causes them to lose coherency and 
to transform to the monoclinic (m) phase. The SEM micro-
graph, Fig. 7, illustrates the dramatic deterioration caused 
by the massive t → m transformation after 240  h sub-
eutectoid solution annealing of MZ9 at 1000 °C. It shows 
large incoherent monoclinic precipitates, micro-cracks, 

black spots of large pores, and large white spots of mag-
nesia and magnesia-rich phases.

On the other hand, the MZY samples showed resist-
ance toward the transformation to the monoclinic phase. 
Only 6% of the transformable tetragonal phase was trans-
formed to the monoclinic phase after the same anneal-
ing time. This shows clearly that the destabilization reac-
tion proceeds at a much higher rate with the increase in 
the solution annealing time for MZ9 than it does in MZY, 
where only 23% monoclinic phase was detected on its sur-
face after 700 h solution annealing.

Figure 8 shows the variation of the Vickers hardness 
HV with the annealing time. The MZ9 samples showed a 
dramatic decrease in the hardness, compared to the MZY 
samples which showed only a slight decrease. Figure 9 
shows the increase in the fracture toughness of the MZY 
samples which reached a maximum value of 12.9 MPa√m 
after annealing for 150 h. Meanwhile, the toughness of 
MZ9 decreased from 6.7 to 3.7 MPa√m after the same 
annealing time. Similar behaviours have been reported 
after high-temperature annealing [34], and after low-
temperature hydrothermal treatments as well [38-40]. The 
drastic effects exhibited by the MZ9 samples during sub-
eutectoid solution annealing at 1000 °C/240 h are due to 
the massive decomposition reactions taking place.

Figure  10a shows large cracks emerging from the 
impression corners made by Vickers hardness indenter 
at indentation load 100 N, on the MZ9 sample surface 
annealed at 1000 °C for 240 h, compared to that made on 
the as sintered polished surface (Fig. 10b). Figure 11 shows 
the impression made on the surface of the MZY sample 
annealed for 720 h at 1000 °C, using the same indentation 
load (100 N). The micrograph shows a typical transgranular 

Fig. 5   The zirconia rich part of the ZrO2–MgO binary phase dia-
gram [37]

Fig. 6   The fraction of the monoclinic phase formed on the samples’ 
surfaces of MZ9 and MZY upon annealing at 1000  °C for various 
periods of time

Fig. 7   SEM micrograph of MZ9 after 240  h sub-eutectoid solution 
annealing at 1000 °C
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surface fracture; characteristic of cubic ZrO2, in accordance 
with previously published results [24].

The interpretation of these results can be elucidated 
as follows: first, in the case of MZ9 some of the large 
transformable tetragonal precipitates in the cubic grains 
transform into a monoclinic phase upon cooling from 
the sintering temperature. The rapid growth rate of the 
metastable transformable tetragonal precipitates dur-
ing sub–eutectoid solution annealing at 1000 °C, triggers 
their spontaneous massive transformation to the mono-
clinic phase via the decomposition reaction mentioned 
above, which leads to decohesion and loss of coherence. 
This results in a very weak material composed mainly of a 
monoclinic phase and of poor mechanical strength, as can 
be deduced from Figs. 6, 7, 8 and 9.

Second, the presence of yttria in addition to magne-
sia in MZY, produced a ceramic of large cubic grains con-
taining fine non-transformable tetragonal precipitates as 
mentioned earlier. Upon sub-eutectoid solution annealing 
at 1000 °C, the formation of transformable tetragonal pre-
cipitates by coarsening of the fine non-transformable ones 
took place. More detailed, the fine precipitates gradually 
coarsened which led to their transformation -in escalat-
ing amounts- to the size of the transformable tetragonal 
precipitates, reaching its maximum after 150 h anneal-
ing time. This might explain the increase in the fracture 
toughness of the MZY remarked in Fig. 9; where the stress-
induced transformation toughening came into action. The 
transformable tetragonal precipitates continue to grow 
with annealing time to a certain size where spontaneous 
transformation to the monoclinic phase occurs. This is 
governed by the destabilization reaction of transformable 

Fig. 8   The variation of the Vickers hardness HV with the annealing 
time for sintered MZ9 and MZY

Fig. 9   The variation of the fracture toughness with the annealing 
time for sintered MZ9 and MZY

Fig. 10   a Optical micrograph showing impression of 100 N indentation made on the MZ9 annealed (after sintering and polishing) at 
1000 °C/240 h. b Optical micrograph showing impression of 100 N indentation made on the polished surface of MZ9 sintered at 1700 °C/4 h
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tetragonal (t) coarse precipitates to monoclinic (m) precipi-
tates + MgO; which took place slowly due to the presence 
of yttria. Thus, the content of the stress-assisted transform-
able tetragonal precipitates decreases and consequently 
the fracture toughness. That is to say that during the sub-
eutectoid annealing in the period from 0 to 150 h, the rate 
of formation of the stress-induced transformable tetrago-
nal precipitates was higher than that resulting from the 
destabilization reaction reached after this annealing time. 
However, it should be noted here that the amount of the 
monoclinic phase resulting from the destabilization reac-
tion was initially small and below the detection limit of the 
X-Ray diffractometer. Then it began to increase after 240 h 
annealing time. At this stage and beyond, the formation of 
the stress-assisted transformable tetragonal by coarsening 
of the remaining fine precipitates as well as the destabi-
lization reaction of the coarse precipitates act simultane-
ously. The net result will be a slow rate decrease in fracture 
toughness. This decrease in KIC of MYZ proceeded to reach 
a value of about 8 MPa√m after 700 h solution annealing 
time, which is still higher than the value measured on the 
as-sintered sample. The build-up of the monoclinic phase 
contributes to toughening by creating surface compres-
sive stresses; due to the dilatant nature of the tetragonal 
to monoclinic phase transformation [22, 23, 41]. Surface 
compression acts against crack initiation and cracks propa-
gation during loading, thus strengthening and toughen-
ing the material. The compressive stress decreases with the 
increase in the thickness of the monoclinic layer [42], fol-
lowing the increase in annealing time. This clearly explains 
the observed decrease in KIC after reaching its maxi-
mum value. In general, and more specifically in zirconia 

ceramics, the (t) to (m) phase transformation induces 
compressive surface stresses [25, 43]. This is similar to the 
compressive surface stresses created upon the monoclinic 
phase formation on sample surfaces, induced by grinding 
[22] or even by hydrothermal annealing at relatively low 
temperatures which were accompanied by an increase in 
the flexural strength as well [38-40]. The key factor is the 
stress-assisted transformable tetragonal precipitates: their 
rate of growth and spontaneous destabilization, which is 
controlled by the presence of yttria. In general co-doping 
of zirconia ceramics results in a product of enhanced prop-
erties and better phase stability [44]. Cao et al. found that 
the addition of Yb2O3 to 8.5YSZ also showed better stabil-
ity at very high temperature (1400 °C) [2].

4 � Conclusion

The Zr0.918Mg0.068Y0.014O1.925, (MZY) powder was prepared 
using a wet ball milling process. The sintered compacts 
made from this powder were polished and sub-eutectoid 
solution annealed at 1000 °C for different periods of time. 
The findings of this research can be summarized as follows:

•	 The sintered compacts made from the prepared pow-
der were dense and tough ceramics, and the phase 
analysis showed only cubic plus tetragonal phases for 
MZY.

•	 The yttria (in TZ3Y) addition to MZ9 inhibited the exag-
gerated growth of the tetragonal precipitates during 
sintering.

•	 Coarsening converts the non-transformable tetrago-
nal precipitates to transformable ones, during solution 
annealing at 1000 °C, reaching a maximum after 150 h 
annealing time.

•	 KIC value of 12.9 MPa√m was obtained for MZY after 
150 h annealing time.

•	 The presence of yttria in addition to magnesia slowed 
down the growth rate of the tetragonal precipitates 
and consequently the decomposition transformation 
reaction of the metastable tetragonal phase to the 
monoclinic one upon solution annealing.

•	 The high thermal stability and maintenance of the high 
values of fracture toughness at high temperatures ren-
ders MZY a good ceramic material for high-tempera-
ture applications.
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Fig. 11   Optical micrograph showing impression of 100 N indenta-
tion made on the MZY after annealing at 1000 °C/720 h
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