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Introduction
Plasma spray synthesis and chemical co-precipitation meth-

ods are the main efficient routs for ultra-fine powder production 
as it’s activated a sintering process [1]. The sintering process for 
these powders with identical chemical composition may be very 
different and final structure of a sintered body depends on a par-
ticle size, surface energy strain conserved in the whole system etc. 
[2]. For example, one can obtained hollow-ball particles, which 
forms will stipulate a special morphology structure of materials 
[3]. Applications of ceramics for using as bone-replacement ma-
terial had a special interest now. The most actively developed 
studies in this area are investigations of zirconia ceramic (ZrO2) 
included in ISO register as a material for bone replacement. Ce-
ramics based on zirconia stabilized with magnesium oxide (MgO) 
besides with absence of chemically interaction with body tissues 
and resistant to most ways of sterilization, like γ-irradiation or 
steam autoclave treatment is advantage in comparison with other 
materials. Moreover, magnesium is involved in protein synthesis 
and DNA processes, stabilization of DNA molecules, RNA and ri-
bosomes [4].

Nevertheless, as a material for replacement, zirconia-based ce-
ramics has some disadvantages, such as high elasticity, low limiting  

 
strain and low resistance to crack propagation in comparison with 
bone tissue. Solving the problem of biomechanical compatibility 
of zirconia- based implants may be creation of different type ce-
ramic composites [3,5]. However, in literature there are small data 
about this system with a porosity close as comparable to inorgan-
ic bone matrix structure. The aim of the work is the investigation 
of densification, structure and mechanical properties of materials 
based on zirconia sintered at different temperatures and to study 
its biological properties for possibility for using in osteoimplan-
tology.

Materials and Experimental Procedure

Ceramic samples made from plasma-sprayed ZrO2(Y2O3) and 
ZrO2(MgO) powders produced by Siberian Enterprise Chemical 
Group, following chemical process, as previously described [4]., 
were studied. Samples were obtained by uniaxial compaction at 
180 MPa followed by sintering at 1600 °C with isothermal expo-
sure for one hour. For obtaining porosity approximately 45% to 
the mixtures add 50 vol.% of Ultra-High Molecular Weight Poly-
ethylene (UHMWPE) particles with mean size 100 µm which were 
removed during first sintering stage at 300 °C for one hour. In 
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the result were obtained porosity 43 - 49%. Structure investiga-
tion were carried out on the samples sintered in the temperature 
range 1400 - 1650 °C during isothermal holding from 1 up to 5 
hours after uniaxial compression with the loading speed 4×10-4 
s-1. 

For determination of the exponent of the equation Hollomon 
( kKσ ε= , when σ - true stress; ε- true strain; k - parabolic factor; 
К - constant) [5] all experimental data were re-plotted in “log-log” 
coordinates. For carrying out a phase identification and determi-
nation of the Coherently Diffracted Domains (CDD) [6,7], an X-ray 
analysis of ceramic materials was carried out using diffractometer 
with CuKα radiation in angle interval 10°-115°, with step 0.05° 
and time exposure enough for statistical accuracy better 3%. The 
structure of the ceramics was studied by using scanning electron 
microscope Tescan Vega 3, mechanical properties were studied on 
test machine Devotrans GP.

To evaluate the biocompatibility of porous ceramic materials 
were used Multipotent Mesenchymal Stem Cells (MMSC) which 
had a typical fibroblastoid morphology, demonstrated the ability 
differentiate in adipogenic and osteogenic directions and satisfied 
the minimum criteria for multipotent mesenchymal stromal cells. 
MMSC were extracted from biopsies of subcutaneous fatty tissue 
by enzymatic method. Obtained cells were cultured in growth me-
dium composition DMEM: F12, 10% Fetal Bovine Serum (FBS), 1 
ng / ml basic fibroblast growth factor (b-FGF), 2 mM L-glutamine 
(Sigma-Aldrich, USA), 100 Uits / ml penicillin and 100 ug / ml 

streptomycin (PAA, Austria) and multigas incubation C210 (Bind-
er, Germany) at 37 °C, 5% O2 and 5% CO2. Medium was changed 
every 3 days. To evaluate the cytotoxicity of porous ceramics sam-
ples and to determine the viability of cultured on ceramic surface 
cells were used a combined staining of cells with fluorescein dia-
cetate (FDA; “Life Technologies”, USA) and propidium iodide (PI; 
“Sigma”, USA) after 24 hours and 7 days after inoculation.

To determine the ability MMSC to directed osteogenic differ-
entiation during their cultivating on the surface of porous ceramic 
materials were performed detection of alkaline phosphatase as a 
first marker of osteogenic differentiation. For this purpose, were 
used a colorimetric method based on substrate BCIP / NBT: MMSC 
were seeded on the surface of ceramic samples and cultured for 
14 days, then cells were fixed for 10 minutes in 4% paraformalde-
hyde, 0.5 ml of BCIP / NBT, and incubated at room temperature for 
20 minutes, with following microscopy [8,9].

Results and Discussion

Zirconia powder was characterized by spherical particles and 
their agglomerates, Figure 1 (a). An average particle size was 1.5 
µm. It was measured that specific surface of chemically precipi-
tated powder was equal to 7 m2/g. According to the X-ray data 
the tetragonal phases of ZrO2 was predominant in the amount of 
95 % with an average CDD size 20 nm. An average CDD size of 
monoclinic phase was equal to 20 nm and the same value we have 
obtained from size distribution in TEM investigations, Figure 1(b). 
This means that grains are mono-domain crystals.

Figure 1: (a) TEM image of ZrO2 powder, synthesized by plasma-sprayed method 
(b) and grain-size distribution.

Density dependences during sintering process are represent-
ed on Figure 2 and one can concludes that most intensive den-
sification occurred at heating stage. The analyzing of this depen-
dence using equation of the form ,nL LK

L L
τ∆ ∆

=  - relative shrinkage, 
К -kinetic coefficient; n - constant of densification rate, in log-log 
coordinates, were revealed that n for the samples made from 
plasma-sprayed powder is twice as much as for samples based 
on chemically precipitated powder; 0.1 and 0.04 accordingly [3]. 
X-ray analysis had shown, that the tetragonal phase content in sin-
tered ceramics was decreasing with increasing of the holding time 

up to 5 hours for materials based on plasma-sprayed powder from 
95 up to 60 %, further increasing of holding time didn’t influence 
the phase composition.

Stress-strain diagram of porous ceramics which were gained 
from plasma-sprayed method are presented on Figure 3. The 
obtained stress-strain diagrams had descending branch with a 
monotonic decrease of stress. It is an evidence of damages accu-
mulation in the samples in contrast to the stress-strain diagrams 
of brittle materials with a homogeneous structure. On Figure 3(a) 
are shown the polished surface of the material and (b) pore size 
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distribution. As one can see, were formed porosity two types: with 
a mean size of 94 µm, formed due to UHMWPE particles and with 
a mean size 27 µm. Depending on the composition the average 

pore size varied slightly in the range of 4 microns. Obviously, large 
pores are communicated with each other and may contribute 
MMSC cell adhesion at in vitro studies.

Figure 2: Dependences of relative density on the duration of isothermal holding for ZrO2 powder and kinetic dependences of samples 
shrinkage during isothermal holding.

Figure 3: (a) - Surface of ceramic and 
(b) - pore size distribution in ZrO2(MgO) 50% - MgO 50% ceramic.

Table 1: Properties of sintered composites.

MgO content, % σ, MPa E, GPa Mean pore size of small type, µm and standard 
deviation

Mean pore size of second type, µm and 
standard deviation

0 18.2 1.6 29; sd=19 110; sd=31

25 21 1.8 30; sd=23 104; sd=21

50 28.5 2.4 27; sd=17 94; sd=27

75 32.5 2.3 26; sd=17 101; sd=30

100 33.1 3 28; sd=20 105; sd=27

In a Table 1 are shown results of mechanical properties and 
mean pore size with different content of magnesia. As one can see, 
the maximal strength corresponds to MgO, 33 MPa and with in-
creasing of ZrO2(Mg) content tensile strength reduce to 18 MPa. 
Figure 4(a) shows integral intensity of phases vs. MgO concen-
tration. The intensity of ZrO2 cubic phase peaks decreases with 
increasing of magnesia concentration, but this dependence is non-
linear, which can be explained by the different absorption coeffi-
cient of components. From X-ray patterns it have been calculated 
sizes of Coherent Diffraction Domains (CDD) of phases and its lat-
tice micro distortions. It have been found that with increasing of 
MgO concentration the mean size of ZrO2 cubic phase crystallites 

increases from 400 Å to 600 Å, while the micro distortions de-
crease from 0.025 to 0.01. MgO crystallites size almost does not 
change and its values approximately 60 nm, but lattice micro dis-
tortions decreases from 0.009 to 0.003. On the fracture surface 
mean size of CDD of zirconia and magnesia much larger, this may 
be stipulated intercrystallite type fracture [4, 5].

On Figure 4(b) were shown the micro stresses calculated from 
micro distortions vs. macro stresses obtained from mechanical 
tests. As one can see ceramics strength directly depends on mi-
cro stresses, this means that grain boundaries are very important 
in mechanical properties formation. Micro-damages appearing in 
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the material had local nature and the sample under load retained 
the ability to resist increasing load. A distinctive feature of all the 
σ ε−  diagrams obtained in the experiment was their nonlinear-
ity at low deformations which was described by the parabolic 

law, Figure 5. Moreover, a cyclic loading of samples on parabolic 
section of diagrams did not reveal residual strain. Therefore, the 
nonlinearity in the stress-strain diagrams was due to the elastic 
deformation of ceramics with cellular structure.

Figure 4: (a) Intensity of zirconia cubic phase and MgO of crystal lattice in the composition. 
(b) Dependence of micro- from macro stress of studied ceramics.

Figure 5: Stress-strain diagrams of sintered zirconia with different porosity

The structure of the ceramic materials produced from plas-
ma-sprayed ZrO2 powder was represented as a system of cell and 
rod structure elements, Figure 6. Cellular structure formed by 
stacking hollow powder particles can be easily seen at the images 
of fracture surfaces of obtained ceramics. There were three types 
of pores in ceramics: large cellular hollow spaces, small interparti-
cle pores which are not filled with powder particles and the small-

est pores in the shells of cells. The cells generally did not have 
regular shapes. The size of the interior of the cells many times ex-
ceeded the thickness of the walls which was a single-layer packing 
of ZrO2 grains. The increase of the pore space in the ceramics was 
accompanied by the decrease of the average size of voids inside 
the cells and the average grain size.

Figure 6: (a) Fracture surface of sintered ceramic samples 
(b) and pore size distribution for ZrO2 with 40 % porosity.
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Re-plotting stress-strain diagrams in “log-log” coordinates al-
lowed us to determine the exponent of the equation Holloman [5], 
k - parabolic factor from the experimental data. In this case, the in-
dex takes the value of the power function of the slope of the strain 
diagram in logarithmic scale. Analysis of stress-strain diagrams 
for ceramics with different porosity reveals that the expansion of 
the pore space volume in ceramics structure induces multiple mi-
crodamage during deformation; in so doing, the higher the poros-
ity, the more pronounced the microdamage. This process is mani-
fested in the diagrams as sharp stress drops due to microcracking. 
Microcracks are stops by pores and the material restores the pos-
sibility for an elastic deformation. The region of microcracking 
appearing with increasing of porosity is shifted to the area of high 
stresses and becomes more extended. The stress-strain diagrams 
for ceramics with porosity higher than 20 % are non-liner, which 
is absolutely atypical for the loading curves of sintered materials. 
The slopes in the curves ( )fσ ε=  under active loading up to mi-
crocracking change depending on the porosity value. Such depen-
dences can be described by a power function of the type both for 
the process related with deformation and for the process related 

with compaction of a porous solid, whose manifestation can be 
expected in the given system. In this case, the value of the expo-
nent k is defined by which of the processes - compaction or plas-
tic deformation is the governing one in this material. For purely 
elastic deformation k = 1, for plastic deformation k < 1, and for 
compaction k > 1.

Analysis of the dependence ( )fσ ε=  in logarithmic coordi-
nates shows that diagrams for ceramics with porosity higher than 
∼ 20 % transform to several rectilinear portions and correspond-
ingly have several values of k. The higher the porosity, the lager the 
number of linear portions that can be distinguished. The experi-
mental values of k fit well into the three lines (Figure 7), i.e. there 
is a critical porosity value at which the deformation pattern of the 
porous solid changes drastically - a second exponent of the power 
function arises which is much higher than in the initial state. This 
is most likely associated with a change in the pore distribution 
pattern - from isolated pores to continuous porous structure. The 
material is actually divided into two subsystems deformed in dif-
ferent ways under external loading.

Figure 7: Parabolic factor of the deformation equation vs. porous space volume of sintered ZrO2.

No displacement of material volumes to the pore space has 
been found experimentally and we may thus assume that no com-
paction but only elastic deformation, i.e. elastic interaction of 
elementary volumes in the porous structure, takes place. These 
data were explained early [3,10,11], and it have been shown that 
in such system one can observed of losses deformation stability 

of cell-like or rod-like structures formed in ceramics during sin-
tering. According to these estimates, even at stability loss in rod-
shaped structures with a small number of elements they may 
undergo noticeable macro deformation in the elastic region as 
structural elements, which are observed experimentally.

Figure 8: Parabolic factor of the deformation equation vs. porous space volume of sintered ZrO2.
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Sintered ceramic with a high porosity obtained in this study 
has a very similar behavior as compare with natural bone, Fig-
ure 8. As one can see from figure a stress-strain diagrams of these 
materials has same peculiarities - microcracking on active load-
ing and damages accumulation after maximum stresses. There-
fore, this ceramic can be used as perspective material for bone 
replacement. Determining of MMSC ability to aimed osteogenic 
differentiation during their cultivating on the porous ceramic 
samples was performed by alkaline phosphatase detection, which 
is a first marker of osteogenic differentiation. Figure 9(a) shows 
undifferentiated MMSC which do not express or weakly express 

alkaline phosphatase and give only background staining with add-
ing of reagents. After 7 days of culturing were observed various 
degree of cells propagation with the highest activity on the com-
position with 25% of MgO concentration. Figure 9(b) shows the 
results after 14 days of cultivation in osteoinductive medium cells 
differentiate into osteogenic direction and give saturated media 
staining with colorimetric detection of alkaline phosphatase. The 
mean cell viability on the ceramic surfaces was about 93%, which 
is comparable to cell viability before planting. In addition, should 
be noted the presence of cell clusters in the pores, which may be 
described by their proliferation.

Figure 9: Detection of MMSC alkaline phosphatase. Transmitted light microscopy.
a.	 Undifferentiated MMSC. 
b.	 Cultured for 14 days MMSC which differentiate into osteogenic direction are painted.

Conclusion
a.	 It has been shown that the most intensive densification of 

zirconia-based ceramics sintered from plasma-sprayed pow-
ders is took place during heating stage. It has been shown 
that during sintering of porous ceramic were formed bimodal 
porosity structure with mean size 25-30 and 90-110 µm.

b.	 Ceramic strength directly depends on micro stresses and at 
high micro stresses ceramic has a low strength.

c.	 It was shown that the “stress - strain” diagrams on the initial 
stage of deformation has a nonlinear behavior with high par-
abolic factor of strain-stress curves. It has been shown that 
fracture of the materials was observed from the elastic area 
and has rod-like or cellular-like parts in its structure.

d.	 Sintered ceramic with a high porosity has a very similar be-
havior as compare with natural bone and can be used as per-
spective material for bone replacement.

e.	 In vitro studies were showed that the tested materials are not 
cytotoxic, cultured MMS cells on the surface of the samples 
have high viability and osteogenic differentiation ability, and 
the presence of cell clusters in the pores of the samples may 
indicate their proliferation.
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