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Abstract

In this study, amorphous ZnO-containing calcium silicate nano powders were prepared by sol-gel technique and then cal-
cined at different temperatures; namely, 600, 800 and 1000 °C, to study their crystallization. The synthesized powders were
examined by X-ray diffraction (XRD) technique, Fourier transform infrared spectroscopy (FTIR) and transmission electron
microscopy (TEM). Then, the synthesized powders were sintered at different temperatures. The sintered ceramics were exam-
ined for their physical properties, microstructure, mechanical properties and electrical properties by the suitable techniques.
The results revealed that the synthesized nano powders were amorphous even after calcination up to 800 °C. By increasing
the calcination temperature into 1000 °C, crystalline calcium silicate ceramic was formed. The average particle size of this
crystalline material was 50 nm with lower agglomeration among the others calcined at low temperatures. Regarding to the
sintered ceramics, the bulk density, fracture toughness and electrical conductivity were increased with increasing both sin-
tering temperature and zinc content. On the other hand, microhardness, compressive strength, elastic moduli and Poisson's

ratio were increased with increasing sintering temperature and decreased with increasing the zinc content.
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1 Introduction

Calcium silicates are a class of ceramics which include cal-
cium, silicon and oxygen with various proportions. These
elements form many phases and compounds that can be
applied as cementitious materials, biomedical, refractory
and nuclear applications [4, 21, 22, 53, 59]. For this class
of materials, the molar ratio of calcium/silicon is always
ranged between 0.5-3.0 [43]. The wet chemical synthesis of
these materials might give amorphous powder which gives
crystalline phases when fired at high temperature. One of
the most interesting systems of these materials is CaO-ZnO-
Si0, system which has not been intensively studied in the
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literatures. The following stoichiometric compounds can
be formed under the effect of temperature and according to
percentage of these oxides, namely, tridymite and cristo-
balite SiO,, pseudo wollastonite and wollastonite CaSiOs,
rankinite Ca;Si,0,, willemite Zn,SiO,, and melilite (har-
dystonite) Ca,ZnSi,0,. Also, some solid solution phases
as dicalcium-silicate (Ca,Zn),SiO,, tricalcium-silicate
(Ca,Zn);S10s, lime (Ca,Zn)O, and zincite (Zn,Ca)O can
be formed in addition to Ca—Zn feldspar CaZnSi;Og4 and
petedunnite (pyroxene) CaZnSi,Og phases [19].

It has been recognized that the credit for manufacturing
of silicate bioglass goes back to Hench on 1971 [24], who
discovered these important species to be utilized in many
biomedical applications. Since then, the field has expanded
thanks to extensive work by scientists around the world
examining different types of bioceramics and bioglasses for
the needs of clinical community [3, 46]. Consequently, sev-
eral researchers have discovered silicate-containing ceramics
or glasses based on their potential for use in hard/soft tis-
sue repair. This recommendation is strongly related to their
astonishing properties such as appropriate mechanical prop-
erties, excellent biocompatibility as well as great ability to
promote the cellular attachment and osteoblasts proliferation
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[37, 55]. However, caution must be taken when preparing
silicate materials in the conventional manner where they lose
their ability to bind with living tissues when silica content
raises to higher than 55 mol% [52]. Thus, one way to over-
come this difficulty is to prepare silicate materials with the
help of sol—gel technology or other methods for synthesis
of nano materials considering that these methods offer the
preparation of desired silicates not only in high purity but
also in different forms such as powders and thin films with-
out the need for high temperature [11, 12, 44]. In compari-
son with the materials prepared by conventional methods,
the sol-gel technique gives better bioactivity behavior to
prepared materials [1, 5, 29].

It is well common that obtaining optimal biomaterials
for orthopedic applications has not been reached yet owing
to the massive physical, chemical, biological properties
required for such purpose. For example, obtaining biomate-
rials with outstanding electrical properties has attracted the
interest of specialists in this field with the goal of achiev-
ing better stimulation of bone growth, induction of osse-
ointegration and increased bone density [8]. Furthermore,
the excellent antibacterial effect of human bone implants is
highly recommended due to the possible infection arising
from surgical operations. In addition, suitable mechanical
and tribological properties are in a high demand. For this
purpose, metal oxides (MO) can be added to the prepared
materials to contribute in improving of the aforementioned
properties [9, 10, 34].

Zinc oxide (ZnO) is classified as a semiconductor mate-
rial with characteristic that falls between ionic and covalent
semiconductors. It has been applied for various applications
such as electronics, optoelectronics, and laser technology
because of its broad energy band, high bond energy, and
strong thermal and mechanical stability at ambient tempera-
ture. Because of its piezoelectric and pyroelectric capabili-
ties, ZnO may be employed as a hydrogen sensor, converter,
energy producer and photocatalyst. It is used in ceramics
sector owing to its hardness, stiffness, and piezoelectric
constant, while it is also applied in biomedicine and pro-
ecological systems due to its low toxicity, biocompatibility,
biodegradability and its antibacterial activity [31]. It should
be noted that Zn is a prevalent element in both human and
natural settings, and it is involved in a wide range of biologi-
cal activities. Zn as an important trace element or micronu-
trient is required for optimal development and reproduction
in all higher plants, animals and humans. It also performs
an immunological function and plays a critical role during
physiological development. It is required for the action of
over 300 enzymes, the stability of DNA, and the expression
of genes [20]. In keeping with the above-mentioned amazing
properties, it also shows excellent antibacterial effect which
makes it one of the good choices for biomedical applica-
tions [26].
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The main purpose of this research is to prepare amor-
phous/crystalline nano CaO-Si0,-ZnO materials with vary-
ing the concentration of ZnO between 2 and 5 mol.%, using
the sol—gel process to be applied for different applications.
Powder characterization and sintering at different tempera-
tures are also considered in this study. The sintered ceram-
ics are subjected for investigation of physical properties,
microstructure, surface roughness, mechanical properties
and dielectric characteristics.

2 Materials and Experimental Methods
2.1 Materials

Zinc chloride (98%), tetraethyl orthosilicate (TEOS 99%),
calcium nitrate tetrahydrate (Ca(NO;),-4H,0, 98%), hexa-
cetyltrimethylammonium bromide (CTAB 98%), absolute
ethyl alcohol (C,HsOH) and ammonia solution (NH,OH)
were supplied from Sigma-Aldrich.

2.2 Experimental Methods
2.2.1 Synthesis of CaO-ZnO-SiO, Powders by Sol-Gel

Two calcium silicate samples doped with ZnO were syn-
thesized by sol-gel technique. The mole percentages of
these samples were Zn:Ca:Si=2:13:85 and 5:10:85 (i.e.
Ca(y5.4)-Sigs-Zn, (x=2 and 5)) as illustrated in Table 1.
Firstly, CTAB was dissolved with the help of appropri-
ate amounts of C,H;OH and NH,OH with keeping the
pH=12.5. Then after, Ca(NO;),-4H,0 and ZnCl, were
dissolved in that solution. Apart from this solution, TEOS
was liquefied alone in C,H;OH and mixed with the former
prepared solution under mechanical stirring for 20 min. This
prepared liquid was subjected for stirring 24 h by mechani-
cal stirring until the reaction is completed. The prepared
concentrated suspension was undergone for washing for
many times then centrifuged at 3000 rpm for 10 min. and
finally dried at 100 °C for 24 h. The synthesized powder was
calcined at various firing temperatures, e.g. 600°, 800° and
1000 °C for 2 h at 5 °C/min.

2.2.2 Investigation of Prepared Powders

The qualitative phase-composition of synthesized ceramic
powders fired at 600°, 800° and 1000 °C were examined by
X-ray deffractometer model “Philips PW 1373" with Ni fil-
ter, Copper Ka-radiation with scan speed of 0.5 min~'. The
function groups of synthesized ceramics were predicted by
Fourier transform infrared (FTIR) tool, model Jasco 300E
Japan, at 25 °C utilizing KBr disc-method in the wave num-
ber ranged between 4000 and 400 cm™! under 32-scans at
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2 cm™! resolution. The morphological features and particle-
sizes of synthesized powder fired at 600°, 800° and 1000 °C
were inspected by transmission electron microscope attached
by selected area electron-diffraction (TEM-SAED), model
JEOL-JEM 2100 Japan, worked at accelerating-voltage of
120 kV.

2.2.3 Sinterability of Synthesized Powders

The Ca0O-ZnO-Si0, powders calcined at 1000 °C were
pressed at 50 MPa in cylindrical stainless steel mold having
dimensions 16 mm length and 4 mm diameter. The com-
pacted specimens were subjected for sintering process at
different temperatures; namely 1000°, 1100°, 1200° and
1300 °C for 2 h in surrounding atmosphere and heat-rate
5 °C/min.

2.2.4 Investigation of Sintered CaO-ZnO-SiO,

The bulk density and apparent porosity of sintered speci-
mens were measured giving the Archimedes' principle
described elsewhere [40, 49], according to ASTM C20.
Three specimens were used for each test and the average
value was recorded. The microstructure of specimens sin-
tered at 1100° and 1300 °C was investigated by scanning
electron microscope (SEM) model “Philips XL.3000”.
The roughness of sintered samples was evaluated utiliz-
ing Gwyddion software version 3.32, to change the two-
dimension (2D) FE-SEM images into three-dimension (3D)
micrographs. On the other hand, microhardness and frac-
ture toughness as well as compressive strength of sintered
silicates were determined giving the ASTM-B933-09 and
ASTM-ED9, respectively [54, 56]. The ultrasonic longitudi-
nal- (V2L) or shear-wave-velocity (st) transmitted through
the specimens has been recorded at 25 °C by Pulse-echo
technique MATEC-Model-MBS8000-DSP with 5 MHz res-
onating. The Lame's parameters (A and p) were calculated
from V2 and Vg as described elsewhere [16, 55]. The alter-
nating current electrical-conductivity, dielectric-constant
and dielectric-loss of sintered specimens were determined
at 25 °C by broadband dielectric system.

3 Results and Discussion
3.1 Characteristics of Synthesized Nano Powders

The effect of calcination temperature on phase composition
of prepared nano CaO-SiO,-ZnO powders as investigated
by XRD technique is shown in Fig. 1. From this figure, it
is indicated that both calcium silicate materials calcined at
600 and 800 °C have almost amorphous glassy structures
since no intense peaks of crystalline phases that arise from
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Fig.1 XRD patterns of a) Zn2 and b) Zn5 samples fired at 600, 800
and 1000 °C

the lattice periodicity, are appeared in the patterns. Only
very small broad peak at 20 equal 20-30° related to amor-
phous silica is detected with the presence of few small peaks
related to incomplete calcined hydrate silicate phases (at
600 °C) or premature crystalline silicate phases (at 800 °C).
In contrast, after elevating the calcination temperature into
1000 °C, the aforementioned feature (amorphousity) is dis-
appeared with formation new diffraction peaks reflecting
the complete transformation of amorphous glassy structures
into crystalline ones; namely into SiO,, calcium silicate (CS;
CaSiO;) and ZnO. The patterns indicate that the main crys-
talline phase at this temperature is silica with the existence
of formed CS; the amount of this phase might increase after
increasing the firing temperature. The appearance of ZnO is
not confirmed in the sample that contains 2% ZnO since it
is below the detection limit of XRD technique. It is worth
to mention that the crystalline phases of SiO,, CaSiO; and
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ZnO are identified according to (intensified charge coupled
devices) ICCDs 86-1629, 84-0655 and 89-5899, respec-
tively. This means that the prepared materials are composed
of silica matrix around crystalline calcium silicate and the
calcination at the proposed temperatures leads to stabiliza-
tion the matrix [32]. This material can be applied as filler in
injectable replacements which can release silicate, Ca and
Zn ions then induce bioactivity and antibacterial activity. It
is important to emphasize that the obtained findings are well
supported by those discussed in Refs. [7, 32].

It is well known that FT-IR spectroscopy provides accurate
analysis of a building’s structure and the bonding configu-
ration of materials. In this regard, FTIR spectra of prepared
powders fired at various temperatures are shown in Fig. 2.
The recorded FT-IR absorption bands are investigated with
the help of articles published elsewhere [2, 6, 28, 30, 41, 50].
It is worth mentioning that the increase of zinc content and
calcination temperature has a significant effect on the struc-
ture and on the formed function groups of bioactive silicates
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Fig.2 FTIR absorption spectra of a) Zn2 and b) Zn5 samples fired at
600, 800 and 1000 °C
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containing-materials. These silicates open-networks are com-
posed mainly of -SiO, tetrahedrons and can accumulate alkali
or alkaline earth positive ions which are considered as network
modifiers and cause breaking of the network due to break down
of Si—O-Si links with the formation of none bridging oxygen
groups (Si—O-NBO) [41]. This situation considerably differs
in case of Zn since it can enter the silicate network partly (cre-
ating Si—O-Zn links) i.e. partly replacing SiO, by ZnO,. The
other part can behave as network modifiers for enhancement
of the chemical stability with the formation of none bridging
oxygen groups (Si—O-NBO) [58]. The existence of calcium
and zinc in silicate materials lead to enhancing the chemical
stability which slowdown the silicate degradation rate.

As seen in FTIR spectra of calcium silicates calcined at
600 °C, the weak band near 1450 cm™! is attributed to C-O
bending vibration of CO;>~ anion that might be produced
as a consequence of carbonation process for calcium sili-
cate from surrounding atmosphere as a result of relatively
high calcium content in the prepared materials. At 800 °C,
this band decreases while it is completely vanished after
calcination at 1000 °C due to de-carbonation of materials.
For the samples calcined at 600 and 800 °C, tiny band at
1380 cm™! is appeared in the spectra. This band is attrib-
uted to anti-symmetric stretching vibration of NO;~ anion
that comes through the remaining traces of nitrate reactants.
Due to the evaporation of NO, gas during calcination at
1000 °C, this band practically vanishes indicating that fired
materials have no free nitrate. The small band at 1200 cm ™"
is ascribed to symmetric stretching vibration of Si—O-Si
bond, whereas bands at 800 and 450 cm™! are attributed to
bending vibrations of Si—O and Si—O-Si bonds, respectively.
The intensity of these two bands increases with increasing
calcination temperature due to increasing the crystallinity.
The formation of crystalline SiO, generates a substantial rise
in intensity with a considerable shift of the bands when the
calcination temperature is increased to 1000 °C. Small band
corresponding to stretching vibration of Si—O bonds with
one NBO, i.e. (Si-O-NBO) per SiO, terahedron (Q3 groups)
is detected at 900-975 cm™! for the samples calcined at 600
and 800 °C. The absence of this band (Si—~O-NBO) in the
samples calcined at 1000 °C reflects a considerable increase
in the local symmetry of the silicate network. Also, the lower
field strength and electronegativity of Ca ions compared to
Zn ions is responsible for the complete crystallization of the
parent glass into calcium silicate ceramic as discussed before
Eniu et al. [15]. The strong band centered at 1050 cm™!is
also attributed to the Si—O—Ca bond's stretching vibra-
tional mode. This band indicates that Ca is inserted into
the silicate-glass system owing to the existence of alkaline
medium (as mentioned in experiments) but if this was in
acidic medium, it would give heterogeneous Ca spread-
ing. It should be noticed that the sharpness that occurs in
bands located in the range 1250-800 cm ™! after calcination
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at 1000 °C indicates the increasing of polymerization and
organization for calcium silicate glasses. Therefore, crys-
tallization is successfully carried out and calcium silicate
ceramic is formed. New small bands at 630 and 700 cm™" are
developed after calcination at 1000 °C,these bands are indi-
cating the formation of crystalline calcium-silicate phase. It
has been recognized that the band of Zn—O bond is detect-
able in the range of 400450 cm™!, so in the current spec-
tra, this band is confused with the broad band of Si—-O-Si
appeared at 450 cm™'. It is expected that the band of Zn—O
is more detectable for the sample Zn5 than Zn2 which con-
tains lower amount of ZnO. With increasing the temperature,
the bands in the range between 800 and 1250 cm™! become

Fig.3 TEM images and SAED
patterns of Zn2 sample fired at
(a) 600, (b) 800 and (c) 1000 °C

sharper with the formation of Zn—O-Si and Ca-O-Si bonds in
the produced materials and consequently the polymerization
and crystallization are increased. It is worth noticing that the
IR results obtained are equivalent to those acquired by XRD.

TEM-SAED was employed to examine the particle size
and morphology as well as diffraction pattern of all pre-
pared samples calcined at different temperatures as shown in
Figs. 3 and 4. By careful analysis of TEM images (Figs. 3a
and 4a) obtained for the material calcined at 600 °C, it is
easy to observe that the particles have a high degree of
agglomeration, they are very fine and still nearly to gel
structure like the as-synthesized form. The reason behind
this agglomeration is the extreme reactivity of fine and
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Fig.4 TEM images and SAED
patterns of Zn5 sample fired at
(a) 600, (b) 800 and (c) 1000 °C

34.6 nm

44.8 nm

100 nm

amorphous particles so they haven’t defined morphology but
they are still in gel structure. However, the gradual increase
in calcination temperature into 800 and 1000 °C is responsi-
ble for considerable reduction in this undesirable agglomera-
tion and for the emergence of the specific shape of particles.
Well-defined edged and spherical particles are formed after
increasing the calcination temperature into 800 and 1000 °C
due to increasing the crystallinity. This is confirmed by the
results of SAED; it can be seen that the samples calcined
at 600 and 800 °C have an amorphous structure with no
indication of crystal planes. On the opposite side, samples
calcined at 1000 °C show polycrystalline diffraction rings
belonging to CS, SiO, and ZnO, which may be recognized
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using the JCPDS card no.: 84-0655, 86—-1629 and 89-5899,
respectively. After calcination at 1000 °C, the particles are
still in the nanoscale range with an average size of 39 and
37 nm for Zn2 and Zn5 samples, respectively.

3.2 Properties of Sintered Ceramics

3.2.1 Physical Properties

It has been documented that the porous structure of bio-
materials has a significant influence on their bioactivity

since it improves the growing of apatite layer, similar to
natural bone, on their surfaces and supports the path of
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physiological fluids to bone center [14, 49]. Thus, the appar-
ent porosity and bulk density of bio-materials are important
parameters and should be assessed. The bulk-density and
apparent-porosity of CaO-SiO-ZnO ceramics sintered at
1000°, 1100°, 1200°, and 1300 °C, are depicted in Fig. 5.
The substitution of Ca by Zn results in a substantial rise in
density values and decrease in apparent porosity. Two con-
siderations can be presented to interpret this result. One of
these consideration is the substitution of lighter CaO (den-
sity =3.34 g/cm® and atomic mass=256.07) with heavier
ZnO (density =5.61 g/cm® and atomic mass = 81.39) result-
ing in a noticeable rise in bulk density values. Secondly,
the addition of zinc oxide leads to increase the diffusion of
grains and increasing the densification though the formation
of solid solution and/or intermediate phases in the CaO-
Zn0-Si0, system. This interpretation is closely supported

by those described in Ref. [15, 51]. It also indicated that the
increase of sintering temperature has a significant impact on
increasing the densification of sintered samples and closing
pores. This is due to the diffusion of grains which promotes
densification and grain growth [52] through the creation of
necks and closed-off pores. This increases the bulk density
and decreases the apparent porosity with increasing the sin-
tering temperature [23, 46]). It should be emphasized that
while porosity increases the biological performance of bio-
materials, it has a negative influence on their mechanical
characteristics,therefore striking a balance between apparent
porosity and mechanical properties of biomaterials is critical
issue [26].

3.2.2 Microstructure and Surface Roughness of Sintered
Bodies

It is well known that the biological activity of materials
is profoundly influenced by their microstructure, surface
roughness and morphological properties [21]. Figures 6
and 7 show SEM images of calcium silicate ceramics
that contains 2 and 5% ZnO sintered 1100 and 1300 °C,
respectively. For the samples sintered at 1100 °C, interest-
ing microstructures are obtained. Most of grains are hollow
and some of them are compacted flat grains,the grain sizes
are ranged between 1-5 pum. The formation of like-hollow
grains is probably due to recrystallization and beginning of
building flat edged grains as appeared in the microstruc-
ture of samples sintered at 1300 °C (Fig. 7). Also, some
liquid phases are appeared around the grains. Moreover, both
microstructures are permeable; the pore sizes and pore num-
bers are larger in the sample that contains 2% ZnO with the
formation of small microcraks. Generally, these microstruc-
tures are relatively homogenous in grain sizes and shapes
(Fig. 6). The creation of porous microstructure suggests that
this temperature is insufficient to produce complete dense
materials although it might be beneficial in some case for
biomedical applications. For the samples sintered at 1300 °C
(Fig. 7), the microstructures are relatively changed. Most of
grains become flat and edged with very little hollow grains
still unchanged. The microstructures are homogenous and
compacted with relatively grain growth. The grains sizes
are ranged between 5-10 um. A few pores are appeared in
the sample that contains 2% ZnO. The doped zinc oxide is
appeared as white spots in the gray grains of calcium silicate
ceramics; its amount is higher in the microstructure of the
sample that contains 5% ZnO (Fig. 7b). Furthermore, some
liquid phase thin films are detected on the grain boundaries.
Also, some micro cracks are appeared in the microstructures.

Since the surface mapping of biomaterials is important
for better understanding of how biomaterials interact with
biological tissues which leads to osseointegration, thus
this work is concerned with studying the surface roughness
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Fig.6 SEM Images of Zn2 (dif-
ferent magnifications; a&b) and
Zn5 (different magnifications;
c&d) sintered at 1100 °C

Fig.7 SEM Images of Zn2 (dif-
ferent magnifications; a&b) and
Zn5 (different magnifications;
c&d) sintered at 1300 °C

Micro cracks

-

. .

Zinc oxide

of sintered specimens [39]. Figures 8 and 9 depict the sur-
face roughness micrographs of calcium silicate ceramics
that contains 2 and 5% ZnO sintered 1100 and 1300 °C,
respectively. On the other hand, Table 2 illustrates the
extracted parameters of surface roughness for the same
samples. It can be seen form Figs. 8 and 9 and Table 2 that
the roughness of the samples sintered at 1100 °C is higher
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Flat grains

than that sintered at 1300 °C. Also, a relatively similar
roughness is obtained for the samples that contain 2 and
5% ZnO. The higher roughness of the samples sintered
at 1100 °C is due to the higher porosity and formation of
hollow grains after sintering at this temperature. As stated
in Refs. [27, 39], the binding of osteoblast increases with
increasing surface roughness. The increasing of surface
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Table 1 Batch compositions of the prepared Zn-containing calcium Fig.9 Surface roughness of

silicates (a) Zn2 and (b) Zn5 samples 100
— - — sintered at 1300 °C o

Sample code Calcination tempera- Chemical composition 0.00 pm

ture (°C) (mol.%)
Si Ca Zn
Zn2 600 85 13 2
800
1000
Zn5 600 85 10 5
800
1000

roughness leads to increasing the specific surface area and
consequently accelerates the chemical reactions responsi-
ble for cell binding. The achieved surface roughness values
are within the anticipated range for cell proliferation [38].

3.2.3 Mechanical Properties of Sintered Ceramics

It has been established that the mechanical properties of bio-
materials effect seriously on their therapeutic applications.
These characteristics depend mainly on the sintering tem-
perature, type of material and additives as well as the physi-
cal properties of sintered materials that might enhance or
deteriorate the mechanical properties of biomaterials which
consequently reflect on the biological properties [45, 57].
In this context, micro-hardness (Hv) and fracture-toughness
(Kc) of the prepared ceramics (Zn2 and Zn5) sintered at
different firing temperatures are shown in Fig. 10, while
their compressive-strength is presented in Fig. 11. On the
other hand, longitudinal- and shear-velocities are displayed
in Fig. 12, while the Young's-modulus (E), longitudinal-
modulus (L), bulk-modulus (K), shear-modulus (G) and

1.00 pm
0.00 pm

1.00 pm
0.00 pm

Fig.8 Surface roughness of (a) Zn2 and (b) Zn5 samples sintered at
1100 °C

Poisson's-ratio (v) of both bioceramics (Zn2 and Zn5) fired
at various temperatures are and represented in Fig. 13. The
obtained results indicate that the increase in ZnO content
from 2 to 5 mol.% and the increase of sintering temperature
from 1000 to 1300 °C are responsible for improving the frac-
ture toughness of prepared sintered bioceramics (Fig. 10).
This finding gives these materials great significance because
the enhancement of fracture toughness is responsible for the
long-term clinical success of biomaterial after implantation
in the human body. However, the increase in Zn content
leads to a slight reduction of other mechanical properties
(hardness, compressive strength, elastic moduli and Pois-
son ratio),while the increasing the sintering temperature up
to 1300 °C leads to improving the mechanical properties
(Figs. 10-13). It is important to obtain biomaterials hav-
ing comparable mechanical properties with those of human
bone; otherwise the surrounding bone will suffer from
the stress-shielded effect that severely weakens the bone.
Despite the importance of matching the mechanical proper-
ties of biomaterials with those of living bone as mentioned
before, increasing microhardness of a material reflects its

Table 2 Roughness parameters of biomaterials sintered at 1100 and
1300 °C

Parameters 1100 °C 1300 °C
Zn2 7Zn5 Zn2 Zn5

Ra (nm) 41.5 42.1 31.6 322
Rq (nm) 53.5 57.0 40 41.8
Rt (nm) 434.7 532.8 311.9 398.6
Rv (nm) 224.0 251.0 144.7 221.9
Rp (nm) 210.7 281.8 167.1 176.8
Rpm (nm) 16.12 170.9 117.9 148.8

Ra: Roughness average

Rq: Root mean square roughness

Rt: Maximum height of the roughness
Rv: Maximum roughness valley depth
Rp: Maximum roughness peak height

Rpm: Average maximum roughness peak height
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higher wear resistance. This topic is extremely important to
ensure the protection of these implants from the friction as
a result of body weight and external loads. In other words,
the identification of whether the suitable mechanical proper-
ties are high or matching those of bones is strongly based
on whether these materials will be used for load-bearing or
non-load-bearing sites applications.

Although the increasing of ZnO leads to slight decrease in
porosity which is known to have positive effect on the hard-
ness and compressive strength of materials, slight reduction
in hardness and compressive strength is obtained. This is
owing to the lower hardness value of sintered ZnO (1.5-1.83
GPa) as compared to that of silicate phases (6-8.5 GPa) [42,
48]). Increasing the sintering temperature up to 1300 °C,
leads to increasing the grain-grain interaction with closing
the pores which consequently enhances the hardness and
compressive strength of the prepared materials. Figure 13
shows the values of elastic moduli of prepared bioceramics
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Fig. 13 Elastic moduli, i.e.
a) Young’s, b) longitudinal,
¢) bulk and d) shear modulus
and e) Poisson’s ratio, of the
samples sintered at different
temperatures
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sintered at different temperatures. The same behavior is
also indicated,the elastic moduli exhibit slight decrease
after increasing ZnO content while they are increased after
increasing the sintering temperature. The decrease in elas-
tic-moduli with increasing the ZnO content is due to the
lower elastic-moduli of ZnO as compared to that of silicate
phases. The increase in elastic moduli with increasing of the
sintering temperature is owing to the decrease in porosity
and densification of sintered bioceramics. The bioceram-
ics which have higher elastic moduli are not recommended
for biomedical applications since the higher moduli values
result in shielding stress due to the mismatching with those

L
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[
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of human bone which causes some problem at the interface
between the implant and the human bone [33]. However,
osseointegration capability of CaO-ZnO-SiO, generates a
strong bond at its interface with bone and reduces the prob-
ability for fracturing and delamination. For inhibition the
bone absorption afterward implantation, lower elastic mod-
uli is needed for biomaterials.

3.2.4 Electrical Characteristics of Sintered Ceramics

It has been recognized that the promotion of bone growth
is seriously improved by biomaterials that have good
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Fig. 14 Electrical conductivity at 1, 5, 10 and 20 MHz for a) Zn2 and
b) Zn5 samples sintered at different temperatures

electrical properties. So it is important to study the elec-
trical-conductivity, dielectric-constant and dielectric-loss
at different frequencies, i.e. 1, 5, 10 and 20 MHz for
prepared materials sintered at different temperatures as
shown in Figs. 14-16. It can be seen from Fig. 14 that the
AC conductivity increases not only with increasing Zn
content but also with increasing the sintering tempera-
ture and applied frequency. This observation is consistent
with the fact that electrical conductivity is a property that
is influenced by many factors such as chemical composi-
tion, microstructure and porosity of sintered materials,
as well as applied frequencies [35]. Based on this idea,
the frequency change from 1 to 20 MHz, the replace-
ment of Ca by Zn (up to 5 mol%) and the increase in
sintering temperature up to 1300 °C are the main factors
affecting the electrical conductivity of the investigated

@ Springer

(ii) the increasing of frequency up to 20 MHz facilitates
the movement of charge carriers to move freely and thus
increases the conduction mechanism of these samples
[17] and (iii) obtaining dense microstructure with lower
porosity after sintering at 1300 °C is the critical point to
reach the best electrical conductivity. The reason for the
positive effect of sintering temperature on the electrical
conductivity is that the significant drop in porosity facili-
tates the electron transport. Since the pores in sintered
samples are nonconductive, free electrons collide with
a smaller number of pores on their path, so the electri-
cal resistivity is decreased [47]. The results obtained are
matched with those described elsewhere [36].

The following equation [13] is used to illustrate the mate-
rial's complex dielectric constant:

e=¢ +je" (1)

Since: €' refers to real component of dielectric-con-
stant which measures the stored energy from the applied
electric-field and defines the alignment of dipoles in
the material. In contrast, €" indicates the energy wasted
in the dielectric and refers to imaginary component of
dielectric-constant, i.e. dielectric-loss.

In ceramic materials, the charge carriers cannot move
freely unless an alternating field is applied to cause
polarization [25]. As the frequency rises, the charge car-
riers transfer across the dielectric and become trapped
against a defect site, where they generate an oppos-
ing charge, slowing the migration of charge carriers
and lowering the value of the dielectric constant [18].
Therefore, as indicated in Fig. 15, the dielectric constant
decreases with increasing frequency. It is also indicated
from Fig. 15 that the dielectric constant decreases with
increasing ZnO content and increases with increas-
ing sintering temperature. The reduction of dielectric
constant with increasing the zinc oxide amount can be
explain by the fact that ZnO has good dielectric proper-
ties, low dielectric loss, and high electrical resistivity
than calcium silicate phases. The increasing of dielec-
tric constant with increasing the sintering temperature
is owing to reduction of porosity with increasing the
grain boundary connection and structural properties
improvement. On the other side, the frequency depend-
ence of dielectric loss is closely related to conductance,
ion relaxation, deformation, and vibration. Conductance
and ion relaxation are the major sources of dielectric loss
at low frequencies. While, the other two factors become
more prominent at higher frequencies. As seen in Fig. 16,
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the dielectric loss decreases with increasing frequency,
sintering temperature and ZnO content. This is due to the
aforementioned reasons.

4 Conclusion

In this work, nano amorphous and crystalline calcium
silicates doped with various mole percentages of ZnO
were successfully prepared by sol-gel method after
calcination at different temperatures, i.e. 600, 800 and
1000 °C. The materials retained amorphous after cal-
cination up to 800 °C, but they changed into crystalline
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Fig. 16 Dielectric loss at 1, 5, 10 and 20 MHz for a) Zn2 and b) Zn5
samples sintered at different temperatures

after calcination at 1000 °C. When those powders sin-
tered at different temperatures exhibited good physical,
mechanical and electrical properties. With increasing
both sintering temperature and ZnO concentration, the
bulk density, fracture toughness and electrical conduc-
tivity were increased. On the other side, the hardness,
compressive strength, elastic moduli and Poisson ration
were increased with increasing sintering temperature and
decreased with increasing zinc content.
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