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ZrO,-Ni COMPOSITES - PROPERTIES AND CHARACTERIZATION

In recent years dynamic progress has been seen in almost all areas of engineering materials. It has contributed to the
development of new, innovative materials such as composite materials. Nowadays, a great deal of research is focused on ce-
ramic/metal composites due to their potential to be used in many applications. An example of such a material is ZrO,-Ni
composites. This paper describes ZrO,-Ni composites formed by uniaxial pressing and sintering in an argon atmosphere. The
microstructure, selected physical and mechanical properties such as hardness, fracture toughness and the biaxial strength of
the composites were investigated. The sintered composites had a relative density close to 99% of the theoretical density. The
distribution of the component phases was uniform. It was found that the presence of Ni particles affects the mechanical prop-
erties of the ZrO, matrix. It was also revealed that the composites exhibit a lower bending strength than ceramic materials
obtained under the same conditions. The composites show a decrease in hardness in regard to the hardness of monolithic
Zr0O,. The presence of Ni particles in the composites causes dissipation of propagating crack energy, which results in an in-
creased fracture toughness value measured for ZrQO,-Ni composites in comparison to the value obtained for monolithic zirconia.
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KOMPOZYTY ZrO,-Ni - WLASCIWOSCI | CHARAKTERYSTYKA

Dynamiczny postep, jaki mial miejsce w ostatnich latach, widoczny jest praktycznie w kazdym obszarze inzynierii mate-
rialowej. Przyczynil si¢ on do opracowania nowych materialow, takich jak materialy kompozytowe. Obecnie, wiele badan do-
tyczy kompozytéw ceramika/metal ze wzgledu na ich duzy potencjal aplikacyjny. Przykladem materialu z tej grupy jest kom-
pozyt ZrO,-Ni. W artykule opisano kompozyty o osnowie tetragonalnego tlenku cyrkonu z dodatkiem niklu formowane na
drodze prasowania jednoosiowego oraz spiekane w atmosferze argonu. W pracy opisano mikrostrukture, wybrane wlasci-
wosci fizyczne oraz wlasciwo$ci mechaniczne, takie jak: twardo$¢ i odpornos$¢ na kruche pe¢kanie oraz wytrzymalo$¢ mecha-
niczng na zginanie otrzymanych spiekéw. Otrzymane spieki charakteryzowaly si¢ gesto$cia wzgledna na poziomie 99% gesto-
Sci teoretycznej oraz jednorodnym rozmieszczeniem obu faz w mikrostrukturze kompozytu. W wyniku przeprowadzonych
badan stwierdzono wplyw czastek Ni na wlasciwo$ci mechanicznych ZrQO,. Stwierdzono, ze kompozyty wykazuja nizsza wy-
trzymalo$¢ na zginanie niz materialy ceramiczne uzyskiwane w tych samych warunkach. Kompozyty wykazuja spadek twar-
do$ci w odniesieniu do twardo$ci monolitycznego ZrQ,. Obecno$é Ni w kompozytach prowadzi do rozpraszania energii pek-
ni¢cia, co powoduje wzrost warto$ci odpornosci na kruche pekanie kompozytow ZrO,-Ni w poréwnaniu do wartoSci
uzyskanych dla monolitycznego ZrO,.

Stowa kluczowe: kompozyty ZrQ,-Ni, prasowanie jednoosiowe, wlasciwo$ci mechaniczne

INTRODUCTION

Among various types of structural ceramics, zirconia
ceramics have been widely researched in the recent
years. This type of materials is characterized by thermal
and chemical stability, high mechanical properties and
biocompatibility, which allow its use for thermal coat-
ings, cutting tools, biomedical implants etc. [1-7].
Nowadays many studies concern attaining improvement
of the mechanical properties of ceramics. One of the
methods is the introduction of a metallic phase into the
ceramic matrix. The presence of metal particles can
prohibit the propagation of cracks.

An interesting and attractive composite system may
be the ZrO,-Ni composite material. This system may

cause expanded use of zirconia ceramics. ZrO,-Ni
composites have good compatibility because of their
similar thermal expansion coefficients and elastic
modulus [8-10]. Moreover, the addition of nickel parti-
cles in the zirconia matrix can enhance both the strength
and toughness of ceramics [11-13]. The advantage the
Zr0O,-Ni system is the fact that zirconia and nickel par-
ticles are readily available. The zirconia-nickel system
thus has the potential to act as a model composite sys-
tem, which is now widely studied by scientists [8-10,
14, 15]. However, the full characteristics of the micro-
structure and properties of this type of system are still
lacking.
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In the present study, nickel particles are added to
a zirconia matrix. The physical and mechanical proper-
ties of the ZrO,-Ni materials were analyzed. The micro-
structure of the composites was also determined.

MATERIALS AND METHODS

The starting materials were: ZrO, stabilized by
3 mol% Y,0; (TZ-3Y-SE) powder with 99.99% purity
and an average particle size of 100 nm, and Ni powder
(Alfa Aesar) with 99.99% purity and an average particle
size of 150 pm. The particle sizes were measured by
laser diffraction (Laser Particle Size Analyzer LA-960)
conducted in a diluted well-dispersed suspension. The
densities of ZrO, and Ni were 6.05 and 8.9 g/cm3
respectively. The SEM observations revealed that the
71O, powder is highly agglomerated. However, accord-
ing to the results of the size measurements, it can be
stated that they are weak agglomerates and during proc-
essing they can be partially broken (Fig. 1a). Figure 1b
shows that the surface of the Ni particles is highly
irregular with numerous cavities and the shape of the
nickel particles resembles a cauliflower head.

10.0kV 9.2mm x100k SE(U)

5.0kV 27 4mm x350 SE(M)

Fig. 1. Scanning electron micrograph of starting powders: a) ZrO,
powder, b) Ni powder

Rys. 1. Wyjsciowe proszki: a) proszek ZrO,, b) proszek Ni

The composites were prepared from the powder
mixture containing: 90 vol.% ZrO, and 10 vol.% Ni
powder. The composites were formed by uniaxial press-
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ing at 100 MPa and sintering at 1600°C in an argon
atmosphere. The scheme of ZrO,-Ni composite fabrica-
tion is show in Figure 2.

Homqgenization of ?o_wder Drying rsin
mixture {ZrQ,, Ni} in drver atp “T“_d ﬁe oC
ethanol in planetary ball wefor 24 '_"s
mill for 1 hour at 300 rpm
Preparation
Granulation of powder with of cylinder—shaped samples
polyvinyl alcohol through with dimensions of about
sievesof 0.5mm and h=3 mm, d =20 mm;
0.04mm mesh widths Unixial hydraulic
‘ pressing at p= 100 MPa

Free sintering in argon
atT = 1600 °C; Heating /

cooling rate: 5°C/min;
Retention time: 2 hrs

Fig. 2. Scheme of ZrO,-Ni composite preparation

Rys. 2. Schemat otrzymywania kompozytu ZrO,-Ni

XRD study was performed to determine the crystal-
line phases of the materials. It was conducted using
a Rigaku MiniFlex II diffractometer with CuKy; 54 (1 =
= 1.54178 A). The spectra were scanned at the rate of
1%min in the range 20 = 10+100°. In order to measure
the selected physical properties of the composites, the
Archimedes method was used according to the PN-
76/6-06307 standard. The theoretical density used to
determine the relative density was calculated from the
rule of mixtures equation. Observation of composite
sample cross sections was performed using the optical
microscope Nikon ECLIPSE LV150N and Scanning
Electron Microscope HITACHI SU-70. Chemical
analysis was conducted using a SEM with an EDS de-
tector.

The bending strength of the composites was meas-
ured by the ball-on-ring (BOR) test [16-18]. The values
were computed using Kirstein and Woole’s equation:

P+l o

_ 3P(1-v)
max — 4—”t2

[1+2m
where: P - the load [N], v - Poisson’s ratio, ¢ - disk
thickness [m], a - radius of supporting ring [m],
b - radius of ball (the region of uniform loading at the
centre) [m], R - radius of sample [m].

For comparison, bending strength measurements for
comparable homogeneous samples with monolithic
zirconia were performed.

The hardness of the composites was measured by
the Vickers method on a polished sample surface under
a load of 10 kG (98 N) with a 10-second holding time.
Based on measurements of the length of cracks propa-
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gated from the corner of the hardness indentation, the
fracture toughness of the material (K) was determined.
In this study, a Vickers hardness indenter was applied
to propagate what are called median cracks on the sur-
face. The Kjc values in this case can be estimated using
the equation [19]:

£\ 04 -15
K, = 0.067 - (H—V) () Tmve @
where: E - Young’s modulus, H, - Vickers hardness,
¢ - crack length [um], a - one half of the indent diagonal
length [um].

RESULT AND DISCUSSION

The XRD patterns of the composites after sintering
at 1600°C show that the composites consist of two
phases: ZrO, and Ni. The tetragonal zirconium dioxide
(t-ZrO,) phase was observed because of stabilization of
the ZrO, powder by 3 mol% yttrium oxide (Y,03).

Figure 3 presents an example of the microstructure
of the ZrO,-Ni composite sample. The nickel particles
(white color) are homogeneously distributed throughout
the ceramic matrix (grey) in the material. Despite the
strongly irregular shape of the nickel particles during
pressing and sintering, the ZrO, penetrated all the cavi-
ties and open pores. In such a way, it was possible to
obtain a highly dense material with good connection
between Ni and ZrO,. However, observation of the
microstructure revealed the presence of small pores
(black spots) throughout the volume of the material.

Fig. 3. Optical micrograph of ZrO,-Ni composite cross section
Rys. 3. Mikrofotografia z mikroskopu optycznego kompozytu ZrO,-Ni

The measurement results of selected physical prop-
erties of the sintered samples are shown in Table 1. The
green density was about 41.8% of the theoretical value.
After the sintering process, the relative density was
about 99.5%. Furthermore, the samples had an open
porosity over 0.87%. The linear shrinkage of the sin-
tered samples was 20.9% (measured at the height of the
sample).

TABLE 1. Physical properties of sintered ZrO,-Ni composites
measured by Archimedes method

TABELA 1. Wlasciwosci fizyczne spieczonych kompozytow

ZrO,-Ni obliczone na podstawie metody Archime-

desa
Physical properties Zr0; + 10 vol.% Ni
Relative density [%] 99.5 £0.46
Theoretical density [g/em’] 6.33£0.01
Apparent density [g/em’] 6.30£0.11
Open porosity [%] 0.87 +£0.94
Soaking [%] 1.14£0.15
Linear shrinkage [%] 20.89 £0.81

Figure 4 shows the concentrations of nickel, zircon,
yttrium and oxygen of ZrO,-Ni composite cross sec-
tions by using EDS investigation. The results of the
concentration of nickel, zircon, yttrium and oxygen in
a sample are collected in Table 2. From observations of
the EDS measurements, it may be concluded that nickel
particles were not oxidized to nickel oxide and there
was no diffusion of nickel into the zirconia structure.

Fig. 4. EDS measurement of ZrO,-Ni sample with 10 vol.% metallic
phase

Rys. 4. Analiza EDS skfadu chemicznego probki ZrO,-Ni z 10% obj.
zawartoscia fazy metalicznej

TABLE 2. Proportion by weight % and atomic % of elements
of specimens measured in different areas
TABELA 2. Udzial wagowy % i atomowy % poszczegélnych
pierwiastkéw w kompozycie

Zr0,-Ni composites
Weight [%]
O Ni Y Zr
area 1 0 100 +0.6 0 0
area 2 28.1+04 0 6.8 0.6 65.1+0.7
area 3 20.0£0.2 67.9£0.4 0.5+02 11.6+03
Atom [%]
O Ni Y Zr
area 1 0 100 +0.6 0 0
area 2 69.0£0.9 0 3.0+0.3 28.0+0.3
area 3 49.2£0.5 45.6+0.3 0.2+0.1 5.0+0.1
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The ball-on-ring test has been widely used to
describe the biaxial strength of brittle materials [16-18].
The composite shows a lower bending strength
than ceramic material obtained in the same conditions.
In the case of the zirconia samples the values of bend-
ing strength amounted to 705.73 + 71.75 MPa, while
in the case of the ZrO,-Ni composites this value was
574.08 + 44.25 MPa. This difference may be due to the
large particle size of the metallic phase in comparison
to the matrix grains and the porosity of the composite
sample.

The polished samples were used for Vickers hard-
ness measurements. Figure 5 shows an example of the
98 N Vickers indentations in the ZrO,-Ni composite.
Due to the size and solids loading of the Ni particles,
three kinds of indentation could be distinguished: full or
partial indentation in an Ni particle, indentation close to
Ni particles (in the range of cracks) and indentation in
“pure” ZrO,. That is why the obtained indentations in
the ZrO,-Ni composite were divided into these three
groups and for each group the hardness was calculated.
The average hardness for the composite also was calcu-
lated. The results of Vickers hardness of ZrO, and the
Z1O,-Ni composite are shown in Table 3. The hardness
of pure ZrO, is similar to the hardness of monolithic

Zr0,. Due to the plasticity of the Ni particles, the hard-
ness measured from the full or partial indentation in the
Ni particle is much lower. The hardness calculated by
indentation close to the Ni particles is between the
hardness calculated for pure ZrO, and direct indentation
in the Ni particle. Generally, the addition of Ni particles
decreases the hardness of zirconia.

Table 4 shows the values of fracture toughness de-
termined by the indentation technique. In this case, the
two different types of fracture toughness were calcu-
lated: fracture toughness after indentation in pure ZrO,
and fracture toughness after indentation close to Ni
particles. Due to the lack of cracks, the fracture tough-
ness based on direct indentation into Ni particles could
not be calculated.

Similar to the hardness measurements, the fracture
toughness of pure ZrO, is similar to the hardness
of monolithic ZrO,. However, the fracture toughness
calculated for the second case is about 35% higher than
for pure ZrO,. Hence, it could be stated that the
addition of relatively big Ni particles into the zirconia
matrix increases the fracture toughness of the compos-
ite. The average fracture toughness of ZrO, and
the ZrO,-Ni composite is 6.93 and 8.76 MPa'm’’
respectively.

Fig. 5. Images from optical microscope of 98 N Vickers indentations in sintered ZrO,-Ni composite: a) direct indentation in Ni particle, b) indentation

near Ni particles, ¢) indentation in “pure” ZrO,

Rys. 5. Obrazy z mikroskopu optycznego odciskow Vickersa otrzymanych pod obciazeniem 98 N w spieczonej ksztaltce kompozytowej: a) odcisk
piramidki bezposrednio w czastke niklu, b) odcisk piramidki w poblizu czastki Ni, ¢) odcisk piramidki w ,,czystym” ZrO,

Composites Theory and Practice 16: 4 (2016) All rights reserved
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TABLE 3. Vickers hardness (HV,) after indentation in ZrO, and ZrO,-Ni composite
TABELA 3. Twardo$¢ Vickersa (HV ) dla ceramiki z ZrO, i kompozytu ZrQO,-Ni

Hardness HV;, Hardness HV, after indenta- | Hardness HV, after direct
Material after indentation in tion close to Ni particles indentation in Ni particle Average hardness HV:
“pure” ZrO, [GPa] |GPa] [GPa] [GPal
710, 11.20 - - 11.20
710, - 10 vol.% Ni 11.17 8.68 6.69 8.85

TABLE 4. Fracture toughness of ZrO, and ZrO,-Ni composite

TABELA 4. Odporno$é na kruche pekanie ksztaltek z ZrO, i kompozytu ZrO,-Ni

Material Fracture toughness after indenta- Fracture toughness after indenta- Average fracture toughness
tion in pure ZrO, [MPa-m"| tion close to Ni particles [MPa-m"’] [MPa-m"9]
710, 6.93 -—- 6.93
Zr0O, - 10 vol.% Ni 6.95 10.58 8.76
SUMMARY AND CONCLUSIONS distribution in bilayered and graded zirconia-based dental

Using uniaxial pressing and the sintering process by
applying the parameters of 100 MPa and 1600°C,
enabled the formation of Ni-ZrO, composites. The sin-
ters are characterized by a density of 6.3 g/cm3. The
microstructure observation revealed homogeneous dis-
tribution of the Ni particles in the ZrO, matrix. It was
found that the samples after sintering were character-
ized by two phases. The peaks of the tetragonal phase
of zirconium dioxide stabilized by 3 mol% yttrium
oxide and the peaks from nickel were identified. It was
found that the composites show a lower bending
strength than the ceramic materials obtained in the same
conditions. The ZrO,-Ni composites show a decrease in
hardness in regard to the hardness of the monolithic
zirconia. The presence of nickel particles in the compo-
sites causes dissipation of propagating crack energy
which results in increased fracture toughness value
measured for ZrO,-Ni composites in comparison to the
value obtained for monolithic zirconium.
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