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Abstract

A composite in the TiY,05-ZrO,/TiB, system
was prepared by using the zirconia powder
containing the in-situ synthesized TiBiclusions.
The reaction among carbon, boron oxide and
titanium oxide dissolved in the 1.5 mol%0Y-18
mol% TiGQ-ZrO, solid solution was utilized. Phenol-
formaldehyde resin andsBO; delivered carbon and
boron to the reaction, respectively. The JTiB
synthesis was performed for 4 h at 1500°C in
vacuum. The resultant composite zirconia powder
was characterised by XRD, TG/DTG and TEM/EDS
methods. It contained mainly TGiBnclusions and
small amount of TiC, ZrC and ZrB. The inclusions

The aim of the presented work was to
develop a new method of in-situ synthesis of the
zirconia/TiB, composite powder and to evaluate
its usability for production of the composites
with improved mechanical properties. The
method utilizes the reaction between titanium
oxide dissolved in the zirconia solid solution
and boron oxide in the presence of carbon
serving as a reducing agent.

2 Experimental Procedure

A co-precipitation-calcination method was
used to prepare the original zirconia powder
stabilised with 1.5 mol% X0O; and doped with 18

were of nearly nanometric in size. The powder was mol% TiO,. A water solution of ZrOGI (>99%),
used to produce a zirconia matrix composite by YCl; (99.99%) and TiGl(>98%) was treated with
means of hot pressing at 1500°C. The composite WasNHa,, (a.p.) at a pH of 9. The resultant zirconia
characterised by XRD and SEM methods. It hydrogel was washed with distilled water to remove
contained small amount of TiC beside the primary NH,CI, then dried at 110°C to a constant mass and
TiB; inclusions. A bending strength of 972 MPa calcined for 2 hrs at 700°C. A nanopowder of
and a fracture toughness of 885 MPa-m? were zirconia-yttria-titania solid solution with a crydiite
measured. size of ~20 nm and a specific surface area of
62.5:1.0 nf/g was obtained. The nanopowder
contained 1920.5 vol.% and 80#80.5 vol.% of the
monoclinic and tetragonal zirconia polymorph,

_ _ _ respectively.
Benefits of the transformation toughening and A homogeneous mixture of the zirconia

the presence of high hardness and rigid inclusions nanopowder, KBO; (a. p.), and phenol-
are utilized in the ceramic matrix composites & th  formaldehyde resin was prepared. A 20 wt% ethanol
tetragonal zirconia polycrystals stabilised withrigt  so|ution of the resin was used. A ratio of the
(Y-TZP) and containing up to 50 % Ti§1-3]. The  components enabled titania, dissolved in the ziecon
increased fracture toughness comparing with ggig solution, to be fully reacted.

titanium diboride and increased hardness comparing Homogenisation of the mixture was performed
with Y-TZP have been found_ in these composites. for 15 min. in isopropyl alcohol by using an attit
Preparation of the composite powder with the | The mixture was heat treated in four stages.
appropriate particle size distribution and unifdsmi  The heating procedure was developed according to
of the component particle dispersion is the firsla  the DTA/TG analysis shown in Fig. 1. The
crucial step of any composite technology. So far gispersant was removed at 95°C in air during the
only a method of mechanical mixing of the zirconia drying stage. EBO; was decomposed to give®

and TiB powders of the suitable particle size for the in situ synthesis during heating for 0.5th
distribution has been used.

1 Introduction
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300°C in argon. The phenol-formaldehyde resin in the studied system. An apparent density of the
was decomposed during heating for 1.5 hr a®800  sintered bodies was measured by the Archimedes’
in argon.A heating rate of 2L/minwas used to ~ Method. Total porosity was assessed by using éptica
achieve each soaking temperature. The resultant Microscopy and a numerical image analysis method
loose powder was inserted into a graphite crucible With the aid of the ImageJ 1.29x software [5]. An
and then in a vacuum furnace chamber which was average value of the pore content was calculated
started to heat with a rate of 10°C/min up to 1600° from the measurements that were taken from three
The in-situ synthesis was performed for 4 hrs under sur;‘a_ce areas of the polished sample of %380

a pressure of 4.5.-T0atm. The as-synthesized MM in size. Scanning electron microscopy coupled
composite powder was attrition milled for 6 hrs in With the EDS technique was used to analyse the
isopropyl alcohol. Made from Y-TZP grinding microstructure of the sintered samples. Vickers
media of 2 mm in diameter were used. The original indentation was used to determine hardness and the
and composite zirconia powders were hot pressed critical stress intensity factor. A load of 1 kGdaB0

for 1 hr at 1500°C under 25 MPa in argon to obtain kG was applied to the samples for 10 s, respegtivel

dense bodies. A Palmqvist crack model was applied for thg K
calculations [6]. Bending strength of the samples o
0 1000 2x2.35x21 mm was measured by the three point
1 1001 bending test using a span of 18 mm and a loading
2 1002 rate of 2 mm/min.
O
E 3 1008 ; 3 Results and Discussion
Z 4 1-0,04 |°_
s 5 {005 g 3.1 Thermodynamic Fundamentals
g j 006 = In order to estimate a temperature at which the
: 1097 carbothermal reductions in the ,@-TiO,-ZrO,
170 system can take place, Gibbs free energies of the
-9 T T T T -0,09 . .
0 200 400 600 800 1000 following reactions were calculated [7]:
Temperature, °C . ) (1)
TiO,(s)+B,O4(1)+5C(s)=TiBy(s)+5C0O(9) @)
Fig. 1. DTA, TG and DTG patterns of the zirconia, TiOx(s)+3C(s)=TiC(s)+2CO(g) ?)
HsBO;, and phenol-formaldehyde mixture heated at  2ZrOx(s)+B,05(1)+7C(s)=2ZrB,(s)+7CO(g) 4)
10°C/min in argon. Ethanol and water evaporation, ZrOy(s)+3C(s)=2ZrC(s)+2C0O(g)
boric acid decomposition and resin decomposition
are attributed to the overlapping effects of mass | 400 (0: IO (6145,0,450(E)=Ti 814500
at 40-140C, 140-370C, 370-700C, respectively. 300 (@) TI0S+3C()=TIC()2C0(0)

\ (3): 2210 (5)+B,0,(1)+7C(s)=2rB,(s)+7CO()
2004 218, (3) (4): Zr0,(s)+3C(s)=2rC(s)+2CO(g)

The phase composition of the original and
composite zirconia powder as well as the sintered
bodies was determined by X-ray diffractometry. A

CukK,; radiation, an angular range of 10-868°ahd a

1004

041

AG?, kd/mol

y-1004

step of 0,008°@were used. The X'Pert Plus v1.0 -200

software enabled Rietveld refinement of the -300-

diffraction patterns to be made [4]. Specific soefa 400 , , , | , ,
area of the powders was measured by nitrogen 1100 1200 1300 1400 1500 1600 1700
adsorption and the BET method. The powder Temperature, °C

morphology =~ was observed using electron  Fig 2. Calculated standard Gibbs free energies as
transmission microscopy (TEM). The EDS method  fynctions of temperature for the indicated reaction
was used to determine the chemical composition of

the composite powder. The differential thermal The data shown in Fig. 2 indicate that reactions (1

analysis (DTA) and thermogravimetry (TG) were o_
used to study a behaviour of the composite powder and (2) can occur 4Gy =0) at about 132Z and

during heating at a rate of 10°C/min at a tempegatu 1287C, respectively, but the temperatures for the
range of 20-1000°C in air. It was done to show the Other two reactions to occur are much higher than
presence of borides, carbides and unreacted carborth€ first two. This suggests an opportunity to reac
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TiO, with carbon and ED; at a selected tempera
ture while living ZrQ unchanged. Moreover, at a
temperature of 150C selected for the in-situ

experiment, theAG; value for TiB formation is

smaller (-140.3 kJ/mol) than for TiC (-71.3 kd/mol)
suggesting an opportunity to obtain the former phas
primary.

3.2 Composite Powder

The method of in-situ synthesis delivered the
zirconia powder which contained the tetragonal and
monoclinic zirconia polymorph together with TiB
TiC, ZrB and ZrC as shown in Fig. 3. The data of
Table 1 confirm TiB as the main in-situ synthesized
phase. A TiB content of 8.20.4 vol.% was
measured. The results are consistent with the
thermodynamic calculations in that point. The
presence of ZrB and ZrC should be attributed to
very low CO partial pressure of ~418 atm during
the in-situ synthesis. An increase of the monoclini
zirconia content, when compared to the original
zirconia nanopowder, was detected as a result of
zirconia crystallites growth accompanying the heat
treatment applied. The values of 68053 vol.% and
19.2+0.5 vol.% were measured for the heat treated
and original zirconia nanopowder, respectively.

t-210, 2

m-ZrO,
TiB,
TiC
ZrC
ZrB
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Fig. 3. X-ray diffraction pattern of the as-recalve

composite powder; m and t — monoclinic and

tetragonal zirconia, respectively

20 80

Table 1. Phase composition of the as-received

composite powder

Tetragonal | Monoclinic

TiB2 TiC ZrB ZrC
710y, Zr0o, o o o o
vol.% vol.% vol. % vol.% vol.% vol.%
19.6 60.5 8.1 37 4.1 4.0
+0.2 +0.3 +04 +0.3 +0.3 +0.2

The results of the DTA/TG analysis of the
composite powder are shown in Fig. 4. The

TITANIUM DIBORIDE IN CLUSIONS

presence of some amount of unreacted carbon is
evidenced. A series of overlapping exothermic peaks
accompanied by an increase of the sample mass,
appeared at the temperatures ranging from ~300°C to
762°C when the sample was heat treated in air to
100C°C. It was attributed to the oxidation of borides
and carbides as was confirmed by the X-ray
measurements. After the DTA/TG analysis, the
sample showed the presence of the monoclinic and
tetragonal zirconia polymorph together with FiGF

the rutile symmetry. Simultaneously a distinct
background elevation, which is characteristic @& th
amorphous phase, was observed as a result of the
B,0O; containing glassy phase presence. Broadening
of the exothermic peak towards temperatures higher
than the temperature of the sample mass increase
cessation (730°C) originates from the unreacted
carbon oxidation (Fig. 4).

25+
TG

442°C r 20

r 15

486°

r 10
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DTA

200 400 600 800 1000

Temperature, °C

Fig. 4. TG and DTA curves of the composite
powder heat treated in air with a heating rate of
10°C/min

The composite powder received a specific
surface area of 16:6.5 nf/g due to the attrition
milling applied. Its morphology is shown in Fig. Bhe
powder was composed of isometric and needle-shaped
crystallites of 250-500 nm in size. Comparison e¢hes
particle sizes with the crystallite size of thegoral
zirconia nanopowder gives evidence of intensive
sintering of the composite mixture during the hard
inclusion synthesis. This was accompanied by ziacon
crystallite growth as suggested by a significaotdase
of the monoclinic zirconia content (Table 1).

The coupled TEM and EDS techniques were
used to identify the phases existed. Maps of the
zirconium, titanium and oxygen distribution withhme
agglomerate of Fig. 5 are shown in Fig. 6. The
elongated particles were significantly enrichedhwit
titanium and devoid of zirconium and oxygen. This
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suggests the TiBor TiC particles. Further recognition
between these particles was not possible due tatke
of boron and carbon distribution maps.

Fig. 5. TEM microphotograph of the composite
powder after 6 h of attrition milling

Fig. 6. Maps of the elements in the powder pagicle
shown in Fig. 5 derived from the EDS analysis: a)
zirconium, b) oxygen, c) titanium, d) setting-up of
the Zr, Ti and O maps

The composite zirconia  micropowder
containing submicron hard particles was produced
by the technique studied. The zirconia particles siz
was actually dependent on conditions of the attriti
milling. However, the hard inclusion size and
morphology were mainly affected by conditions of
both the composite mixture preparation and the in-
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situ synthesis. Uniform distribution of the subgbs
favoured crystallisation of the particles submicion
size. The zirconia nanocrystallites and the method
of dispersion of carbon and boron precursors in
liquid were used to this end. An additional factor
being conductive to the hard inclusion formation
was a behaviour of titanium in the zirconia lattice
Titanium ions substitute zirconium ions in the
zirconia lattice showing a concentration gradient i
the vicinity of free surfaces and grain boundaries.
Allemann et al. [8] reported that the *Tication
concentration in the grain boundary surface area is
five times larger than in the grain interior of the
TiO»-ZrO, solid solution. Therefore, titanium
availability for the reaction with ; and C is
increased. In addition, the segregation zone can
show a significant size of ~6 nm. Such zone can
occupy significant part of the zirconia crystallite
case of the nanometric zirconia powder used in the
study.

3.3 Sintered Materials

The X-ray diffraction measurements revealed
the presence of TiBand TiC in the zirconia solid
solution matrix of the tetragonal and monoclinic
symmetry as shown in Fig. 7. Neither ZrB nor ZrC
was detected. This result proves decomposition of
the ZrB and ZrC inclusions during sintering and
most probably explains an increased content of TiB
and TiC in the composite material comparing to the
composite powder (see Table 1 and 2). Assuming
the completed reaction between TiGissolved in
the zirconia solid solution and carbon or additiyna
boron introduced to the system, the amount of 15
vol.% TiB, and 12 vol.% TiC is calculated according
to the reaction (1) and (2), respectively. A
significant difference between the measured and
calculated component phase balance suggests that
nonstoichiometric TiB and TiC crystallized during
the in-situ synthesis. This is consistent with daga
reported in a prior work on the TiC in-situ
crystallization [9].

The data of Tables 1 and 2 indicate an increase
of the tetragonal zirconia content in the sintered
composite when compared to the composite powder.
This tendency is profitable because contribution of
the transformation toughening to mechanical
property improvement increases with the tetragonal
phase content increase [10].

Table 2 contains also the results concerning the
material derived from the original zirconia powder.
It is called the original TZP due to similaritiesthe
tetragonal zirconia polycrystals (TZP). The
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composite material showed a decrease of the respectively (Fig. 8c). In case of the composite
tetragonal phase content when compared to the microstructure, a mean size of the zirconia grains
original TZP sample. This can be attributed to a ranged from 0.5 um to 1 um (Fig. 8 b). A mean size
change of the chemical composition of the zirconia of the titanium boride and carbide inclusions was

solid solution due to the in-situ TiBand TiC
crystallization. A critical size of the zirconiaains
can be affected by that chemical change [11].

Oe
o t-Zr0,
QO m-ZrO,
B TiB,
O TiC

10 20

20, deg

Fig.7. X-ray diffraction pattern of the compositat-h
pressed for 1 h at 1500°C

Table 2. Phase composition of the composite and
zirconia matrix hot-pressed at 1500°C

Monoclinic ) )
. Tetragonal ZrO, TiB2 TiC
Material vol.% 5{:?;0 vol% | vol%
c it 321 472 12.9 7.8
omposite +0.3 +0.4 02 | £05
Original TZP %2 irég

Table 3. Selected properties of the composite and
original TZP hot-pressed at 1500°C

Relative | Total Bending K HY

Material | density, | porosity, | strength, 05 !
glemd % MPa MPam®s | GPa
Composite 5.76 1.7 912 8.8 12.2
P +001 | 03 +72 +05 | 02

. 572 0.5 319 45 11.1
Orignal 2P| 4 001 | +04 +75 +02 |02

Densification of the composite powder was

constrained by the in-situ inclusions as shown in
Table 3. The composite material showed an apparent

density of 5.760.01 g/cniand a total porosity of
1.740.3%. The TZP material made from the original

zirconia powder reached porosity by 1.2% smaller
than the composite. Inhibited grain growth was
simultaneously observed in the composite as shown
in Fig. 8. The resultant microstructure was more

uniform and finer than the original TZP material

microstructure. The latter one contained two grain

populations of ~10 um and ~2 um in size,

TITANIUM DIBORIDE IN CLUSIONS

comparable to the zirconia grain size (Fig. 8a).

Acc.V Spot Magn Det WD Exp

20kV 40 2000x SE 136 1

Fig. 8. SEM microphotographs of the sintered badi@s
composite material; dark areas contained moreéri the
light ones as indicated by the EDS analysis, bjntiadly
etched surface of the composite, c¢) original TZRemnil.
The surfaces were thermally etched at P250



Significantly improved mechanical properties of
the zirconia/in-situ TiB composite were observed
(Table 3). An increase of the bending strength,ald

WALDEMAR PYDA, Norbert Moskata

indicated by the appearance of corrugated surface o
the polished sample shown in Fig. 9. The effect
looks like a pseudoplastic deformation and occurred

hardness by 186%, 96% and 11% was measured,shortly after cessation of polishing. This behawiou

respectively.

Fig. 9. Polished surface of the composite with
surface pseudoplastic deformation due to thent
transformation

Fig. 10. Effects of the pseudoplastic deformation
induced by t-m transformation for the composite
microstructure which occurred in a long period of
time

The increased vales of both bending strength
and fracture toughness should be attributed to two
factors. Firstly the composite microstructure was
uniform and fine grained comparing to the original
TZP which showed the symptoms of exaggerated
grain growth. Secondly the tetragonal zirconia
showed very high transformability to the monoclinic
polymorph in case of the composite material as

most probably resulted in compressive stressdwin t
surface layer of the material improving mechanical
properties. However, destruction of whole material
walking from the surface to the bulk occurred in a
long period of time as shown in Fig. 10.

The crack deflection and crack bridging
mechanisms of fracture toughness improvement
were not found in the composite with in-situ
synthesized inclusions (Fig. 8b). Crack propagated
through the grains inducing very limited defleatio
and microcracking.

A hardness increase of the composite when
compared to the original TZP of ~11% is smaller
than a value of 25% predicted by the rule of mietur
The rich in monoclinic phase microstructure and
therefore susceptible to cracking is responsibte fo
that result.

4 Conclusions

The in-situ method is suitable for production of
fine composite zirconia powders containing JFiB
and TiC microparticles. Consolidation of the
composite powder by using hot pressing leads to
production of the TiBTIC/ZrO, composite with
improved mechanical properties. The composite
derived from the 1.5 mol.% )05-18 mol.% TiQ-
ZrO, nanopowder showed a bending strength of
912+t72 MPa, a fracture toughness of 8&
MPa-nt?and a Vickers hardness of 122 GPa. It
seems that the optimised in-situ method has a
production potential for TiBnanoparticles.
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