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SINTERING AND CHARACTERISATION OF NANO-SIZED 
YTTRIA-STABILISED ZIRCONIA

B y

M u h a m m a d  H a s a n u z z a m a n

A b s t r a c t

A study has been conducted on the pressure-less sintering of the ZrC>2- Y2O3 system 

that contains 3 mol% Y2O3, and the effect that the temperature / time relationship has 

on the properties of the final product. Experiments were performed on two types of 

commercially available, nano-sized, ZrC>2 - 3mol% Y2O3 (3Y-TZP) powders. An 

unstabilised zirconia powder was also investigated for comparison purposes. Particle 

size analysis o f these powder yield particle sizes ranging from 1.29 |xm to 1.78 pm, 

suggesting that the particles are heavily prone to agglomeration in water. BET specific 

surface area analysis showed the powders to be nano-sized as determined using 

equivalent spherical diameter theory. The density of the powders was measured using 

helium gas pycnometry. DTA/TGA analysis indicates that binder burnout occurs on 

heating in the range 300-440°C. Shrinkage and densification rate characteristics of the 

powders during sintering was investigated using dilatometry. One of the powders 

demonstrated full shrinkage during isothermal sintering; the other did not. The point of 

maximum densification rate differed by approximately 100°C for these powders. A 

dramatic expansion associated with the tetragonal to monoclinic transformation on 

cooling from 1400°C is observed by dilatometry for unstabilised zirconia powder 

sample but not for stabilised powder samples. This indicates that the sintered samples 

retain in tetragonal phase on cooling to room temperature. Pressureless conventional 

sintering and two-step sintering were used to sinter pressed discs. The density of discs 

which were sintered across a temperature range of 1350°C to 1550°C varies between 

5.72 g/cm3 and 6.03 g/cm3, corresponding to 97.40% and 99.10% of theoretical 

density respectively. Density as high as 98.85% of theoretical was recorded for two- 

step sintering applying holding time of 16 h. Vickers hardness values increased with 

increasing sintering temperature. Fracture toughness measurements were carried out. 

X-ray diffraction analysis confirmed that sintered discs were fully tetragonal. 

Microstructural analysis of sintered samples was conducted to assess microstructural 

changes with respect to sintering temperature.
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CHAPTER ONE 

INTRODUCTION

1.0 Introduction

Yttria-stabilised, zirconia-based ceramics can yield sintered parts with excellent 

mechanical properties. This material has found uses in cutting and wear resistant 

applications due to its reliable and outstanding hardness and toughness. Refractory and 

chemical durability properties have broadened its potential to include high temperature 

chemistry and ceramic biomaterial applications [1,2 ,3,4].

Zirconia (Zr02) has three crystalline forms: monoclinic (m), tetragonal (t) and 

cubic (c). Pure zirconia is monoclinic at room temperature and this phase is stable up to 

1170°C. Above this temperature it transforms into tetragonal. The tetragonal phase is 

stable up to 2370°C, above which it transforms into a cubic phase. Un-stabilised zirconia 

undergoes a non-containable volume expansion (3-4%) tetragonal to monoclinic (t —> 

m) phase transformation during cooling in a temperature range of about 100°C below 

1070°C [1,5]. This transformation is generally catastrophic, resulting in cracked parts. It 

is well known that additions of small quantities of stabilising oxides such as Y2O3, CeO, 

CaO, MgO during manufacture result in co-precipitated “partially stabilised” zirconia. 

Thus, on cooling the t —> m phase transformation is prevented and a purely metastable 

tetragonal phase is retained at room temperature. As tetragonal zirconia possesses high 

strength, high toughness and good wear resistance over a wide temperature range, a key 

aim in zirconia research is to exploit the transformability of tetragonal Zr02 phase at 

room temperature [6]. The fraction of t-phase retained at room temperature is dependent 

on the size of the grains, on stabiliser content, on environmental conditions and on the 

degree of constraint exerted on the grains by the matrix [7,8,9,10,11]. Yttria (Y20 3) is 

the most commonly used stabiliser [12], In the zirconia-yttria system, tetragonal-only 

phase ceramics can be obtained, commonly known as tetragonal zirconia polycrystals 

(TZP). Y-TZP materials, containing approximately 2-3% mol Y2O3, are completely 

constituted by tetragonal grains with sizes of the order of hundreds of nanometres [1].

2



The metastability of the tetragonal phase means that high toughness can be achieved 

during transformation toughening, tetragonal grains are transformed into monoclinic 

grains by stresses e.g. an advancing crack accompanied by a volume expansion. This 

expansion leads to compressive stresses ahead of the crack tip which in turn leads to 

blunting of the crack tip and slows the progress of the crack [1,13,14].

Much work has been carried out recently by Vleugels et al [15,16,17], into TZP 

ceramics. This work has questioned the quantity of yttria required to achieve optimum 

properties, including fracture toughness. In one paper, Basu et al [18] investigated a 

simple but innovative route based on the mixing and hot pressing (under identical 

conditions) of TZ-3Y zirconia powders with varying yttria content (3 and 0 mol%). The 

experimental results clearly revealed that the fracture toughness of yttria-stabilised 

tetragonal zirconia polycrystalline (Y-TZP) ceramics could be tailored by careful mixing 

of co-precipitated and yttria-free zirconia starting powders. They found that the 

indentation fracture toughness of Y-TZP ceramics could be tailored from 2 to 10 

MPam1/2 by the controlled addition of monoclinic zirconia particles to 3 mol% Y2O3 co­

precipitated zirconia powder. Hot pressed TZPs with an overall yttria content of 2 mol% 

exhibited an excellent indentation toughness (10 MPaml/2) combined with a high 

flexural strength (around 1250 MPa). This was a dramatic improvement on the original 

3 mol% powder which showed a fracture toughness of approximately 2.5 MPaml/2 and a 

flexural strength of around 1000 MPa. Basu et al [2], in his another study, used thermo­

mechanical analysis to investigate the thermal hysteresis behaviour of the powder 

mixture based 2Y-TZP’s. The results showed that these materials were prone to 

reversible tetragonal (t) to monoclinic (m) transformation, also known as low 

temperature degradation phenomenon, but that the effect was almost negligible for the 

unmodified 3Y-TZP powder.

Lawson [19] studied environmental degradation of zirconia ceramics and claims that 

partially stabilised zirconia is susceptible to various environments such as humid air, 

water vapour and other aqueous fluids over a temperature range of 65-500°C, but in 

aqueous solutions the effect is more catastrophic at lower temperatures and in shorter 

times. A key area of interest is thus the development of ageing resistant zirconia 

ceramics with good mechanical properties.
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Some authors have reported fully dense sintered ceramics, after hot pressing for 1 hr 

at 1450°C [18]. However, other authors have investigated the possibility of using two- 

step sintering to achieve high densities and fine grain sizes. In two step sintering the 

sample is first heated at a higher temperature, where the pores between the aggregate 

and agglomerates are eliminated and a fast grain growth is observed, then cooled at a 

lower temperature with longer dwelling time until it is fully dense without further grain 

growth [20,21,22]. Lee [23] used rate-controlled; two step sintering to sinter 3mol% 

Y20 3 stabilised zirconia. Bending strengths of two-step sintered samples were four times 

greater than those of samples sintered using conventional sintering. Lee attributed this to 

denser microstructures and finer grain size. Laberty-Robert et al [24] synthesized 

nanocrystalline YSZ powders and found that a high density (>98% Dth) with fine 

average grain size (5^m) could be achieved by using two-step sintering.

1.1 Research objectives

The main objectives of this research are:

1. Characterisation of as-received, nano-sized commercial 3Y-TZP powders and 

optimization of sintering to achieve high density, high toughness ceramic, 

suitable for use in homogenising machine as a valve seat and other applications 

where it required combination of strength, toughness, and chemical inertness.

2. To compare results obtained from two 3Y-TZP powders obtained from 

separate suppliers.

3. To investigate the mechanical properties of sintered parts.

1.2 Research plan

The experimental steps employed to realise the research objectives are:

1. Powder particle size measurement.

2. Thermal analysis of the powders.

4



3. Dilatometric analysis.

4. Density measurement

a) Measuring the green density by geometric volume measurement 

(vernier calipers) method.

b) Measuring the density after sintering using two methods; geometric 

volume measurement (vernier calipers) method and Archimedes 

method.

5. Using two-step sintering in an attempt to achieve higher densities with 

reduced grain size.

6 . Evaluation of the following mechanical properties: Vickers hardness, fracture 

toughness and Young’s Modulus.

7. Examination of the microstructure using SEM and optical microscopy.

8. Phase-study before and after sintering by using XRD.

1.3 Structure of thesis

A literature review of related research is elaborated on in Chapter 2. In Chapter 3, 

experimental procedures are described. Results and discussion are detailed in Chapter 4. 

Finally, the conclusions and proposed future work are outlined in Chapter 5.
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CHAPTER TWO 
LITERATURE REVIEW

2.0 Introduction

Zirconia is extensively used in manufacturing parts, blades, solid electrolytes, etc 

[1,2,3,4], Its refractory properties and chemical durability make it suitable in high 

temperature chemistry and ceramic biomaterial applications. Yttria-stabilised 

zirconia can undergo transformation toughening which makes it a candidate for use 

as a homogenizer valve capable of withstanding high pressures. The following 

sections describe zirconia’s different properties and uses:

2.1 Yttria-stabilised zirconia ceramics

2.2 Tetragonal zirconia polycrystals (TZP)

2.3 Toughening mechanism

2.4 Properties of 3 mol% Y-TZP

2.5 Applications of zirconia ceramics

2.6 Material processing and properties

2.7 3Y-TZP sintering profile

2.1 Yttria stabilised zirconia

Zirconium oxide (Z1O 2) is a polymorph which has three crystalline forms: 

monoclinic (m), tetragonal (t) and cubic (c). Pure zirconia is monoclinic at room 

temperature and this phase is stable up to 1170°C. Above this temperature it 

transforms into tetragonal. The tetragonal phase is stable up to 2370°C, above which 

it transforms into a cubic phase. Its physical properties as well as crystallographic 

data are presented in Table 2.1.

Un-stabilised zirconia undergoes a non-containable volume expansion (3- 

4%) tetragonal to monoclinic (t—»• m) phase transformation during cooling in a 

temperature range of about 100°C below 1070°C [1,5]. This transformation is 

generally catastrophic and results in cracked parts. Additions of small quantities of 

stabilising oxides such as Y2O3, CeO, CaO, MgO during manufacture result in co­

precipitated “partially stabilised” zirconia. Therefore, on cooling the t —> m phase
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transformation is prevented and a purely metastable tetragonal phase is retained at 

room temperature. Since tetragonal zirconia possesses high strength, high toughness 

and good wear resistance over a wide temperature range, one of the major aims in 

zirconia research is to exploit the transformability of tetragonal Zr02 phase at room 

temperature [6]. The fraction of t-phase retained at room temperature is dependent 

on the size of the grains, on stabiliser content, on environmental conditions and on 

the degree of constraint exerted on the grains by the matrix [7,8,9,10,11]. The most 

commonly used stabiliser is yttria (Y2O3) [12].

Table 2.1 Physical and crystallographic properties of zirconia [1,25]

Property value
Polymorphism, °C

Monoclinic to tetragonal 1000-1170
Tetragonal to cubic 2370
Cubic to liquid 2680

Crystallography, monoclinic
a 5.1454 Â
b 5.2075 À
c 5.3107 À
P 99014.

Crystallography, tetragonal
a 3.64 Â
c 5.27 Â

Crystallography, cubic
a 5.065 Â

Density, g/cm3
Monoclinic 5.68
Tetragonal 6.10

Thermal expansion coefficient,
10~6/K

Monoclinic 7
Tetragonal 12

Heat formation, kJ/mol -1096.73
Boiling point, K 4548
Thermal conductivity, W/m,K

At100°C 1.675
At1300°C 2.094

Hardness, Hv 1200
Fracture toughness, MPa.m ' 1/2 1.54-4.07
Refractive index 2.15
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ZrC>2 -toughened ceramics are basically of three types. They are:

• Tetragonal-only phase ceramics: These are generally known as tetragonal 

zirconia polycrystals (TZP) that contain approximately 2-3 mol% Y2O3 or 

CeC>2. They are completely constituted by tetragonal grains with sizes of the 

order of hundreds of nanometres [1]. Here high toughness can be achieved 

via stress-induced transformation toughening due to the metastable nature of 

the tetragonal phase.

• Partially stabilised ZrC>2 (PSZ): Here t-ZrC>2 particles are coherently 

precipitated within a cubic (c) stabilised ZrC>2 matrix (precipitation- 

toughened ceramics). A typical PSZ ceramic contains a stabiliser of MgO, 

CaO, or Y2O3 (for example, Mg-PSZ containing 8 wt% MgO has a 

microstructure consisting of 40 to 70 |im cubic grains containing finely 

dispersed precipitates of sub micron t-Zr02 and m-Zr02

• Zr02 -toughened ceramics (ZTC): Here t- or m-Zr02  particles are dispersed in 

ceramic materials such as A I2O3, mullite (3A l203-2Si02) and spinel 

(MgAl204) (dispersion-toughened ceramics). The critical Zr02  particle size 

varies with different matrices but is usually between 0.5 and 1.2 |im. The t- 

phase is usually strengthened by the addition of small amounts of Y2O3.

2.2 Tetragonal zirconia polycrystals (TZP)

Rieth et al [26] was the first to obtain ceramics at room temperature with a 

tetragonal only phase named TZP, using the Zr0 2-Y203 system (Fig 2.1). This 

research was subsequently followed up by Gupta et al [27]. Polycrystalline TZP 

materials are generally fabricated from co-precipated powders, i.e., Zr02 plus the 

alloying addition. These powders are in the size range of 10-200 nm. Depending on 

the reactive nature of powders as well as the form of the phase equilibria, firing is 

conducted in the range 1300 -1500°C for Y-TZP, as indicated in Fig. 2.1. The final 

grain size after fabrication was -0.5-2 (im, depending on sintering temperature, hold 

time, and stabiliser content [5], The critical tetragonal zirconia grain size also

depended on the stabiliser content and the density of the sintered compact [5],
- 110Fracture toughness of 2.5 to 14 MPa m with hardness of 11 to 13.5 GPa were
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obtained when sintering took place in the temperature range 1400° to 1500°C 

[2,13,18,28,29,30],

oo
CL)
L-=J
ro
Q>Cl.
E

Y20 3 Content (mol%)

Figure 2.1. Zr02 -Y203 phase diagram [5],

In early stages of development of TZP ceramics, high densities were difficult to 

achieve within a reasonable sintering time because of using low sintering 

temperature. To overcome the low-density problems, hot isostatic pressing (HIP) has 

become a popular technique to increase density without excessive grain growth 

[2,18,28]. More recently, high-quality powders have become available which enable 

densities > 98% of theoretical to be achieved at 1400°C, with a resulting grain size < 

0.5 p.m [11,15,16,29].

2.3 Toughening mechanism

Garvie et al [31] were the first to point out the potential for high strength and high 

toughness zirconia ceramics by utilizing the tetragonal monoclinic phase 

transformation in PSZ. They observed that tetragonal metastable precipitates finely 

dispersed within a cubic matrix were able to transform into monoclinic phase when a 

constraint was applied on them by the matrix. A great deal of research has been 

carried out since to devise theories and develop mathematical frameworks to explain 

the phenomenon. It is commonly recognized that the t-m transformation can develop
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significantly improved properties via two different mechanisms a) microcracking, b) 

transformation toughening, apart from crack deflection which can occur in two- 

phase ceramics, though the mechanisms are different the concept in both cases is to 

increase the required energy before brittle fracture.

a) Microcracking. Incorporation of Z r02 particles in a ceramic matrix (cubic Z r0 2 

or another ceramic such as AI2O3) induces microcracking. On cooling through the 

transformation temperature (Tt.m), the volume expansion of 3 to 4% occurring in the 

Z r02 particles causes a crack to form (Fig 2.2)

(a) (b)

Figure 2.2 The martensitic transformation that occurs in Zr02 (tetragonal to 

monoclinic at 900 to 1100°C with a 3 to 4% volume expansion, 

develops microcracks around the Zr02 particles (a). A crack 

propagating into the particle is deviated and becomes diverged (b), thus 

increasing the measured fracture resistance [32],

Tangential stresses are generated around the transformed particles which 

induce microcracks in the matrix. These are induced due to their ability to extend in 

the stress field of a propagating crack or to deflect the propagating crack can absorb 

or dissipate the energy of the crack, thereby increasing the toughness of the ceramic. 

The optimum conditions are met when the particles are large enough to transform, 

but small enough to cause limited microcrack development. Generally the Zr02 

particle size can be controlled by milling time prior to sintering or aging conditions 

after sintering to develop the desired size range.

To get maximum toughness, the volume fraction of Zr02 inclusions must be 

at an optimum level [33]. It is to be carefully noted that the toughness will increase 

to a maximum above which microcracks generated by the Zr02 particles will interact 

with one another resulting in a decrease in strength.
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b ) T ra n s fo r m a t io n  to u g h e n in g . T ra n s fo rm a tio n - to u g h e n e d  c e ra m ic s  o w e  th e ir  v e ry  

la rg e  to u g h n e s s  to  th e  s tre s s - in d u c e d  tr a n s fo rm a tio n  o f  a  m e ta s ta b le  p h a s e  in  th e  

v ic in i ty  o f  a  p ro p a g a tin g  c ra c k . T o  u n d e rs ta n d  th e  p h e n o m e n o n , it  is  u se fu l to  re fe r  

to  F ig . 2 .3 , w h e re  f in e  te tra g o n a l  z ir c o n ia  g ra in s  a re  d is p e r s e d  in  a  m a tr ix . I f  th e s e  

te tra g o n a l  p a r tic le s  a re  f in e  e n o u g h , th e n  u p o n  c o o l in g  f ro m  th e  p ro c e s s in g  

te m p e ra tu re s , th e y  c a n  b e  c o n s tra in e d  f ro m  t r a n s fo rm a t io n  b y  th e  su rro u n d in g  m a tr ix  

a n d  c o n s e q u e n tly  c a n  b e  re ta in e d  in  a  m e ta s ta b le  te t r a g o n a l  p h a se . T h e se  m e ta s ta b le  

te tr a g o n a l  p a r tic le s  c a n  b e  t ra n s fo rm e d  in to  m o n o c l in ic  p h a s e  a c c o m p a n ie d  b y  a  

r e la t iv e ly  la rg e  v o lu m e  e x p a n s io n  (3 -4 % )  w h e n  th e  c o n s tr a in t  e x e r te d  o n  th e m  b y  th e  

m a tr ix  is re lie v e d , i.e . b y  a  c ra c k  a d v a n c in g  in  th e  m a te r ia l . T h e  s tre s s  f ie ld  

a s s o c ia te d  w ith  e x p a n s io n  d u e  to  th e  p h a s e  t r a n s fo rm a tio n  a c ts  in  o p p o s itio n  to  th e  

s tre s s  f ie ld  th a t  p ro m o te s  th e  p ro p a g a t io n  o f  th e  c ra c k . T h e  e n e rg y  a s s o c ia te d  w ith  

c ra c k  p ro p a g a tio n  is  d is s ip a te d  b o th  in  th e  t-m  t r a n s fo rm a tio n  a n d  in  o v e rc o m in g  th e  

c o m p re s s iv e  s tre s s  d u e  to  th e  v o lu m e  e x p a n s io n , w h ic h  in c re a s e  b o th  th e  to u g h n e ss  

a n d  th e  s tre n g th  o f  th e  c e ra m ic .

p r o c e s s  z o n e

O 0 0 0 0  0  0  . Q / C D  O  O  O  o

,  -  " o b w o o / o o ° °  
O  O  o /  o  o  O  / ° 0  O  o

X  . }  c  , t r a n s f o r m i n g
u n  t r a n s f o r m e d  t r a n s f o r m e d  . 43

p a r t i c l e  p a r t i c l c  ^

?

F ig u re .2 .3  R e p re s e n ta t io n  o f  s tre s s - in d u c e d  t r a n s fo rm a tio n  to u g h e n in g  p ro c e s s  [1 ].

I t is  u n fo r tu n a te  th a t  th e  r e a s o n  tr a n s fo rm a tio n  to u g h e n in g  w o rk s  so w e ll a t 

a m b ie n t  te m p e ra tu re s , m a in ly  b e c a u s e  th e  m e ta s ta b i l i ty  o f  th e  te tra g o n a l p h a se , is 

th e  sa m e  re a s o n  it  is  in e f fe c t iv e  a t  e le v a te d  te m p e ra tu re s .  In c re a s in g  th e  te m p e ra tu re  

re d u c e s  th e  d r iv in g  fo rc e  fo r  tr a n s fo rm a tio n  a n d  c o n s e q u e n tly  th e  e x te n t o f  th e  

t ra n s fo rm e d  z o n e , le a d in g  to  le s s  to u g h  m a te r ia ls .
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2 . 4  P r o p e r t i e s  o f  T Z P

T Z P  c e ra m ic s  a re  s u p p o s e d  to  h a v e  lo n g - te rm  s ta b ili ty  a n d  th is  p ro p e r ty  g re a tly  

d e p e n d s  o n  fa c to rs  su c h  a s  y t t r ia  c o n te n t  a n d  g ra in  s ize . In  th e  p re s e n c e  o f  w a te r  a t 

te m p e ra tu re s  in  th e  ra n g e  2 0 0  to  3 0 0 ° C , d e g ra d a tio n  o f  p ro p e r t ie s  c a n  b e  se v e re . In  

c o n tra s t ,  th e  M g -P S Z  c o m m e rc ia l  c e ra m ic  a p p e a rs  n o t  to  b e  a s  s e n s itiv e  to  

a tm o s p h e r ic  m o is tu re  o v e r  th is  te m p e ra tu re  ra n g e . L a w s o n  [19] in v e s tig a te d  

e n v iro n m e n ta l  d e g ra d a tio n  o f  z i r c o n ia  c e ra m ic s  a n d  c la im e d  th a t  p a r t ia l ly  s ta b ilis e d  

z ir c o n ia  is  su s c e p tib le  to  v a r io u s  e n v iro n m e n ts  su c h  a s  h u m id  a ir , w a te r  v a p o u r  a n d  

o th e r  a q u e o u s  f lu id s  o v e r  a  te m p e ra tu re  ra n g e  o f  6 5 -5 0 0 °C , b u t  in  a q u e o u s  so lu tio n s  

th e  e f fe c t  is  m o re  c a ta s tro p h ic  a t  lo w e r  te m p e ra tu re s  a n d  in  s h o r te r  tim e s . S o  a  p r im e  

a r e a  o f  in te re s t  is  to  d e v e lo p  a n  a g e in g - re s is ta n t  z i r c o n ia  c e ra m ic  w ith  g o o d  

m e c h a n ic a l  p ro p e r tie s . T h is  b e h a v io u r  m ig h t  w e ll  b e  a t tr ib u te d  to  th e  lo w -v o lu m e -  

f r a c t io n  o f  th e  t r a n s fo rm a b le  te t r a g o n a l  p h a s e  p re s e n t  in  o r  a d ja c e n t  to  th e  g ra in  

b o u n d a r ie s .

T h e  e x a c t  m e c h a n is m  f o r  th e  d e g ra d a tio n  o f  p ro p e r t ie s  w ith  t im e  h a s  n o t  y e t 

b e e n  id e n tif ie d . I t  is  e s ta b l is h e d  th a t  th e  re m o v a l o f  e la s tic  c o n s tra in t  a t  th e  g ra in  

b o u n d a r ie s  is  th e  c a u se  o f  th e  p h e n o m e n o n , th e  r e a s o n  fo r  th is  o c c u r re n c e  is  s till 

u n k n o w n . O n e  sc h o o l o f  th o u g h t  a ttr ib u te s  th e  a c t io n  o f  w a te r  o r  p o la r  l iq u id s  o n  th e  

g ra in -b o u n d a ry  g la s s y  p h a s e  a s  b e in g  s ig n if ic a n t [34 , 3 5 ] , w h ile  a n o th e r  su g g e s ts  th e  

re m o v a l o f  Y 2O 3 f ro m  s o lid  s o lu t io n  in  th e  Z r0 2  su r fa c e  a s  b e in g  a n  im p o r ta n t 

m e c h a n is m  [3 6 ]. K im e l e t  a l [6 ] e s ta b lis h e d  a  d if fu s io n  c o n tro l le d  le a c h in g  m o d e l 

w h ic h  d id  n o t  s h o w  a n y  s ig n if ic a n t  d if fu s io n  o f  h y d ro x id e  in to  th e  3 Y -T Z P  f ro m  th e  

a q u e o u s  s o lu t io n  a t  ro o m  te m p e ra tu re .  B y  X R D , th e y  s h o w e d  th a t  y t tr iu m  le a c h in g  

h a s  n o  e f fe c t  o n  th e  a m o u n t  o f  m o n o c lin ic  a n d  te tra g o n a l p h a s e s  p re s e n t  in  th e  

p o w d e r  in  ro o m  te m p e ra tu re .  T o  fu r th e r  d e te rm in e  th e  m e c h a n is m  re s p o n s ib le  fo r  

a q u e o u s  d e g ra d a tio n , h e  a ls o  p e r fo rm e d  le a c h in g  e x p e r im e n ts  in  d e u te ra te d  w a te r . 

D e u te r iu m  re m a in e d  o n  th e  s u r fa c e  o f  th e  p o w d e r , in d ic a t in g  th a t  h y d ro x id e  

m ig ra tio n  in to  th e  3 Y -T Z P  la t t ic e  is  n o t  a  p ro b a b le  re a c tio n  in  a q u e o u s  s u s p e n s io n  a t 

ro o m  te m p e ra tu re . O n e  o f  th e  m o s t  p la u s ib le  [37] e x p la n a tio n s  fo r  g ro ss  

d e s ta b i l is a t io n  o f  th e  t- p h a s e  is  th a t  le a c h in g  o f  Y 2O 3 le a d s  to  s u b se q u e n t 

tr a n s fo rm a tio n  o f  th e  s u r fa c e  la y e r s  to  m -p h a se  a n d  th e  in tro d u c tio n  o f  in c ip ie n t 

f la w s  [3 8 ]. S e v e ra l a p p ro a c h e s  h a v e  b e e n  u s e d  to  o v e rc o m e  th is  in s ta b ili ty . T h e se  

a p p ro a c h e s  v a ry  f ro m  re d u c in g  th e  in it ia l  g ra in  s iz e  a n d  th e  u s e  o f  a d d itio n s  o f  o th e r
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s ta b i l is in g  o x id e s  o r  n o n -o x id e s . S a to  e t  a l [3 9 ], th ro u g h  th e  a d d i t io n  o f  5 m o l%  

C eC >2 to  3 m o l%  Y -T Z P , w e re  a b le  to  s u p p re s s  a n y  d e g ra d a tio n  in  f ra c tu re  to u g h n e ss  

p ro p e r t ie s  a f te r  a n n e a lin g  fo r  168 h  a t  1 0 0 °C  in  w a te r . T s u k u m a  e t a l [40] re p o r te d  

th a t  2  m o l%  Y -T Z P  is m u c h  m o re  u n s ta b le  c o m p a re d  to  3 m o l%  Y -T Z P , w h ic h  

le a d s  to  a  h ig h e r  to u g h n e s s  a n d  s tro n g e r  d e g ra d a tio n . B a s u  e t  a l [41] c a rr ie d  o u t a  

c o m p re h e n s iv e  s tu d y  w ith  d if fe re n t  c o m m e rc ia l  g ra d e s  o f  Y -T Z P  p o w d e rs  an d  

c o n c lu d e d  th a t  o v e ra ll  y t tr ia  c o n te n t  a n d  th e  im p u r ity  c o n te n t  in  th e  z irc o n ia  m a tr ix  

w e re  f o u n d  to  b e  im p o r ta n t  fa c to rs , w h e re a s  h ig h e r  im p u r ity  a n d /o r  lo w e r  y ttr ia  

c o n te n t  w ith  in h o m o g e n e o u s  y t t r ia  d is t r ib u t io n  r e s u lte d  in  h ig h e r  re s is ta n c e  a g a in s t 

lo w  te m p e ra tu re  d e g ra d a tio n . H o w e v e r , b o th  o f  th e s e  s o lu tio n s  w il l  lo w e r  th e  M s 

(m a r te n s i t ic  s ta rt)  te m p e ra tu re , r e s u l t in g  in  r e d u c e d  to u g h n e s s .  W h a le n  e t a l [42] 

p r o p o s e d  a  p o s t  s in te r in g  g r in d in g  a n d  a n n e a lin g  tr e a tm e n t  to  in h ib it  th e  lo w  

te m p e ra tu re  te tra g o n a l  to  m o n o c lin ic  tr a n s fo rm a tio n  in  Y -T Z P  c e ra m ic s . C h u n g  e t a l 

[2 9 ] p ro p o s e d  a  n e w  p o s t  h e a t t r e a tm e n t  to  p re v e n t  lo w  te m p e ra tu re  d e g ra d a tio n  

w h e re  th e  a lre a d y  s in te re d  3 Y -T Z P  s a m p le s  w e re  fu r th e r  h e a t- t r e a te d  fo r  2  h  a t e ith e r  

1 6 0 0 °  o r  1 7 0 0 °C  u n d e r  f lo w in g  n i t ro g e n  g a s  in  a  fu rn a c e  w ith  g ra p h ite  h e a tin g  

e le m e n ts  to  fo rm  n i t ro g e n -s ta b il is e d  s u r fa c e  la y e rs  r e s u lt in g  in  th e  g ra in  s iz e  o f  th e  

s u r fa c e  la y e r  in c re a s in g  to  >  1 0  jo,m, w h e re a s  th a t  o f  th e  in te r io r  re m a in e d  ~  1 |j.m. 

M o re o v e r ,  th e  n i tr if ie d  la y e r  o f  th e  3 Y  s p e c im e n s  h a d  h ig h e r  h a rd n e s s  v a lu e s  a t sam e  

t im e  n o  s tre n g th  c h a n g e  w a s  o b s e rv e d  a n n e a lin g  a t  2 0 0 ° C  in  a ir .

E v e n  th o u g h  th e  m a tte r  h a s  n o t  b e e n  re s o lv e d  y e t, th is  n u c le a t io n  e v e n t is  an  

im p o r ta n t  p h e n o m e n o n . A s  s o o n  a s  a  m o n o c lin ic  n u c le u s  is  fo rm e d , th e  

tr a n s fo rm a tio n  p ro c e s s  c a n  b e c o m e  s e lf -g e n e ra t in g  in  th a t  a d ja c e n t  g ra in s  c a n  b e  

t r ig g e re d  to  tra n s fo rm a tio n . T h e  m ic ro c ra c k s  g e n e ra te d  f ro m  th e  p ro c e s s  c a n  th e n  

p ro v id e  r e a d y  a c c e s s  fo r  th e  w a te r  v a p o r  to  c o n tin u e  th e  c h e m ic a l  a t ta c k  o n  th e  T Z P .

T h e  m a jo r  c o n tro ll in g  v a r ia b le  fo r  p ro p e r ty  d e te rm in a tio n  is  th e  y t tr ia  c o n te n t o f  

th e  z ir c o n ia . T o  g e n e ra te  s ig n if ic a n t m e c h a n ic a l  p ro p e r t ie s , i t  is  n e c e s s a ry  to  h a v e  a  

m ic ro s tru c tu re  f re e  o f  a n y  m o n o c lin ic  p h a s e  w h ic h  w o u ld  a c t  a s  a  f la w , a n d  th is  

d ic ta te s  th e  m in im u m  le v e l o f  s ta b i l is e r  a d d e d . T h e re fo re  a p p ro x im a te ly  1.8 m o l%  

Y 2O 3 in  s o lid  s o lu tio n  re s u lts  in  a  c o m p o s it io n  c lo s e  to  th e  p h a s e  b o u n d a ry  a n d  in  a  

c e ra m ic  w h e re  th e  m e ta s ta b le  te t r a g o n a l  is  re a d ily  t ra n s fo rm a b le . C o n s e q u e n tly  h ig h  

v a lu e s  o f  f ra c tu re  to u g h n e s s  c a n  b e  o b ta in e d  w ith  th is  c o m p o s it io n . V le u g e ls  e t al 

[1 5 ,1 6 ,1 7 ]  h a s  re c e n tly  d o n e  s o m e  e x te n s iv e  re s e a rc h  w o rk  o n  T Z P  c e ra m ic s . T h is

14



w o rk  h a s  q u e s t io n e d  th e  q u a n tity  o f  y t t r ia  r e q u ire d  to  a c h ie v e  o p t im u m  p ro p e r t ie s , 

in c lu d in g  f ra c tu re  to u g h n e s s . B a s u  e t  a l [1 8 ] e x p lo re d  a  s im p le  b u t  in n o v a t iv e  ro u te  

b a s e d  o n  th e  m ix in g  a n d  h o t  p re s s in g  (u n d e r  id e n tic a l c o n d itio n s )  o f  T Z -3 Y  (T o so h )  

z irc o n ia  p o w d e rs  w ith  v a ry in g  y ttr ia  c o n te n t  (0  a n d  3 m o l% ). T h e  e x p e r im e n ta l  

r e s u lts  s h o w e d  th a t  th e  fra c tu re  to u g h n e s s  o f  y ttr ia - s ta b il is e d  te t r a g o n a l  z irc o n ia  

p o ly c ry s ta l l in e  (Y -T Z P )  c e ra m ic s  c o u ld  b e  ta i lo re d  b y  c a re fu l m ix in g  o f  c o ­

p re c ip ita te d  a n d  y ttr ia - f re e  z irc o n ia  s ta r t in g  p o w d e rs . T h e y  o b s e rv e d  th a t  th e  

in d e n ta t io n  f r a c tu re  to u g h n e s s  o f  Y -T Z P  c e ra m ic s  c o u ld  b e  ta i lo re d  f ro m  2  to  10 

M P a m 1/2 b y  th e  c o n tro l le d  a d d itio n  o f  m o n o c l in ic  z irc o n ia  p a r tic le s  to  3 m o l%  Y 2O 3 

c o -p re c ip ita te d  z i r c o n ia  p o w d e r . H o t p re s s e d  T Z P ’s w ith  a n  o v e ra ll  y t t r ia  c o n te n t  o f  

2 m o l%  s h o w e d  e x c e l le n t  in d e n ta tio n  to u g h n e s s  (1 0  M P a .m  ) c o m b in e d  w ith  a  

h ig h  f le x u ra l s t r e n g th  (a ro u n d  1250  M P a ). T h is  w a s  a  r e m a rk a b le  im p ro v e m e n t  o n  

th e  o r ig in a l 3 m o l%  p o w d e r  w h ic h  s h o w e d  a  f ra c tu re  to u g h n e s s  o f  a p p ro x im a te ly  2 .5  

M P a .m 172 a n d  a  f le x u ra l  s tre n g th  o f  a ro u n d  1 0 0 0  M P a . E x p o su re  to  m o is tu re  a t 2 0 0  

to  3 0 0 ° C  e n h a n c e s  th is  p ro c e s s  w ith  th e  r e s u l t  th a t  lo n g - te rm  e x p o s u re  u n d e r  th e se  

c o n d it io n s  p ro d u c e s  a  d ra s tic  d e c re a s e  in  f ra c tu re  s tre n g th . E le c t ro n  p ro b e  

m ic ro a n a ly s is  (E P M A )  a n a ly s is  s h o w e d  th a t  th e  p re s e n c e  o f  in te n t io n a l ly  a d d e d  

y t tr ia - f re e  Z r 0 2 p a r t ic le s  in  th e  s ta r tin g  p o w d e r  m ix tu re s  c a u se d  a  r e d is t r ib u t io n  o f  

th e  y t t r ia  d u r in g  s in te r in g . Y ttr ia  f ro m  th e  c o -p re c ip ita te d  g ra in s  d if fu s e d  in to  th e  

o r ig in a l m o n o c l in ic  g ra in s  re s u lt in g  in  h ig h ly  tra n s fo rm a b le  te tr a g o n a l  g ra in s . T h is  

fa c to r  w a s  a c c o u n ta b le  fo r  th e  h ig h  to u g h n e s s  in  th e  m ix e d  g ra d e  2 Y - T Z P ’s. B a s u  e t 

al [2 ] u s e d  th e rm o -m e c h a n ic a l  a n a ly s is  to  in v e s tig a te  th e  th e rm a l h y s te re s is  

b e h a v io u r  o f  th e  p o w d e r  m ix tu re  b a s e d  2 Y - T Z P ’s. T h is  b e h a v io u r  s h o w e d  th a t  th e se  

m a te r ia ls  w e re  p r o n e  to  re v e rs ib le  te tr a g o n a l  (t)  to  m o n o c lin ic  (m ) tr a n s fo rm a tio n , 

a lso  k n o w n  a s  lo w  te m p e ra tu re  d e g ra d a tio n  p h e n o m e n o n , b u t  th a t  th e  e f f e c t  w a s  

a lm o s t  n e g l ig ib le  fo r  th e  u n m o d if ie d  T Z -3  Y  p o w d e r .

In  o rd e r  to  g e t a  m a x im u m  in  th e  f r a c tu re  s tre n g th  o f  T Z P , th e  c o m p o s it io n  

re q u ire d  is  3 m o l%  Y 2O 3 a n d  th is  m u s t  o c c u r  w h e n  th e  v a lu e  o f  V y/c, w h e r e  y is  th e  

f ra c tu re  e n e rg y  a n d  c  is  th e  c r it ic a l  f la w  le n g th  [4 3 , 4 4 ] , is o p tim iz e d . I f  th e  in tr in s ic  

f la w  s iz e  d u e  to  f a b r ic a t io n  te c h n iq u e s  w a s  c o n s id e re d  c o n s ta n t o v e r  th e  r a n g e  2  to  4 

m o l%  Y 20 3 y  is  a t  a  m a x im u m  a t 2  m o l%  Y 2 0 3j th is  w o u ld  a p p e a r  to  be  

c o n tra d ic to ry . T o  re s o lv e  th is , th e  m ic ro s tru c tu re  o f  3 m o l%  c o m p o s i t io n  w h e re  

r e la t iv e ly  la rg e  g ra in s  (~ 5  to  8  p,m) o f  th e  c u b ic  p h a s e  a re  to  b e  fo u n d  o f te n  in  fa ir ly  

c lo s e  a s s o c ia t io n  w i th  o n e  a n o th e r . A  r e la t iv e ly  th ic k  la y e r  o f  g la s s y  p h a s e  is  o f te n
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fo u n d  a t th e  c u b ic  g r a in  b o u n d a ry . T o g e th e r  w i th  th e  lo w e r v a lu e  o f  th e  fra c tu re  

to u g h n e ss  fo r  th e  c u b ic  p h a s e  (K ic ~ 2 .2  M P a .m 1/2), th is  p o in ts  to w a rd s  a  c h a n g e  in  

th e  f la w  d is tr ib u tio n .

T h e  b e n d  s tre n g th  d e c re a s e s  w ith  te m p e ra tu re ,  th e  ra te  o f  d e c re a se  fa ir ly  

c o n s ta n t u p  to  8 0 0 °C ; a f te r  th a t  th e  d e c re a s e  is  a t  a  le s s e r  ra te . T h e  e la s tic  m o d u lu s  

d e c re a se s  w ith  te m p e ra tu re . S in c e  th e  f la w  s iz e  d is t r ib u t io n  sh o u ld  re m a in  c o n s ta n t, 

th e  ra p id  in it ia l  d e c re a s e  in  s tre n g th  c a n  b e  e x p la in e d  b y  a  d e c re a se  in  th e  fra c tu re  

to u g h n e s s  f ro m  th e  ro o m - te m p e ra tu re  v a lu e  to  th a t  a t th e  tra n s fo rm a tio n  

te m p e ra tu re . A  s u m m a ry  o f  th e  p ro p e r t ie s  o f  T Z P  is  g iv e n  in  T a b le  2 .2 .

T a b le  2 .2  T y p ic a l P ro p e r t ie s  o f  T Z P  [4 5 , 4 6 ]

P ro p e rty V a lu e

D e n s ity , g /m 3 6 .0 5

H a rd n e ss , H V 1 2 0 0

M o d u lu s  o f  ru p tu re (a ) , M P a 9 0 0

F ra c tu re  T o u g h n e s s  (k ic) , M P a .m 1/2 2 - 1 0

E la s tic  m o d u lu s , G P a 2 0 0

T h e rm a l c o n d u c tiv i ty , W /m .K 2

2 . 5  A p p l i c a t i o n s  o f  z i r c o n i a  c e r a m i c s

Y -T Z P  is su ita b le  f o r  th e  a p p lic a t io n  o f  th e  m a te r ia ls  in  h a rsh  e n v iro n m e n ts  u n d e r  

s e v e re  lo a d in g  c o n d it io n s  s in c e  it h a s  th e  c o m b in a t io n  o f  s tre n g th , to u g h n e s s , an d  

c h e m ic a l in e r tn e s s  [5 ]. T o g e th e r  w ith  th e  d e v e lo p m e n t  o f  a  su rfa c e  c o m p re s s iv e ly  

s tre s se d  la y e r , m a n y  n o v e l  a p p lic a tio n s  in  w e a r - re s is ta n t  c u ttin g  d e v ic e s  are  

e n v isa g e d  a n d  o n  th e  w a y  o f  d e v e lo p m e n t. T h e  e x c e lle n t m e c h a n ic a l p ro p e r tie s  

c o m b in e d  w ith  b io c o m p a tib i l i ty , w e a r  r e s is ta n c e , h ig h  c h e m ic a l re s is ta n c e , w h ic h  

m a k e  th e  m a te r ia l  a  p r o m is in g  c a n d id a te  fo r  b io m e d ic a l  a p p lic a tio n s  [47], R e se a rc h  

is  g o in g  o n  th e  p o s s ib i l i ty  o f  z irc o n ia  a s  a  b io lo g ic a l  im p la n t m a te r ia l  to  re p la c e  

w o rn  jo in ts  [4 8 ]. B u t  th e  m a in  a p p lic a t io n  o f  th is  c e ra m ic  b io m a te r ia l is  in  th e  

m a n u fa c tu r in g  o f  b a l l  h e a d s  fo r  to ta l  h ip  r e p la c e m e n ts  [47 , 49] (F ig  2 .4  a n d  2 .5 )
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F ig u re  2 .4  -T y p ic a l h ip  r e p la c e m e n t 

c o m p o n e n ts  [5 0 ].

F ig u re  2 .5  T h is  z irc o n iu m  h e a d  h a s  b e e n  
o x id iz e d  to  a c q u ire  a  z irc o n ia  o u te r  lay e r, 
w h ic h  w a s  th e n  p o lish e d . T h e  h e a d  h a s  a  
2 8 -m m  d ia m e te r . T h e  s te m  is  a  t i ta n iu m  
a llo y  (T i-6 A 1 -4 V ) [51].

W ith  s te e l lik e  s tre n g th  a n d  u l t r a  h ig h  h a rd n e s s , Y -T Z P  in c re a se s  th e  se rv ic e  

life  u p  to  50  t im e s  o v e r  c o n v e n tio n a l  m a te r ia ls .  I t  is  u s e d  fo r  c u ttin g  a n d  s li t t in g  o f  

in d u s tr ia l  m a te r ia ls ,  p a r t ic u la r ly  fo r  m a g n e tic  ta p e , p la s tic  f ilm , a n d  p a p e r  i te m s  su c h  

as  c ig a re tte  f i l te r s  (F ig  2 .6 )  [5 2 ,5 3 ] . T h e  a d v a n ta g e s  a re  th e  e x tra  life  o b ta in e d  b y  th e  

z irc o n ia  c o m p o n e n t  a l lo w s  lo n g e r  ru n s  o f  th e  m a c h in e s  a n d  th e  r e s u ltin g  lo ss  o f  

d o w n -tim e  m o re  th a n  c o m p e n s a te s  fo r  th e  h ig h e r  in it ia l  c o s t o f  th e  c o m p o n e n t. 

S im ila r ly  z ir c o n ia  w ire -d ra w in g  d ie s  a n d  h o t  e x tru s io n  d ie s  a re  p ro v in g  th e m s e lv e s  

su p e r io r  to  c o n v e n t io n a l  d ie s , s p e c if ic a l ly  in  th e  f in is h in g  ru n s  w h e re  g o o d  

d im e n s io n a l  to le ra n c e  a n d  a  h ig h  s u r fa c e  q u a l i ty  a re  r e q u ire d  [5 2 ,5 3 ,5 4 ] .
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F ig u re .  2 .6  D if fe re n t  ty p e  o f  Y -T Z P  z irc o n ia  b la d e s  [5].

S e a ls  in  v a lv e s ,  c h e m ic a l, a n d  s lu r ry  p u m p s  a re  a lso  m a d e  o f  z ir c o n ia  

c e ra m ic s . L a te ly  th e  im p e lle r s  h a v e  b e e n  f a b r ic a te d  w ith  z irc o n ia  a n d  te s te d . V a lv e  

s e a t a n d  v a lv e  h e a d s  w h ic h  n e e d  to  w ith s ta n d  h ig h  p re s s u re  in  h o m o g e n is in g  

m a c h in e  a lso  m a d e  o f  Y -T Z P  c e ra m ic s  (F ig  2 .7 ) . H o m o g e n is in g  m a c h in e s , u s e d  fo r  

p ro d u c in g  e x tra c ts  f r o m  b re w e r ’s y e a s t, g iv e s  th e  p ro d u c ts  h ig h e r  fo o d  v a lu e  fo r  

h u m a n  c o n s u m p tio n .

Normal exit

Impact ring

Pressure Valve seat 
chamber

Valve head
Spring loaded 
valve rod

fj p

— /

Valve set “A”

Valve set “B’

(a ) D ia g ra m  o f  h o m o g e n iz in g  v a lv e  (b )  D if fe re n t  v a lv e  se ts

Figure 2.7 Different Valves made of Y-TZP in homogenizing machines.
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C o m p o n e n ts  th a t  r e q u ire  lo n g  life  u n d e r  lo w  lo a d  c o n d itio n s  c a n  b e  m a d e  

e f fe c tiv e ly  w ith  z irc o n ia . F o r  in s ta n c e , th re a d  g u id e s  a n d  b e a r in g  g u id e s , d o t  m a tr ix  

p r in te rs  e tc .

Z irc o n ia  h a s  h u g e  p ro s p e c t  in  a u to m o tiv e  e n g in e  p a r ts ,  in  p a r t ic u la r  th e  d ie se l 

e n g in e . T w o  ty p e s  o f  a p p lic a t io n s  a re  e n v is a g e d . In  th e  f irs t th e  lo w  th e rm a l 

c o n d u c tiv i ty  o f  z irc o n ia  w o u ld  b e  u s e d  to  a d v a n ta g e  in  c o m p o n e n ts  s u c h  as  p is to n  

c ro w n s , h e a d  fa c e  p la te s , a n d  p is to n  lin e rs  (F ig  2 .8 ) . A s  a  re s u lt  th e  h e a t lo ss  f ro m  

th e  c o m b u s tio n  c h a m b e r  w o u ld  b e  re d u c e d  a n d  th e  f la m e  te m p e ra tu re  in c re a se d  

r e s u lt in g  in  in c re a se d  e n g in e  e f f ic ie n c y . R e d d y  e t  a l [5 5 ] e s ta b lis h e d  in  th e ir  

e x p e r im e n t to  im p ro v e  th e  p e r fo rm a n c e  o f  a  tw o -s tro k e  s p a rk  ig n itio n  e n g in e , c o a te d  

th e  c o m b u s tio n  c h a m b e r  b y  p a r t ia l ly  s ta b il is e d  z irc o n ia , im p ro v e s  th e  b ra k e  th e rm a l 

e f f ic ie n c y  a n d  re d u c e s  H C  a n d  C O  e m is s io n s . W e a r  w o u ld  b e  re d u c e d  g iv in g  lo n g e r  

t im e s  b e tw e e n  ro u tin e  s e rv ic e s  a n d  a  c o n s id e ra b ly  e x te n d e d  e n g in e  life . T h e re  a re  

a ls o  c o m p o n e n ts  in  th e  e n g in e  w h ic h  a re  l im ite d  b y  w e a r , p a r t ic u la r ly  in  th e  v a lv e  

tr a in , su c h  as c a m s , c a m  fo llo w e rs , ta p p e ts , a n d  e x h a u s t  v a lv e s  (F ig  2 .8 ) . A ll th e s e  

c o m p o n e n ts  h a v e  b e e n  f a b r ic a te d  u s in g  z irc o n ia  a n d  a re  u n d e r  te s t  [56]. A  ro ta ry  

e n g in e  h a s  b e e n  c o n s tru c te d  u s in g  a  s i l ic o n  n itr id e  c a s in g  a n d  a  z irc o n ia  ro to r . I f  

te s t in g  re su lts  p ro v e d  to  b e  p o s it iv e , z i r c o n ia  c o u ld  b e  u s e d  e x te n s iv e ly  in  

a u to m o tiv e  p a rts .

(a )  P is to n  c ro w n  (b ) P is to n  l in e r  (c ) c a m s (d )  T a p p e ts (e ) E x h a u s t  g as  
v a lv e s

Figure 2.8 Different engines parts coated with zirconia.
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Zirconia-bearing ceramics have other applications that include:

•  R e f ra c to ry  c o m p o n e n ts  a n d  b r ic k s  fo r  h ig h  te m p e ra tu re  fu rn a c e s  fo r  

m e ta l lu rg ic a l  p ro c e s s in g

•  R e f ra c to ry  f ib e rs  th a t  p r o v id e  th e rm a l in s u la t io n  to  s e p a ra to rs  in  a e ro sp a c e  

b a tte r ie s , h o t  g a s  f i l te r s , a n d  e le c tro ly s is  d ia p h ra g m s

•  T h e rm a l b a r r ie r  c o a t in g s  f o r  e q u ia x e d , d ire c t io n a lly  s o lid if ie d , a n d  s in g le ­

c ry s ta l  s u p e ra llo y  tu rb in e  b la d e s  [3 3 ,5 7 ,5 8 ,5 9 ]

•  F u rn a c e  h e a tin g  e le m e n ts

•  O x y g e n  se n so rs , fu e l c e l ls  a n d  c a ta ly tic  m e m b ra n e  [2 4 ,6 0 ]
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2 . 6  M a t e r i a l s  p r o c e s s i n g  a n d  p r o p e r t i e s

2 .6 .1  C o m p a c t io n

C o m p a c t io n  is  o n e  o f  th e  m o s t  im p o r ta n t  s ta g e s  in  s in te r - fo rm in g  ro u te . I t  g iv e s  th e  

p o w d e r  a n  in itia l sh a p e  a n d  p ro v id e s  n e c e s s a ry  s tre n g th  fo r  h a n d lin g  o f  fu r th e r  

p ro c e s s e s .  I t  d e p e n d s  o n  a n  e x te rn a l  so u rc e  o f  p re s s u re  f o r  d e fo rm in g  th e  p o w d e rs  

in to  a  r e la t iv e ly  h ig h  d e n s ity  m a s s , a ls o  p ro v id in g  sh a p e  a n d  d im e n s io n a l  c o n tro l to  

th e  p o w d e r .  T h e  p re s s u re  d e te rm in e s  th e  d e n s itie s  o f  th e  c o m p o n e n ts . W ith  

s u f f ic ie n t ly  h ig h  g re e n  d e n s ity , it  is  p o s s ib le  to  p ro d u c e  h ig h  d e n s i ty  w ith  sm a ll g ra in  

s iz e  a t  r e la t iv e ly  lo w  s in te r in g  te m p e ra tu re . C h e n  e t a l [6 1 ] p r e s s e d  3 Y -T Z  p o w d e r  to  

a  r e la t iv e  g re e n  d e n s ity  o f  5 8 % , a f te rw a rd s  s in te re d , a n d  a c h ie v e d  9 9 .9 %  th e o re tic a l 

d e n s i ty  w ith  a  g ra in  s iz e  o f  85 n m .

l M L \

S t a r t  o f  

P r e s s i n g  C y c l e

C o m p a r t i  o n  

C o m p l e t e d

[=[ p

I
D i e  R i l i n g

P a r t  E j e c t i o n

1
S t a r t  C o m p a c t i o n

i _ r

i f
C o m p a c t  R e m o v a l  

D i e  R i l i n g

Fi gure  2.9 T y p ic a l  c o m p a c t io n  c y c le  [5 9 ],

C u t le r  e t  a l [28] u se d  T Z -3 Y  D a iic h i  p o w d e r  a n d  fo rm e d  u n ia x ia l ly  a t  35 M P a  an d  

s u b s e q u e n t ly  is o s ta tic a lly  p re s s e d  a t  2 0 0  M P a . K im  [2 1 ] u s e d  T o s o h  3 Y -T Z P  

p o w d e r  a n d  u s in g  sa m e  u n ia x ia l  p re s s u re  b u t fo l lo w e d  b y  140 M P a  iso s ta tic  p re ssu re .
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E s q u iv ia s  e t  a l [3] u se d  5 m o l%  y t t r ia  d o p e d  z irc o n ia  p o w d e r  w h ic h  is c o ld  

u n ia x ia l ly  p r e s s e d  a t  75 M P a  le a d s  th e  g re e n  c o m p a c ts  - 3 9 %  o f  th e o re t ic a l  d e n s ity . 

V le u g e ls  e t  a l [1 2 ,1 5 ,1 6 ]  a lw a y s  s h a p e d  a s -s y n th e s iz e d  T Z P  p o w d e rs  b y  co ld  

is o s ta t ic  p re s s in g  (C IP )  a t 3 0 0  M P a . M o s t  o f  c a se s  c o ld  is o s ta tic  p re s s in g  (C IP ) 

ra n g e d  f ro m  1 5 0 -3 0 0  M P a  w a s  u s e d  fo r  Y -T Z P  c e ra m ic  p o w d e rs  [1 1 ,2 9 ,4 2 ]. 

R a f fe r ty  e t  a l [63] u se d  m a n u a l 150 K N  h y d ra u lic  p re s s  (S p e c a c  L td . K e n t, U K ) a n d  

a  7 m m  e v a c u a b le  p e l le t  d ie . T h e y  d e v e lo p e d  a n d  o p tim is e  th e  p re s s in g  p ro c e d u re  

fo r  m u lt i la y e r  p e lle ts  c o m p r is in g  fe r r i te , m u lt i la y e r  a n d  v a r is to r  w h e re  f irs t  p o w d e r  is 

a d d e d  to  th e  d ie  a n d  p re s s e d  fo r  2 0  s u n d e r  10 M P a  p re s s u re  to  fo rm  a  p e lle t. T h e n  

th e  s e c o n d  p o w d e r  is  a d d e d  to  th e  d ie  a n d  p re s s e d  a g a in s t th e  p re v io u s ly  fo rm e d  

p e l le t  fo r  2 0  s, le a d in g  to  a  c o -p re s s e d  b i- la y e r  sa m p le . F in a lly  th e  th ird  p o w d e r  is  

a d d e d  to  th e  d ie  a n d  p re s s e d  w ith  th e  p re v io u s ly  c o -p re s s e d  s a m p le  fo r  6 0  s, 

re s u lt in g  in  a  tr ip le  la y e re d  d e v ic e . E s q u iv ia s  e t  al [3] s ta te d , in  r e la tio n  to  

c h a ra c te r iz e  th e  g re e n  b o d ie s  o f  5 m o l%  y ttr ia  d o p e s  z irc o n ia  p o w d e r , th e  

c o m p a c t io n  p ro c e s s  o f  p o w d e rs  is  c o n tro l le d  b y  a  c ru s h in g  p h e n o m e n o n  o f  th e ir  

a g g lo m e ra te  a n d  d o  n o t  s ta n d  a f te r  a p p ly in g  u n ia x ia l  p re s s u re  o f  75 M P a . L a b e rty -  

R o b e r t  e t  a l [24 ] s tu d ie d  g re e n  m ic ro s tru c tu re  a n d  s in te r in g  b e h a v io u r  o f  8  m o l%  

Y 2 0 3 -Z rC >2 p o w d e rs  w h ic h  w e re  u n ia x ia l ly  c o ld  p re s se d  u p  to  160 K N . T h e y  fo u n d  

o u t th a t  th e  d e n s ity  in c re a s e s  f ro m  35 to  5 0 %  o f  th e o re tic a l d e n s it ie s  w ith  in c re a s in g  

th e  c o m p a c t io n  fo rc e  f ro m  2 0  to  110 K N . T h e  g re e n  d e n s ity  re m a in s  sa m e  up  to  140 

K N  a n d  b e y o n d  th a t  s ta r t  d e c re a s in g . T h e y  a lso  in v e s tig a te d  th e  in f lu e n c e  o f  

p re s s u re  t im e  fo r  c o m p a c tio n  p re s s u re  a n d  n o  in f lu e n c e  o b se rv e d .

2 . 6 . 2  S i n t e r i n g

2 .6 .2 .1  S in te r in g  p h e n o m e n o n

S in te r in g  m e a n s  th e  b o n d in g  to g e th e r  o f  p a r t ic le s  w h e n  h e a te d  to  h ig h  te m p e ra tu re s . 

T h is  b o n d in g  o c c u rs  as c o h e s iv e  n e c k s  (w e ld  b o n d s )  g ro w  a t th e  p o in ts  o f  c o n ta c t 

b e tw e e n  p a r t ic le s  w h e n  s e e n  o n  a  m ic ro s tru c tu ra l  sca le . F ig u re  2 .1 0  sh o w s  sc a n n in g  

e le c tro n  m ic ro g ra p h  o f  n e c k  fo rm a tio n  b e tw e e n  s in te r in g  p a r tic le s . S u c h  n e c k  

g ro w th  c a u s e s  a ll o f  th e  p ro p e r ty  c h a n g e s  a s s o c ia te d  w ith  s in te r in g . S e v e ra l law s 

g u id e  th e  a p p lic a t io n  o f  s in te r in g  fu n d a m e n ta ls  to  p ra c tic a l s i tu a tio n s  [6 4 ,6 5 ].
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F ig u re  2 .10  S c a n n in g  e le c tro n  m ic ro g ra p h  o f  n e c k  fo rm a tio n  b e tw e e n  sp h e r ic a l 
p a r t ic le s  in d u c e d  b y  s in te r in g  [6 6 ].

A to m ic  m o tio n s  s in te r  th e  p a r tic le s  a n d  th e s e  m o tio n s  e l im in a te  th e  h ig h  

su rfa c e  e n e rg y  a s s o c ia te d  w ith  a n  u n s in te re d  p o w d e r . T h e  su rfa c e  e n e rg y  p e r  u n it 

v o lu m e  is  in v e r s e ly  p ro p o r t io n a l  to  th e  p a r t ic le  d ia m e te r . T h e re fo re , s m a lle r  p a r t ic le s  

h a v e  m o re  e n e rg y  a n d  s in te r  m o re  ra p id ly  th a n  la rg e r  p a r t ic le s . H o w e v e r , a ll o f  th e  

su rfa c e  e n e rg y  is  n o t  e s s e n tia l ly  a v a ila b le  a s  a  d r iv in g  fo rc e  fo r  s in te r in g . I n  c a se  o f  a  

c ry s ta l l in e  s o lid , n e a r ly  e v e ry  p a r tic le  c o n ta c t  w il l  e v o lv e  a  g ra in  b o u n d a ry  w ith  

a s s o c ia te d  g ra in  b o u n d a ry  e n e rg y . T h e s e  g ra in  b o u n d a r ie s  a re  im p o r ta n t  to  a to m ic  

m o tio n  b e c a u s e  th e  b o u n d a r ie s  a re  d e fe c tiv e  r e g io n s  w ith  h ig h  a to m ic  m o b ili ty .

N e c k  g ro w th  b y  th e  m o v e m e n t o f  m a s s  to  th e  n e c k  is  d e s ira b le  d u r in g  

s in te r in g  s in c e  i t  r e d u c e s  th e  su rfa c e  e n e rg y  b y  d e c re a s in g  th e  to ta l  su rfa c e  a re a . T h e  

s tru c tu ra l  c h a n g e s  r e la te d  w ith  n e c k  g ro w th  d e p e n d  o n  a  n u m b e r  o f  p o s s ib le  

tra n s p o r t  m e c h a n is m s . T h e  m a jo r i ty  o f  th e s e  m e c h a n is m s  a re  d if fu s io n  p ro c e s s e s . 

D if fu s io n  is  th e rm a l ly  a c tiv a te d . I t m e a n s  th e re  is  m in im u m  e n e rg y  n e c e s s a ry  fo r  

a to m ic  o r  io n ic  m o v e m e n t  a n d  a v a ila b le  s ite s  a re  e s se n tia l . T h is  m o tio n  d e p e n d s  o n  

th e  a to m s  o r  io n s  g e t t in g  e n e rg y  e q u a l to  o r  a b o v e  th e  a c t iv a t io n  e n e rg y  n e c e s s a ry  to  

b re a k  f re e  f ro m  th e i r  p re s e n t  s ite s  a n d  m o v in g  in to  o th e r  a v a ila b le  s ite s . T h e  

A rrh e n iu s  te m p e ra tu re  r e la t io n  sh o w s  th a t  b o th  th e  p o p u la t io n  o f  a v a ila b le  s ite s  an d  

th e  n u m b e r  o f  a to m s  w i th  su f f ic ie n t  e n e rg y  to  m o v e  in to  th e s e  s ite s  v a ry ,

N /N 0 =  e x p  (-E /k T )  (2 .1 )

w h e re  N  /N 0 is  th e  r a t io  o f  a v a ila b le  s ite s  o r  a c t iv a te d  a to m s  to  to ta l  a to m s , E  is  th e  

a p p ro p r ia te  a c t iv a t io n  e n e rg y , k  is  th e  B o ltz m a n n  c o n s ta n t , a n d  T  is  th e  a b s o lu te
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te m p e ra tu re . T h e re fo re , s in te r in g  is  fa s te r  a t  h ig h e r  te m p e ra tu re s  d u e  to  th e  in c re a s e d  

n u m b e r  o f  a c tiv e  a to m s  a n d  a v a ila b le  s ite s .

S in c e  th e  e l im in a t io n  o f  su rfa c e  e n e rg y  is th e  m a in  o b je c tiv e  o f  s in te r in g , o n e  

o b v io u s  w a y  in  a c h ie v in g  th is  g o a l is  th e  s u r fa c e  a re a . T h e  su rfa c e  a re a  d e c lin e s  

ra p id ly  f ro m  a n  in it ia l  v a lu e  a n d  p ro v id e s  a g a u g e  o f  th e  d e g re e  o f  s in te r in g . T h e  

su rfa c e  a re a  c o u ld  b e  m e a s u re d  u s in g  m ic ro s c o p ic  a n a ly s is , g as  a d so rp tio n , o r  g a s  

p e rm e a b il i ty  te c h n iq u e s  [65].

R e la tiv e  n e c k  s iz e  ra tio  is  a n o th e r  m e a s u re  o f  s in te r in g . M a th e m a tic a lly , it  is  

X /D , w h e re  X  is  d e f in e d  as  th e  n e c k  d ia m e te r  d iv id e d  b y  th e  p a r tic le  d ia m e te r , D . 

B e s id e s  u n d e rg o in g  n e c k  g ro w th , a  s in te re d  c o m p a c t  g e n e ra lly  sh r in k s , d e n s if ie s , 

an d  in c re a s e s  in  s tre n g th . T h e  sh r in k a g e , A L /L o , is  th e  c h a n g e  in  c o m p a c t le n g th  

f ro m  th e  in itia l d im e n s io n , A L, d iv id e d  b y  th e  in it ia l  d im e n s io n , L o . D u e  to  

sh r in k a g e , th e  c o m p a c t  d e n s if ie s  f ro m  th e  f ra c t io n a l  g re e n  d e n s ity  f g to  th e  f ra c tio n a l 

s in te re d  d e n s i ty ^  a c c o rd in g  to  th e  re la t io n

f s = fg (\-  A L /L o )-3 (2 .2 )

T h e  d e n s if ic a tio n , v|/, is  th e  c h a n g e  in  d e n s ity  d u e  to  s in te r in g  d iv id e d  b y  th e  c h a n g e  

n e e d e d  to  a tta in  a  p o re - f re e  so lid :

V  =  ( f s  -  f 8) /  (1 -/g ) (2-3)

D e n s if ic a tio n , f in a l d e n s ity , n e c k  s iz e , s u r fa c e  a re a , a n d  sh r in k a g e  a re  r e la te d  

m e a su re s  o f  th e  p o re  e l im in a tio n  p ro c e s s  d u r in g  s in te r in g . A t h ig h  te m p e ra tu re s , 

s in te r in g  is  m o re  ra p id , c o n s e q u e n tly  s h o r te r  t im e s  a re  n e e d e d  to  a tta in  an  e q u iv a le n t  

d e g re e  o f  s in te r in g .
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2.6.2.2 Stages of sintering

>  S ta g e  1: T h e  p a r t ic le  c o n ta c ts  a re  t ra n s fo rm e d  to  s in te re d  c o n ta c ts  o r  n e c k s . 

P o w d e r  p a r t ic le s  r e m a in  d e ta c h e d . A t  th e  p la n e  o f  c o n ta c t  g ra in  b o u n d a r ie s  c a n  

b e  c re a te d  b e tw e e n  tw o  c o n tig u o u s  p a r tic le s .

>  S ta g e  2: I t ’s th e  in te rm e d ia te  s ta g e  w h e re  s in g le  p a r tic le s  re su m e  lo o s in g  

th e ir  id e n tity  w h e n  th e  x : a  ra tio  g o e s  o v e r  a  c e r ta in  v a lu e  a f te r  s tro n g  n e c k  

g ro w th . P o re s  fo rm  a  c o n s is te n t  n e tw o rk  a n d  g ra in  g ro w th  o c c u rs , th a t  r e s u l t  in  

th e  fo rm a tio n  o f  a  n e w  m ic ro s tru c tu re . T h is  s ta g e  w itn e s s e s  th e  m o s t  o f  th e  

s h r in k a g e s .

>  S ta g e  3: A t  th e  p o in t  w h e n  th e  a p p a re n t d e n s ity  b e c o m e s  90  to  9 5 %  o f  th e  

th e o re tic a l d e n s i ty , th e  re la t iv e  p ro p o r t io n  o f  th e  c lo s e d  p o re  sp a c e s  in c re a se  v e ry  

ra p id ly  a n d  th e  is o la te d  p o re s  tu rn  in to  sp h e ro id is e d . I f  c a n n o t d iffu se d , g a s  s ta y  

e n c lo s e d  in  th e  p o r o s i ty  a n d  fu r th e r  d e n s if ic a t io n  b e c o m e s  im p o ss ib le  a s  th e  g as  

p re s s u re  re a c h e s  e q u i l ib r iu m  w ith  th e  p re s su re  d u e  to  su rfa c e  te n s io n  [6 7 ], F o r  

f in e  g ra in e d  m ic ro s tru c tu re s ,  so m e  a d d itio n a l s lo w  d e n s if ic a t io n  c a n  o c c u r  w h e n  

g a se s  tra p p e d  is  e a s y  to  d if fu s e  in  th e  so lid  m a tr ix  o r  p o re s  a re  e m p ty .

2 .6 .2 .3  E ffe c ts  o f  s in te r in g  o n  p o re  s t r u c tu re

T h e  s in te r in g  ra te  is g o v e rn e d  b y  th e  g e o m e try  o f  th e  g ra in  b o u n d a ry  a n d  th e  p o re  

d u r in g  in te rm e d ia te  s ta g e . A t  th e  o n s e t o f  th e  in te rm e d ia te  s ta g e , th e  p o re  g e o m e try  

is  e x tre m e ly  c o n v o lu te d  a n d  th e  p o re s  a re  s itu a te d  a t g ra in  b o u n d a ry  in te rs e c tio n s .

A s  s in te r in g  c o n tin u e s , th e  p o re  g e o m e try  c o m e s  c lo s e  to  a  c y lin d r ic a l s h a p e  in

w h ic h  d e n s if ic a t io n  h a p p e n s  b y  d e c re a s in g  o f  th e  p o re  r a d iu s  [6 8 ]. F o r  th e  p e r io d  o f  

s in te r in g , th e  in te ra c t io n  b e tw e e n  p o re s  a n d  g ra in  b o u n d a r ie s  c a n  h a v e  th re e  fo rm s  a s  

fo llo w s :

•  P o re s  c a n  s lo w  d o w n  g ra in  g ro w th

•  P o re s  c a n  b e  d ra g g e d  b y  th e  m o v in g  g ra in  b o u n d a r ie s  a t th e  t im e  o f  a n y  g ra in

g ro w th

•  G ra in  b o u n d a r ie s  c a n  d is in te g ra te  f ro m  th e  p o re s ,  le a v in g  p o re s  is o la te d  in  

th e  g ra in  in te r io r

The entire process o f sintering can be categorized into three stages:
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M o s t  m a te r ia l s  s h o w  m o d e r a te  to  h ig h  g r a in  g r o w th  r a te s  a t  th e  te m p e r a tu r e s  

ty p ic a l  o f  s in te r in g ;  a n y  d i f f e r e n c e s  in  in i t ia l  g r a in  s i z e s  p r o d u c e  fo r c e s  o n  th e  

g r a in  b o u n d a r ie s  th a t  c a u s e  g r a in  g r o w th .  W h e n  th e  t e m p e r a tu r e  is  in c re a s e d , th e  

r a t e  o f  g r a in  b o u n d a r y  m o t io n  a ls o  in c r e a s e s .  T h e  r e a s o n  o f  B r e a k in g  a w a y  o f  

th e  b o u n d a r ie s  f ro m  th e  p o r e s  o c c u r s  is  th a t  th e  p o r e s  a r e  s lo w e r  m o v in g  th a n  th e  

g r a in  b o u n d a r ie s  [6 9 ] . W h e n  t e n s io n  is  c r e a te d  b y  a  m o v in g  g r a in  b o u n d a ry , 

p o r e s  c a n  m o v e  b y  v o lu m e  o r  s u r f a c e  d i f f u s io n  o r  e v e n  b y  e v a p o ra t io n -  

c o n d e n s a t io n  a c r o s s  th e  p o re .  H o w e v e r ,  th is  r e q u ir e s  c lo s e  c o n t r o l  o f  th e  h e a t in g  

r a t e ,  u s in g  a  p r o c e s s  t e r m e d  r a te - c o n t r o l l e d  s in te r in g  [7 0 ] ,

2.6.2.4 Densification

D u r in g  d e n s if ic a t io n  p ro c e s s , th e  lo w e r  m o b il i ty  o f  th e  p o re s  c o u p le d  to  th e  

d im in is h in g  p in n in g  fo rc e  a llo w s  b re a k a w a y . S e p a ra tio n  o f  th e  p o re s  f ro m  th e  

b o u n d a r ie s  c o n f in e s  th e  p o te n tia l  f in a l d e n s ity . T h e re fo re , i t  is  im p o r ta n t  to  m in im iz e  

b re a k a w a y  b y  c a re fu l p ro c e s s in g  c o n tro l.  A  c o m b in a tio n  o f  la rg e  p o re  s iz e  an d  g ra in  

s iz e  s p e a rh e a d s  to w a rd s  b re a k a w a y  d u r in g  g ra in  g ro w th . In  th e  id e a l c a se , th e  la rg e  

p o r e s  a re  im m o b ile  in  th e  e a r ly  s ta g e s  o f  s in te r in g  a n d  a re  p in n e d  a g a in s t, th e  g ra in  

b o u n d a r ie s  to  m a in ta in  a  sm a ll  g ra in  s iz e . D u r in g  th e  la te r  s ta g e s  o f  s in te r in g , th e  

p o re s  b e c o m e  fe w e r  in  n u m b e r  a n d  d im in is h  in  s iz e  d u e  to  s h r in k a g e . E v e n  th o u g h  

th e  g ra in s  a re  r e la t iv e ly  la rg e , th e  p o re s  a re  s u f f ic ie n tly  m o b ile  to  m ig ra te  w ith  th e  

b o u n d a r ie s .  D e n s if ic a t io n  d e p e n d s  o n  th e  ra te  o f  p o re  s h r in k a g e  w h ile  th is  s itu a tio n  

p e r s is ts  a n d  h ig h  g ra in  b o u n d a ry  d if fu s iv i ty  is  h e lp fu l. D u r in g  th e  p ro c e s s , as th e  

p o re  s iz e  d e c re a se s , th e re  is  le s s  in h ib i t io n  to  g ra in  g ro w th  a n d  p o re  m o b ili ty  is  a  

g r e a te r  c o n c e rn . F o r  th e  p o re s  to  r e m a in  o n  th e  m o v in g  g ra in  b o u n d a rie s , it  is 

e s s e n t ia l  to  in c re a s e  th e ir  m o b il i ty , f o r  in s ta n c e , b y  in c re a s in g  su rfa c e  d iffu s iv ity . 

R a p id  g ra in  g ro w th  sh o u ld  b e  a v o id e d  as in v a r ia b ly  th e  d e n s if ic a t io n  ra te  is  lo w  [71].

C e ra m ic  m a te r ia ls  th a t  s h o w  a  h ig h  s e n s it iv i ty  to  r e s id u a l  p o ro s ity  c o u ld  b e  

im p ro v e d  in  p ro p e r t ie s  b y  th e  u n d e rs ta n d in g  o f  th e  m e c h a n is m s  b y  w h ic h  th e  

b re a k a w a y  e v e n t c a n  b e  a v o id e d . T h e  d o m in a n t f a c to r  in  th e  ra te  o f  d e n s if ic a tio n  is 

th e  e f f e c t  o f  te m p e ra tu re  a m o n g  o th e r  fa c to rs  in c lu d in g  g ra in  s iz e , d e n s ity , a n d  tim e . 

In  c a s e  b u lk  d if fu s io n  is  in a c tiv e  a t  th e  e n d  o f  th e  in it ia l  s ta g e  o f  s in te r in g , th e re  w ill 

b e  n o  d e n s if ic a tio n . H o w e v e r , p o re  g ro w th  a n d  p o s s ib ly  g ra in  g ro w th  m ig h t be  

a c t iv e . P o re  ro u n d in g  ta k e s  p la c e  s im u lta n e o u s ly  w ith  d e n s if ic a t io n .
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W h e n  th e  p o re s  sp h e ro id is e  in to  a  c lo s e d  s tru c tu re , a p p ro x im a te ly  8 %  

p o ro s i ty ,  th e  f in a l s ta g e  o f  s in te r in g  o c c u rs . M o s t  m a te r ia ls  a re  s in te re d  to  d e n s itie s  

o v e r  9 2 %  o f  th e o re tic a l  a n d  se n d  in to  th e  f in a l s ta g e . D u r in g  in te rm e d ia te  s tag e  

s in te r in g , S u r fa c e  tr a n s p o r t  is  a c tiv e . I t h e lp s  to  s m o o th  th e  p o re  s tru c tu re  a n d  a llo w  

p o re  m ig r a t io n  w ith  g ra in  b o u n d a r ie s  d u r in g  g ra in  g ro w th . H o w e v e r ,  su rface  

t r a n s p o r t  d o e s  n o t  c o n tr ib u te  to  d e n s if ic a t io n  o r  sh r in k a g e . T h e  s p e c if ic  s in te r in g  

e v e n ts  d e p e n d  o n  th e  m ic ro s tru c tu re  (g ra in  s iz e , p o re  s iz e , a n d  p o re  sp ac in g ). 

B e s id e s , s in c e  th e  m ic ro s tru c tu re  is  c o n tin u a lly  c h a n g in g , th e  in f lu e n c e  o f  

te m p e ra tu re  c a n  b e  q u ite  p ro m in e n t. A  h ig h  d if fu s iv ity  a n d  a  s m a ll  g r a in  s iz e  [72] 

e n h a n c e  th e  d e n s if ic a t io n  ra te . G ra in  g ro w th  is  s lo w e d  d o w n  b y  p o re s ,  d isp e rso id s , 

a n d  s e c o n d  p h a s e  in c lu s io n s . S o  th e s e  c a n  b e  u s e d  to  im p ro v e  d e n s if ic a t io n .

F in a l  s ta g e  s in te r in g  is  a  p ro c e s s  w h e re  s p h e r ic a l p o re s  s h r in k  b y  a  d if fu s io n  

m e c h a n is m  a n d  th u s  i t ’s a  s lo w  o n e . S h o u ld  th e  p o re s  h a v e  a  t r a p p e d  gas, th e n  

s o lu b i l i ty  o f  th e  g a s  in  th e  m a tr ix  w ill  in f lu e n c e  th e  ra te  o f  p o re  e l im in a tio n . B e c a u se  

o f  th is , i t  is  p re fe ra b le  to  s in te r  in  v a c u u m  o r  to  u se  a n  a tm o s p h e re  th a t  is  so lu b le  in  

th e  s in te r in g  m a te r ia l .  W h e n  a  g a s  is  se a le d  in  th e  p o re s , in te rn a l  g a s  p re ssu re  

c o n tro ls  th e  d e n s if ic a t io n  ra te . I f  th e  c lo s e d  p o re s  a re  m o b ile  e n o u g h  to  s ta y  c o u p le d  

to  th e  g ra in  s tru c tu re , th e n  s h r in k a g e  w ill  g o  o n  fu r th e r  to  th e  f in a l  s tag e . A  

h o m o g e n e o u s  g ra in  s iz e  a n d  s in te r in g  in  a  v a c u u m  h e lp s  d e n s if ic a t io n  in  th e  fin a l 

s ta g e

In  th e  f in a l s ta g e  in  m o s t  m a te r ia ls , th e  d is tr ib u tio n s  in  p a r t ic le  s iz e  an d  

p a c k in g  c r e a te  a  p o re  s iz e  d is tr ib u tio n . T h e  lo n g e r  th e  s in te r in g  t im e s  th e  le s se r  is  th e  

n u m b e r  o f  p o re s .  B e s id e s , p o re  s iz e  c o a rs e n s  in  th a t  c a se  w h ile  th e  to ta l  p o ro s i ty  m a y  

e v e n  in c re a s e . D if fe re n c e s  in  p o re  c u rv a tu re  w ill  r e s u lt  in  th e  g ro w th  o f  th e  la rg e r  

p o re s  a t  th e  e x p e n s e  o f  th e  sm a lle r , le s s  s ta b le  p o re s . T h is  p ro c e s s  is  w e ll-k n o w n  as 

O s tw a ld  r ip e n in g . T o  a tta in  1 0 0 %  d e n s ity  b y  s in te r in g , it  r e q u ire s  p re c ise  

m a n ip u la t io n  o f  th e  in it ia l  p o w d e r  m ic ro s tru c tu re  a n d  h e a tin g  c y c le , b e c a u s e  se v e ra l 

fa c to rs  c a n  in h ib i t  f in a l p o re  e lim in a tio n .
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2.6.2.5 Factors affecting sintering profile

T h e  m a in  o b je c tiv e  fo r  s in te r in g  is  to  im p ro v e  s u c h  c o m p a c t p ro p e r t ie s  as  h a rd n e ss , 

s tre n g th , tra n s p a re n c y , to u g h n e s s , e le c tr ic a l  c o n d u c tiv ity , th e rm a l e x p a n s io n , 

m a g n e tic  s a tu ra tio n , a n d  c o r ro s io n  r e s is ta n c e . G e n e ra lly  e a c h  o f  th e se  p ro p e r tie s  

im p ro v e s  w ith  th e  d e g re e  o f  d e n s if ic a t io n . T h u s  it  is  a lw a y s  d e s ire d  fo r  h ig h  s tre n g th  

m a te r ia ls  b e c a u s e  o f  s tro n g e r  d e p e n d e n c y  o f  s t r e n g th  d a ta  u p o n  p o ro s ity  a n d  g ra in  

s iz e . T h e  a d v a n ta g e s  a n d  d is a d v a n ta g e s  o f  s o m e  o f  th e  a d ju s ta b le  p ro c e s s in g  

v a r ia b le s  in  s in te r in g  a re  d e p ic te d  in  T a b le  3.

Particle size:

W ith  re g a rd  to  a  s in te r in g  p e rs p e c tiv e , a  d e c re a s e  in  p a r tic le  s iz e  is  fa v o u ra b le , 

b e c a u se  sm a lle r  p a r t ic le s  e x h ib it  fa s te r  n e c k  g ro w th  a n d  n e e d  le s s  s in te r in g  t im e  o r  a  

lo w e r  s in te r in g  te m p e ra tu re  to  a c h ie v e  a n  e q u iv a le n t  d e g re e  o f  s in te r in g . G e n e ra lly , 

la rg e  p a r tic le s  le a d s  to  a  s lo w e r  s in te r  a n d  re q u ire  h ig h e r  s in te r in g  te m p e ra tu re  o r 

lo n g e r  s in te r in g  t im e s  to  a t ta in  a n  e q u iv a le n t  d e g re e  o f  d e n s if ic a tio n . S m a lle r  p a r tic le  

s iz e  p la y s  a  m a jo r  k e y  ro le  to  a c h ie v e  im p ro v e d  s in te r  d e n s if ic a t io n  [73]

Grain Size:

W ith  h ig h e r  d e n s ity , g ra in  s iz e  in c re a se s . T h is  s i tu a tio n  sh o u ld  b e  ta k e n  in to  a c c o u n t 

w h e n  a  s in te r in g  c y c le  n e e d s  to  b e  o p tim iz e d  to  p ro v id e  h ig h  d e n s ity  a n d  sm a ll  g ra in  

s ize . It is  p o s s ib le  to  s in te r  th e  c o m m e rc ia l  p o w d e rs  to  fu ll d e n s ity  a t te m p e ra tu re s  

b e lo w  1 4 0 0 °C  to  g iv e  a  f in e  g ra in e d  te t r a g o n a l  c e ra m ic . T h e re  is  u su a lly  a  sm a ll 

p e rc e n ta g e  o f  th e  c u b ic  p h a s e  p re s e n t, re a d ily  id e n tif ia b le  a s  la rg e r  g ra in s , ty p ic a l ly  4 

to  8  jam c o m p a re d  to  th e  te tra g o n a l  p h a s e  g ra in s  w h ic h  a re  u su a lly  le ss  th a n  1 . 0  jim . 

A  c r itic a l g ra in  s iz e  w a s  re p o r te d  w h ic h  s p o n ta n e o u s  tra n s fo rm a tio n  o c c u rre d  

re s u ltin g  in  lo w e r  s tre n g th  (F ig  2 .1 1 ) . T h e  e f f e c t  o f  c o m p o s itio n  a n d  s in te r in g  

te m p e ra tu re  o n  th e  m e c h a n ic a l  p ro p e r t ie s  o f  c o m m e rc ia l ly  a v a ila b le  m a te r ia l  is  n o w  

w e ll  e s ta b lish e d  [7 4 ].
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Grain Size, pm

F i g u r e  2 .1 1  In f lu e n c e  o f  g ra in  s iz e  o n  f ra c tu re  s tre n g th  [3 2 ],

I t  h a s  b e e n  f o u n d  th a t  a  c r it ic a l g ra in  s iz e  e x is t , w h ic h  is  d e p e n d e n t o n  th e  

y t t r ia  c o n c e n tra t io n  a n d  th e  d e g re e  o f  m e c h a n ic a l  c o n s tra in t.  S u c h  fa c to rs  a re  in te r ­

d e p e n d e n t, a s  i l lu s tr a te d  b y  th e  r e la t io n s h ip  o f  th e  c r i t ic a l  g ra in  s iz e  w ith  s ta b il is e r  

c o n te n t  o n  te t r a g o n a l  z i r c o n ia  in  F ig  2 .1 2 . A b o v e  th e  c r it ic a l  g ra in  s iz e  s p o n ta n e o u s  

t - m  tra n s fo rm a tio n  o f  g ra in s  ta k e  p la c e , w h e re a s  th is  t ra n s fo rm a tio n  w o u ld  b e  

in h ib i te d  in  a  to o  f in e  g ra in e d  s tru c tu re  [7 5 ]. T h e u n is s e n  e t  a l a lso  s ta te d  [7 6 ] th e  

c r i t ic a l  g ra in  s iz e  f o r  r e ta in m e n t  o f  th e  te tra g o n a l  p h a s e  a t r o o m  te m p e ra tu re  is la rg e r  

in  th e  Y , C e -T Z P  s y s te m s  c o m p a re d  to  th e  Y -T Z P  a n d  C e -T Z P  sy s te m s . T h e  

c h e m ic a l  s ta b il i ty  in c r e a s e d  b y  d o p in g  Y -T Z P  w ith  c e r iu m  o r  t ita n iu m .

F i g u r e  2 .1 2  D e p e n d e n c e  o f  th e  c r it ic a l  g ra in  s iz e  o n  th e  y t t r ia  c o n te n t in  te tra g o n a l  

z i r c o n ia  [ 1 ].
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Sintering Temperature:

A m o n g  a ll s in te r in g  v a r ia b le s , th e  s in te r in g  te m p e ra tu re  is  o n e  o f  th e  m o s t in f lu e n tia l 

o n e s . H ig h e r  s in te r in g  te m p e ra tu re s  e n ta i l  m o re  r a p id  s in te r in g . H o w e v e r , it  is  to  be  

c o n s id e re d  c a re fu lly  a s  i t  is  n o t a lw a y s  fa v o u ra b le , d u e  to  th e  g re a te r  e x p e n se  in  

fu rn a c e  d e s ig n , th e  h ig h e r  e n e rg y  c o s ts  a n d  th e  p o s s ib le  g ra in  b o u n d a ry  se p a ra tio n  

f ro m  th e  p o re s . C o m p o s it io n a l  c h a n g e s  c a n  a lso  im p ro v e  s in te re d  p ro p e rtie s . It is  

p o s s ib le  to  c o n s id e ra b ly  s tre n g th e n  th e  m a te r ia l  b y  a d ju s t in g  th e  c o m p o s itio n . T h is  

a d ju s tm e n t a lso  a s s is ts  s in te r in g  d e n s if ic a tio n . T h e re fo re ,  a n o th e r  g o a l o f  s in te r in g  

c o u ld  be  s ta te d  a s  to  a t ta in  d e s ira b le  d if fu s io n a l  h o m o g e n iz a t io n  re sp o n se s  d u r in g  

th e  h ig h - te m p e ra tu re  p o r t io n  o f  th e  s in te r in g  c y c le . S a g e l-R a n s ijn  e t  a l [77] s tu d ie d  

th e  fu n c tio n  o f  te m p e ra tu re  e f fe c t  o n  g ra in  g ro w th  in  d e n s e  u ltra f in e -g ra in e d  ( 1 2 0 - 

6 0 0  n m ) te tra g o n a l Z r 0 2 -Y 2 0 3  c e ra m ic s . H e  c o n c lu d e d  th e  te m p e ra tu re  e f fe c t in  

th r e e  se g m e n ts . A t te m p e ra tu re  e q u a l o r  b e lo w  1 1 5 0 °C  g ra in  g ro w th  is  n o t 

s ig n if ic a n tly  im p e d e d  b y  ( s o lid  so lu tio n )  s e g re g a tio n  o r  b y  p h a s e  p a r titio n in g . A b o v e  

11 5 0 °C  g ra in  g ro w th  is  in h ib ite d  b y  b o th  s tr a in  e n e rg y  w h ic h  a rise  f ro m  p h a se  

p a r t i t io n in g  a n d  so lid  s o lu tio n  s e g re g a tio n  d e p e n d in g  o n  e x e r te d  c o n d itio n . W h e n  

p h a s e  p a r t i t io n in g  is  c o m p le te d , g ra in  g ro w th  c a n  o n ly  b e  re s tr ic te d  b y  d ra g  c a u se d  

b y  so lid  so lu t io n  s e g re g a tio n . C u b ic  g ra in  g ro w th  c a n  r e s t r ic t  b y  s e g re g a tio n  as w e ll  

a s  b y  th e  p re s e n c e  o f  s m a lle r  te tra g o n a l  g ra in s . E s q u iv ia s  e t  a l [3] re p o rte d , in  th e ir  

c h a ra c te r iz e  o f  5 m o l%  y t t r ia  d o p e s  z irc o n ia  p o w d e r ,  th a t  in c re a se  o f  s in te r in g  

te m p e ra tu re  f ro m  1400  to  1 6 0 0 °C  c a u se s  th e  a v e ra g e  g ra in  in c re a se  f ro m  3 5 0 n m  to  

9 5 0 n m  a n d  th e  g ra in  s iz e  d is t r ib u tio n  b ro a d e n  f ro m  0 .1 6  to  3 .3  |im . F ro m  X R D  

a n a ly s is  it w a s  re v e a le d  th a t  th e  la rg e r  g ra in s  h a v e  th e  c u b ic  s tru c tu re , w h e re a s  th e  

s m a lle r  g ra in s  a re  te tra g o n a l.

Sintering time:

A  lo n g  s in te r in g  t im e  n o rm a lly  im p ro v e  th e  d e g re e  o f  s in te r in g . B u t it  is n o t a lw a y s  

fa v o u ra b le  a s  it w ill in v a r ia b ly  in c u r  m o re  e x p e n s e  in  p ro c e s s in g . X u  e t a l [16] 

s tu d ie d  th e  e f fe c t o f  s in te r in g  t im e  fo r  N d 2( V Y 2C)3 c o a te d  z irc o n ia  c e ra m ic s . T h e y  

s in te re d  sa m p le s  a t 1 4 5 0 °C  a s  a  fu n c tio n  o f  s in te r in g  t im e  (1 -5  h rs )  a n d  fo u n d  o u t 

th a t  fo r  th e  (1 .5  N d 2 0 3 , 1.5 Y 20 ) -Z r 0 2  g ra d e  c e ra m ic , fu l ly  d e n se  m a te r ia ls  c a n  b e  

o b ta in e d  w h e n  s in te re d  fo r  2 -4  h o u rs  a n d  fo r  (2 .0  N d 20 3 , 1 .5  Y 20 ) - Z r 0 2, fu ll d e n s ity
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c o u ld  b e  o b ta in e d  w h e n  s in te r in g  fo r  2 -3  h o u rs . A t lo n g e r  s in te r in g  t im e , th e  d e n s ity  

o f  th e  s a m p le s  d e c re a se . X R D  a n a ly s is  re v e a le d  th a t  th e  d e c re a s e  in  d e n s ity  is  d u e  to
« • « » 3

th e  fo rm a tio n  a n d  in c re a s e  o f  m -  Z r 0 2 w h ic h  h a s  lo w e r  d e n s ity  (5 .6 8  g /c m  ) 

c o m p a re d  w ith  t-  Z r 0 2 (6 .0 5  g /c m 3). T h e y  n o tic e d  th a t  o n e  h o u r  o f  s in te r in g  is  n o t 

e n o u g h  to  re a c h  fu lly  d e n s e  s a m p le s  b e c a u s e  o f  th e  re m a in in g  c lo se d  p o ro s ity . 

H a rd n e s s  s lig h tly  in c re a s e d  w i th  t im e  a n d  m a x im u m  w h e n  s in te r in g  2-3  h o u rs . T h e  

f ra c tu re  to u g h n e s s  s tro n g ly  r e la te d  to  s in te r in g  tim e , a n d  in c re a s e s  w ith  in c re a s in g
I /?

s in te r in g  t im e  u p  to  a  m a x im u m  o f  1 1 .0 -1 1 .5  M P a  m  a f te r  2 -3 h o u rs  a n d  th e n  

sh a rp ly  d e c re a s e d  w ith  in c re a s in g  s in te r in g  tim e . T h e y  a ls o  c o n c lu d e d  th a t  th e  g ra in  

s iz e  o f  m a x im u m  to u g h n e s s  r e a c h e s  th e  c r itic a l g ra in  s iz e  a s  th e  re te n tio n  o f  t-  Z r 0 2 

p h a s e  a f te r  s in te r in g  is  p o s s ib le  i f  th e  g ra in  s iz e  o f  th e  d e n s e  c ry s ta ll in e  m a te r ia ls  is 

s m a lle r  th a n  a  c r it ic a l  s iz e .

Sintering Atmosphere:

F o r  s in te r in g  o p e ra t io n , a  p ro te c t iv e  a tm o s p h e re /s h ie ld  is  re q u ire d  s in c e  th e  

in v o lv e m e n t o f  th e  la rg e  s u r fa c e  a re a s , a n d  a t te m p e ra tu re s  b e tw e e n  6 0  a n d  9 0 %  o f  

th e  m e lt in g -p o in t  o f  th e  p a r t ic u la r  m e ta l o r  a llo y s  [7 8 ]. B u t B a r to lo m é  e t a l a n d  

D e v il le  e t  a l [11] s tu d ie d  th e  a g in g  b e h a v io u r  o f  3 Y -T Z P  c e ra m ic s  s in te re d  in  a ir  a n d  

in  re d u c e d  c o n d it io n  (9 0 %  A r  /  1 0 %  H 2) a n d  re p o r te d  th a t  a g in g  ra te  in c re a se d  o f  

a b o u t  5 0 %  in  s a m p le s  s in te re d  in  re d u c in g  c o n d it io n  c o m p a re  to  sa m p le s  w ith  

s im ila r  d e n s ity  a n d  a v e ra g e  g ra in  s iz e  b u t  o b ta in e d  b y  s in te r in g  in  a ir.
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Table 2.3 Results o f modification in processing designed to aid the sintering process

Processing change
R esu lt o f
processing
change

D ecrease 
in particle 
size

Increase 
in tim e

Increase  in 
tem pera tu re

Increase
in

packing
density

Increase
in

a lloy ing
level

Use o f  
sintering 

aids

T herm al
d ecom position

. . . . . . X . . . . . . . . .

S low er
deb ind ing

. . . . . . . . . X . . . . . .

R educed
productiv ity

. . . X . . . . . . . . . . . .

Pore
coarsen ing

. . . X . . . . . . . . .

M ore rap id  
densifica tion

. . . . . . . . . X

L ow er
toughness

. . . . . . . . . X

L ow er
sin tering
tem pera tu re

. . . . . . . . . X

Less
shrinkage

. . . X . . . . . .

L ess b inder • * • X » , ,

Increased  
h ealth  hazards

X . . . . . .

H om ogeneity
concerns

. . . X

H igher
strength . . . X . . .

H igher
im purity  level

X . . .

H ig h er final 
density

. . . X

H igher
density

. . . X . . .

G reater
expense

X X X . . .

G rain  grow th • ■ ■ X X X
F urnace
lim ita tions

. . . . . . X . . .

Faster
sin tering

X . . . X . . .

D istortion « • . . . . .  . • X
D egrade creep  
streng th

. . . . . . * * « X
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2 . 7  Y - T Z P  s i n t e r i n g  p r o f i l e

In  th e  re s e a rc h  o f  so m e  a u th o rs , i t  w a s  r e p o r te d  th a t fu lly  d e n s e  s in te re d  c e ra m ic s  

a p p e a re d , a f te r  h o t  p re s s in g  fo r  1 h r  a t  1 4 5 0  C  [1 8 ,2 8 ]. E s q u iv ia s  e t a l [3] re p o rte d , 

in  th e ir  c h a ra c te r iz e  o f  5 m o l%  y tt r ia  d o p e s  z irc o n ia  p o w d e r , th a t th e  s in te r in g  

sc h e d u le  th a t  g a v e  th e  s m a lle s t  g ra in  s iz e  ( a v e ra g e  g ra in  s iz e  <  3 0 0  n m ) w a s  h e a tin g  

a t  5 ° C /m in  u p  to  1 1 0 0 °C  a n d  th e n  l ° C /m in  u p  to  1 4 0 0 °C  h o ld in g  th is  te m p e ra tu re  

fo r  2 h o u rs . D u ra n  e t  a l [79] p ro p o s e d  s in te r in g  sc h e d u le , w h e re  Y -T Z P  (3 m o l%  

Y 2O 3) w a s  p re p a re s  b y  a  c h e m ic a lly  c o p re c ip i ta t io n  m e th o d  h a v in g  c ry s ta l l in e  s ize  

o f  6  n m , a llo w e d  to  a c h ie v e  fu l ly  d e n s e  b o d ie s  w ith  80  n m  g ra in  s iz e  b y  p re s s u re le s s  

s in te r in g  a t a  te m p e ra tu re  as lo w  a s  1 0 0 0 °C  f o r  2 h o u rs . R a n  e t al [52] u s e d  b o th  0 .8  

m o l% -C u O  d o p e d  3 Y -T Z P  a n d  u n d o p e d  3 Y -T Z P , a n d  s tu d y  th e ir  s in te r in g  

b e h a v io u r  in  a ir  a n d  in  o x y g e n  w h e re  th e y  h e a te d  th e  sa m p le  a t  a  ra te  o f  2 ° C /m , h o ld  

fo r  2  h o u rs  a t  1 4 0 0 °C  a n d  f in a lly  c o o le d  b y  4 ° C /m in . T h e y  fo u n d  o u t th e  g ra in  s iz e  

o f  Y -T Z P  p h a s e  w a s  le s s  th a n  1 p m  w h ic h  in d ic a te d  th e  g ra in  g ro w th  o f  Y -T Z P  w a s  

n o t  s ig n if ic a n tly  la rg e  d u r in g  s in te r in g  a n d  is  a b o u t th e  sa m e  fo r  p u re  3 Y -T Z P  

sy s te m . S a g e l-R a n s ijn  e t a l [77 ] in v e s t ig a te d  th e  g ra in  g ro w th  p ro p e r tie s  o f  

n a n o s iz e d  Z r 0 2 -Y 2C>3 c e ra m ic s  w h e re  th e y  p re s s e d  th e  p o w d e r  is o s ta tic a lly  a t  4 0 0  

M P a  a n d  s in te re d  a t te m p e ra tu re  r a n g in g  f ro m  1 0 7 0 ° to  1 3 7 5 °C  u s in g  h e a tin g  ra te  

2 ° C /m  a n d  c o o lin g  ra te  4 ° C /m . B a r re ra -S o la n o  e t  al [3] in  th e ir  s tu d y  w ith  5 m o l%  

y t t r ia  d o p e d  z irc o n ia  p o w d e rs  f ro m  g e l, o p t im is e d  s in te r in g  sc h e d u le  th a t  g a v e  th e  

sm a lle s t  g ra in  s iz e  ( a v e ra g e  g ra in  s iz e  <  3 0 0 n m ) w a s  h e a tin g  a t 5 °C /m in  u p  to  

11 0 0 °C  a n d  th e n  a t l° C /m in  u p  to  1 4 0 0 °C  a n d  h o ld in g  fo r  2 h o u rs  in  th a t p e a k  

te m p e ra tu re . S o m e  a u th o rs  u s e d  sa m e  s in te r in g  sc h e d u le  o f  h e a tin g  ra te  a t  1 0 °C /m  to  

th e  d e s ire d  p e a k  te m p e ra tu re  (1 4 5 0 °  to  1 7 0 0 ° C ) , h o ld in g  fo r  0 .5  to  10 h o u rs  a t th e  

p e a k  te m p e ra tu re , fo l lo w e d  b y  c o o l in g  to  ro o m  te m p e ra tu re  a t a  ra te  o f  1 0 °C /m  

[1 1 ,2 3 ,2 4 ,8 0 ] .

N e v e r th e le s s ,  o th e r  a u th o rs  h a v e  in v e s t ig a te d  th e  p o s s ib il i ty  o f  u s in g  tw o -s te p  

s in te r in g  to  a c h ie v e  h ig h  d e n s i t ie s  a n d  f in e  g ra in  s izes . In  tw o  s te p s  s in te r in g  th e  

s a m p le  is  f ir s t  h e a te d  a t a  h ig h e r  te m p e ra tu re  to  a c h ie v e  a n  in te rm e d ia te  d e n s ity , th e n  

c o o le d  a n d  h e ld  a t  a  lo w e r  te m p e ra tu re  u n t i l  i t  is  fu lly  d e n s e  w ith o u t fu r th e r  g ra in  

g ro w th  [2 0 ], L e e  [23 ] u se d  r a te -c o n tro lle d ;  tw o  s te p  s in te r in g  to  s in te r  3 m o l%  Y 2O 3 

s ta b il is e d  z irc o n ia . B e n d in g  s tre n g th s  o f  tw o - s te p  s in te re d  s a m p le s  w e re  fo u r  t im e s
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g re a te r  th a n  th o s e  o f  s a m p le s  s in te re d  u s in g  c o n v e n tio n a l  s in te r in g . L e e  a s c r ib e d  th is  

to  d e n s e r  m ic ro s tru c tu re s  a n d  f in e r  g ra in  s ize . L a b e r ty -R o b e r t  e t  a l [24 ] s y n th e s iz e d  

n a n o c ry s ta l l in e  Y S Z  p o w d e rs  u s in g  a  m o d if ie d  P e c h in i  p ro c e s s . T h e y  fo u n d  th a t  a  

h ig h  d e n s ity  (> 9 8 %  D th) a n d  f in e  a v e ra g e  g ra in  s iz e  (5  p m ) c o u ld  b e  a c h ie v e d  b y  

u s in g  tw o -s te p  s in te r in g . C h e n  e t a l [81] p ro p o s e d  a  tw o -s te p  s in te r in g  m e th o d  fo r  

Y 2O 3 , w h e re  th e y  in i t ia l ly  h e a te d  to  1 3 1 0 °C  a n d  th e n  c o o lin g  d o w n  to  1 1 5 0 °C  fo r  2 0  

h o u rs , c a n  s u c c e s s fu l ly  r e ta in  th e  g ra in  s iz e  o f  6 0  n m  w h ic h  is a b o u t 4 -6  t im e s  th e  

s ta r tin g  p o w d e r  s iz e . T h e y  e x p la in e d  th e  r e a s o n  b e h in d  to  m in im iz e  th e  g ra in  g ro w th  

in  w a y  o f  e x p lo it in g  th e  k in e tic  w in d o w  th a t  s e p a ra te s  g ra in -b o u n d a ry  d if fu s io n  f ro m  

g ra in  g ro w th . W h e re a s  w a n g  e t  a l [82] s tu d ie d  tw o -s te p  s in te r in g  in  Y 2O 3 a n d  fo u n d  

o u t  a  c o a rs e n in g  ra t io  o f  2  u s in g  2 0 0  n m  p o w d e rs  a n d  6  fo r  1 0  n m , f ro m  p o w d e r  

p a r tic le  s iz e  to  d e n s e  c e ra m ic  g ra in  s iz e  w h ic h  is  m u c h  lo w e r  th a n  c o n v e n tio n a l  

s in te r in g . Z h o u -B e rb o n  e t  a l [83] u s e d  d o u b le  s in te r in g  m e th o d  (p re s e n t in g  a n d  

s in te r in g )  w h e re  th e y  p re s in te re d  th e  s a m p le s  w ith  a  h e a tin g  ra te  o f  2  ° C /m  u p  to  

te m p e ra tu re  o f  1 0 0 8 ° C  b a s e d  o n  d ila to m e tr ic  m e a s u re m e n t  a n d  s in te re d  a g a in  to  tw o  

d if fe re n t  te m p e ra tu re  (1 6 5 0 ° C  fo r  2  h  a n d  1 5 5 0 °C  fo r  1 h ). T h e y  fo u n d  h ig h  d e n s i ty  

(> 9 9 %  D th) w ith  a v e ra g e  g ra in  s iz e  1.5 p m  fo r  1 6 5 0 °C  f o r  2  h  a n d  fu l ly  d e n s e  w ith  

a v e ra g e  g ra in  s iz e  *  0 .6 7  p m  l f o r  1 5 5 0 °C  fo r  1 h .
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CHAPTER THREE 
EXPERIMENTAL TECHNIQUES

3 .1  M a t e r i a l s

T w o  g ra d e s  o f  c o m m e rc ia l ly  a v a i la b le  n a n o -s iz e d , 3 m o l%  y ttr ia -s ta b il is e d  z irc o n ia  

(3 Y -T Z P )  p o w d e rs  w e re  p ro c u re d . T h e  p o w d e rs  w e re  b in d e r -a d d e d  a n d  n o n -b in d e r  

a d d e d  T o s o h  E -g ra d e  (T o s o h  L td .,  Ja p a n )  a n d  T e c h n o x  2 0 0 0  g ra d e  (D y n a m ic -  

C e ra m ic  L td ., U K ) . P u re , u n - s ta b i l is e d  z irc o n ia  p o w d e r  (A m e r ic a n  P re m a lo x  

C e ra m ic s  L td .)  w a s  a ls o  in v e s t ig a te d  in  th is  w o rk  fo r  c h a ra c te r is a tio n  a n d  

c o m p a r is o n  p u rp o se s .

3 . 2 .  P a r t i c l e  s i z e  a n a l y s i s

P a r t ic le  s iz e  a n a ly s is  o f  th e  s ta r t in g  m a te r ia l  w a s  c a r r ie d  o u t u s in g  a  M a lv e rn  

M a s te r s iz e r  S (M a lv e rn  L td .,  U K ) . S ee  F ig . 3.1 P o w d e r  w a s  d isp e rse d  in  w a te r  

m ix e d  w ith  d is p e rs a n ts  a n d  a g ita te d  in  a n  u ltr a s o n ic  b a th  fo r  f iv e  m in u te s . 

D is p e r s a n ts  u s e d  in c lu d e d  c a lg o n  a n d  D a x a d  11 [G E O  S p e c ia l i ty  C h e m ic a ls  L td . 

U S A ] .

Figure 3.1 Mastersizer S particle size analyzer.
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P o w d e rs  w e re  m ille d  u s in g  a  N e tz s c h  a t tr i t io n  m ill (N e tz s c h  L td . G e rm a n y ) as 

s h o w n  in  F ig  3 .2 , f i t te d  w ith  a n  a lu m in a  g r in d in g  ta n k . 120  g  o f  p o w d e r  w a s  

d is p e r s e d  in  180 m l o f  p ro p a n -2 -o l  a n d  a d d e d  to  th is  w a s  3 6 0  g  o f  0 .5  m m  M g O - 

s ta b il is e d  Z r 0 2 m ed ia . M illin g  sp e e d  w a s  2 3 0 0  rp m  fo r  1 h r . F o llo w in g  a ttr itio n  

m il l in g  th e  sa m p le s  w e re  d r ie d  in  a  d ry in g  o v e n  fo r  30  m in u te s  a t 1 2 0 °C .

3.2.1 A ttrition milling

Figure.3.2 N e tz s c h  a ttr i t io n  m ill in g .

3.2.2 Surface area analysis

BET s u r fa c e  a re a  a n a ly s is  (M ic ro m e r it ic s  L td ., U S A )  w a s  c a r r ie d  o u t. P o w d e rs  w e re  

o u tg a s s e d  u n d e r  h e liu m  a t  2 0 0 °C  fo r  2  h o u rs  p r io r  to  a n a ly s is . S e e  F ig . 3.3

Figure 3.3 Gemini III 2375 surface area analyzer.
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3.2.3 Transmission Electron Microscopy (TEM)

H ig h  re s o lu tio n  t r a n s m is s io n  e le c tro n  m ic ro s c o p y  (JE O L  100 C X  T ra n s m is s io n  

e le c tro n  m ic ro s c o p e , J E O L  U K  L td .)  w a s  a lso  u s e d  to  m e a s u re  th e  p a r t ic le  s iz e  a n d  

sh a p e  o f  th e  p o w d e rs  u n d e r  in v e s t ig a t io n  [F ig . 3 .4 ].

F ig u re  3 .4  H ig h  re s o lu t io n  t r a n s m is s io n  e le c tro n  m ic ro sc o p e .

3 . 3  P o w d e r  d e n s i t y  m e a s u r e m e n t

A  sm a ll v o lu m e  h e liu m  p y c n o m e te r  (A c c u p y c  1330 , M ic ro m e r i t ic s  L td ., U K ) w a s  

u s e d  to  m e a s u re  th e  d e n s ity  o f  a s - re c e iv e d  p o w d e r . M e a n  v a lu e s  a n d  s ta n d a rd  

d e v ia tio n s  w e re  d e te rm in e d  f ro m  f iv e  su c c e s s iv e  m e a su re m e n ts .

Figure 3.5 Micromeritics Accupyc 1330 helium pycnometer.
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D iffe re n tia l  T h e rm a l  A n a ly s is /T h e rm o  G ra v im e tr ic  A n a ly s is  (D T A /T G A ) (S ta n to n  

R e d c ro f t , U K )  w a s  c a r r ie d  o u t  u n d e r  n i t ro g e n  a n d  a ir  a tm o s p h e re s  a t a  h e a t in g  ra te  

o f  1 0 °C /m in  to  1 4 5 0 °C , u s in g  a lu m in a  p o w d e r  a s  a  re fe re n c e  m a te r ia l , s e e  F ig . 3 .6 .

3 . 4  T h e r m a l  a n a l y s i s

F ig u re  3 .6  S ta n to n  R e d c ro f t  T G A /D T A  a n a ly z e r .

3 . 5  P o w d e r  c o m p a c t i o n

3 .5 .1  P o w d e r  c o m p a c t io n  a p p a ra tu s

T w o  s te e l d ie  s e t  w e re  u s e d  to  fo rm  d isc s . T h e  d ie s  u s e d  fo r  s in te r in g  a n d  m e a s u r in g  

Y o u n g ’s M o d u lu s  w e re  2 6  m m  a n d  55 m m  d ia m e te r  re sp e c tiv e ly . T h e  p u n c h  tip s  

a n d  th e  d ie  w e re  m a d e  o f  s te e l m a te r ia l .  S e e  F ig . 3 .7 . T o  a id  c o m p a c tio n , g ra p h ite  

p o w d e r  w a s  u s e d  to  lu b r ic a te  th e  d ie . A p p ro x im a te ly  3 g  o f  p o w d e r  w a s  a d d e d  to  a 

2 6  m m  d ia m e te r  s te e l  d ie  to  m a k e  in d iv id u a l  d isc s .

Figure 3.7 Pellet die.
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3.5.2 Powder pressing

A  u n ia x ia l  p re s s  (M o o re  &  S o n , B irm in g h a m , U K )  w ith  a m a x im u m  lo a d  o f  50  

to n n e s  w a s  u s e d  to  p re s s  d is c s , see  F ig . 3 .8 . A  p re s s u re  o f  2 0  k g /c m  w a s  a p p lie d  fo r

2 0  s.

F ig u re  3 .8  U n ia x ia l  p re s s  (M o o re  &  S o n , B irm in g h a m , U K ).

3 . 6  S i n t e r i n g  f u r n a c e

D is c s  w e re  s in te re d  in  a  h o r iz o n ta l  tu b e  fu rn a c e  (C a rb o li te  L td ., S h e ffie ld , U K ) , in  

a ir  u s in g  a  ra m p  ra te  o f  2 ° C /m in  a n d  h o ld in g  fo r  2  h o u rs  a t 1350°C , 1400°C , 1450°C , 

a n d  1500°C . C o o lin g  ra te  w a s  3 °C /m in  to  ro o m  te m p e ra tu re . F o r  tw o -s te p  s in te r in g , 

d is c s  w e re  h e a te d  up  to  1 0 0 0 °C  a t  3 0 ° C /m in  a n d  th e n  to  1500°C  a t 2 0 °C /m in . T h e  

s a m p le s  w e re  th e n  c o o le d  d o w n  to  1380°C  u s in g  a  c o o lin g  ra te  o f  4 0 °C /m in . D isc s  

w e re  h e ld  fo r  4 -1 6  h o u rs  a n d  th e n  c o o le d  to  ro o m  te m p e ra tu re  w ith  a  c o o lin g  ra te  o f  

3 °C /m in .

Figure 3.9 Horizontal tube furnace (Carbolite, Sheffield, UK).
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3 . 7  D e n s i t y  m e a s u r e m e n t

D e n s it ie s  o f  s in te re d  d is c s  w e re  c a lc u la te d  b y  s im p le  g e o m e tr ic  m e th o d . T h ic k n e s s  

( t)  a n d  d ia m e te r  w a s  m e a s u re d  u s in g  a  v e rn ie r  c a ll ip e rs  to  a n  a c c u ra c y  o f  0 . 0 1  m m . 

M a s s  w a s  m e a s u re d  u s in g  a  p re c is io n  b a la n c e  to  a n  a c c u ra c y  o f  0 .0 0 0 1  g. T h e  

s a m p le  d e n s ity , i.e . th e  m a s s /v o lu m e , w a s  th e n  d e te rm in e d  w h e re  th e  d is c  v o lu m e  

w a s  c a lc u la te d  f ro m  th e  fo rm u la  7xr2 .t. A v e ra g e  v a lu e s  o f  tw o  d ia m e te r  

m e a s u re m e n ts  a n d  fo u r  th ic k n e s s  m e a s u re m e n ts  w e re  u s e d  to  a c c o u n t fo r  v a r ia tio n s  

c a u s e d  b y  u n e v e n  p re s s in g  o r  w a rp in g  d u r in g  s in te r in g .

D e n s it ie s  o f  th e  s in te re d  d isc s  w e re  a lso  m e a s u re d , a c c o rd in g  to  th e  

A rc h im e d e s  m e th o d  (S a r to r iu s  A G , W e ig h in g  T e c h n o lo g y  L td .)  u s in g  a  w a te r  

m e d iu m . M e a n  v a lu e s  w e re  d e te rm in e d  f ro m  th re e  s u c c e s s iv e  m e a su re m e n ts .

3 . 8  D i l a t o m e t r y  a n a l y s i s

B a r  s h a p e d  s a m p le s  w e re  m a d e  b y  u n ia x ia l ly  p re s s in g  p o w d e r  in  a  c u s to m  m a d e  

s te e l  d ie  u n d e r  a  lo a d  o f  2 0  k g /c m 2 fo r  2 0  s. S a m p le  d im e n s io n s  w e re  5 x 5 x 2  m m . 

D ila to m e try  (M o d e l  4 0 2  E , N e tz s c h  L td ., G e rm a n y )  m e a s u re m e n ts  w e re  c a rr ie d  o u t 

in  a ir  f ro m  ro o m  te m p e ra tu re  to  1 5 4 0 °C , u s in g  h e a t in g  a n d  c o o lin g  ra te s  o f  

1 0 °C /m in . S ee  F ig . 3 .1 0 .

Figure 3.10 Netzsch Model 402 E Dilatometer.
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D is c  s h a p e d  sa m p le s  w e re  u n ia x ia l ly  p r e s s e d  a n d  s in te re d . S in te re d  d isc s  o f  d ia m e te r

4 1 .1  m m  a n d  th ic k n e s s  3.1 m m  w e re  s e t  o n  n a r ro w  s tr ip s  o f  p la s t ic  fo am ; c o m p le te ly  

is o la te d  f ro m  so lid  c o n ta c t. T h e  s tr ip s  w e re  u s e d  to  s u p p o r t  th e  d is c s  in  th e  fo u r  

n o d a l  l in e s  o f  th e  to rs io n a l  v ib ra t io n  a s  s h o w n  in  F ig . 3 .1 1 .

3 . 9  Y o u n g ’ s  M o d u l u s  t e s t i n g

Symbols
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convenient tapping points 

supports - top view
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F ig u re  3 .11  N o d a l  z o n e s  o f  th e  to rs io n a l  v ib ra t io n  m e a s u re m e n t.

T h e  im p u ls e  e x c ita t io n  te c h n iq u e  is  d e s c r ib e d  in  d e ta il  in  A S T M  s ta n d a rd  C 1 2 5 9  

[8 4 ] . B a s ic a lly , a  sm a ll  h a m m e r  o r  im p u ls e  to o l s tr ik e s  a  s o l id  a n d  c re a te s  a  s ta n d in g  

w a v e . A n  im p u ls e -e x c ite d  b o d y  c a n  v ib ra te  in  se v e ra l d if f e r e n t  m o d e s , su c h  as 

f le x u ra l  o r  tra n s v e rs e  (b e n d in g ) , to rs io n a l  ( tw is tin g ) , a n d  lo n g itu d in a l, an d  e a c h  

m o d e  h a s  a  fu n d a m e n ta l r e s o n a n t  f re q u e n c y  a n d  h ig h e r  f re q u e n c y  o v e r to n e s  

a s s o c ia te d  w ith  it. T h e  s a m p le  is  s t ru c k  a t  o n e  o f  th e  a n tin o d e s ,  a n d  th e  fre q u e n c y  o f  

v ib r a t io n  is th e n  m e a s u re d  a t a n o th e r  a n tin o d e  u s in g  a  m ic ro p h o n e  a n d  fre q u e n c y  

a n a ly z e r  o r  f re q u e n c y  c o u n te r . T a p p in g  o n  th e  su rfa c e  o f  th e  d isc , n e a r  th e  r im ,
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c a u s e s  a  p o in t  o f  m a x im u m  v ib r a t io n  in  th a t  a rea . T h e  re s u lta n t  s ta n d in g  w a v e  

c re a te s  a n o th e r  m a x im u m  (s a m e  a m p li tu d e , sa m e  p h a se )  a t  th e  p o in t  a t 180 d eg rees . 

T w o  o th e r  m a x im a  (sa m e  a m p li tu d e , o p p o s ite  p h a se )  a re  c re a te d  a t 90  d e g re e s  an d  

2 7 0  d e g re e s . T w o  p e rp e n d ic u la r  n o d a l  d ia m e te rs  a re  c re a te d  a t 4 5  d e g re e s  re la tiv e  to  

th e  p o in t  o f  im p a c t a n d  d is c s  a re  s u p p o r te d  in  fo u r  p o in ts  s i tu a te d  o n  th e se  n o d a l 

lin e s . T h e  p o in t  o f  im p a c t  is  s e le c te d  in  th e  m id d le , so m e  s m a lle r  o r  la rg e r  an g le , b u t 

n o t  in  th e  n o d a l p o in ts . T h e  im p a c t in g  p u ls e  c re a te s  a n  a n tin o d e  in  th e  c e n tre  o f  th e  

d is c s  a n d  th e  w h o le  p e r ip h e ry  a c ts  a s  a n o th e r  a n tin o d e . A  n o d a l c irc le , as  sh o w n  in  

F ig  3 .1 2 , a re  s e le c te d  a n d  th e  d is c s  a re  su p p o r te d  a n y  p o in ts  o f  th is  c irc le . T h e  

d e te c to r  is  h e ld  a n y w h e re  o n  th e  p e r ip h e ry .

F ig u r e  3 .1 2  F le x u ra l  v ib ra t io n  m e a s u re m e n t se t-u p .

A n  im p u ls e  e x c ita t io n  f re q u e n c y  te s te r  (L e m m e n s  E le c tro n ik a  G rin d o so n ic )  w a s  

u s e d  to  m e a s u re  th e  r e s o n a n t  f re q u e n c y . T h is  f re q u e n c y , a lo n g  w ith  th e  d ia m e te r , 

th ic k n e s s ,  a n d  d e n s ity  o f  th e  m a te r ia l  w e re  u s e d  to  c a lc u la te  Y o u n g ’s m o d u lu s . T h e  

fo rm u la s  u s e d  a re  d e s c r ib e d  d e ta i ls  in  tw o  re fe re n c e s  [85 a n d  8 6 ]. T h e  fu n d a m e n ta l 

e q u a tio n  d e f in in g  th e  r e la t io n s h ip  b e tw e e n  th e  n a tu ra l r e s o n a n t f re q u e n c y , th e  

m a te r ia l  p ro p e r tie s , a n d  th e  s p e c im e n  d im e n s io n s  is g iv e n  in  [85] as:
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w h e re  f \ is  th e  re so n a n t f re q u e n c y , k i is th e  g e o m e tr ic  fa c to r  fo r  th a t  re so n a n t

• • 3 2 *f re q u e n c y , r  is  th e  ra d iu s  o f  th e  d isc , A  is  th e  p la te  c o n s ta n t  (A =  E t  / [ 1 2 ( l - | i )]), t is 

th e  d isc  th ic k n e s s ,  |a is th e  P o is s o n ’s ra tio  fo r  th e  d is c  m a te r ia l ,  E  is  Y o u n g ’s 

m o d u lu s , a n d  p  is  th e  d e n s ity  o f  th e  d is c . F o r  th e  Y o u n g ’s m o d u lu s  o f  a  d isc , tw o  

c a lc u la t io n s  o f  E  (E i an d  E 2) a re  m a d e  in d e p e n d e n tly  f ro m  th e  tw o  re so n a n t 

f re q u e n c y  m e a s u re m e n ts , an d  a  f in a l v a lu e  E  is  d e te rm in e d  b y  a v e ra g in g  th e  tw o  

c a lc u la te d  v a le s  E i a n d  E 2 . M e a n  v a lu e s  w e re  d e te rm in e d  f ro m  th re e  su c c e ss iv e  

m e a s u re m e n ts .

E  = [37.6 9 9 \ f  2 D 2 m ( \ - j U 2 ) ] / ( K 2 t 3 ) 

E  = [ 3 7 . 6 9 9 \ f 2 D 2 m ( \ - M 2 ) \ / ( K 2 t 3 )
2  2 2  ( 3 .2)

E  = ( E  + E  ) / 2
1  2

w h e re :

E  =  Y o u n g ’s M o d u lu s  (P a )
E i =  T orsiona l n a tu re  c a lc u la tio n  o f  Y o u n g ’s M o d u lu s
E 2 =  F lexu ra l n a tu re  c a lc u la tio n  o f  Y o u n g ’s M o d u lu s
fi =  T o rs io n a l n a tu re  re so n a n t f re q u e n c y  (H z )  o f  th e  d isc
f2 =  F lex u ra l n a tu re  re s o n a n t f re q u e n c y  (H z )  o f  th e  d isc
D  =  D ia m e te r  (m m ) o f  th e  d isc
m  =  M a s s  (g )  o f  th e  d isc
(j. =  P o is s o n ’s ra tio  fo r  th e  d isc
K i =  T o rsio n a l n a tu re  o f  g e o m e tr ic  f a c to r
K 2 =  F le x u ra l  n a tu re  o f  g e o m e tr ic  f a c to r
t  =  T h ic k n e s s  (m m ) o f  th e  d isc
r  =  R a d iu s  (m m ) o f  th e  d isc

3 . 1 0  H a r d n e s s  m e a s u r e m e n t

V ic k e rs  h a rd n e s s  w a s  m e a s u re d  o n  a  Z w ic k  h a rd n e s s  te s te r  (T y p e  5 0 3 0  S K V , 

In d e n te c  L td .,  U K ) w ith  a  s ta n d a rd  d ia m o n d  in d e n te r . T e n  m e a s u re m e n ts  w e re  ta k e n  

to  o b ta in  a n  a v e ra g e  v a lu e  u n d e r  a  lo a d  o f  2 0  k g  fo r  10 s. T h e  tw o  d ia g o n a ls , d\ an d  

i/2 o f  th e  in d e n ta t io n  le f t in  th e  su rfa c e  o f  th e  m a te r ia l  a f te r  th e  r e m o v a l  o f  th e  lo ad  

w e re  m e a s u r e d  b y  a d ju s tin g  tw o  lin e s  c o n tro lle d  b y  la rg e  d ia m e te r  th u m b  w h ee ls . 

T h e  l in e s  e n a b le  th e  c o rn e rs  o f  th e  d ia m o n d  sh a p e d  in d e n ta t io n  to  b e  p re c ise ly
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lo c a te d  o n  a  C C T V  sc re e n . T h e  d ia g o n a l  m e a s u re m e n ts  a n d  th e  h a rd n e s s  re a d in g  

w e re  d is p la y e d  o n  a  d ig ita l  d isp la y . M e a n  v a lu e s  w e re  d e te rm in e d  f ro m  te n  

su c c e s s iv e  m e a s u re m e n ts . T h e  fo rm u la  (3 .3 )  u s e d  to  c a lc u la te  V ic k e rs  h a rd n e s s  is:

.  „  . 136 0
2 F  s in  ----------  p

Hv = -------------------------------------------------------------------------- 2 — *  1 .8 5 4  --------- (3 .3 )
d 2 d 2

W h ere :

H v : V ic k e rs  h a rd n e s s  in  (k g f .m m ' )

F : L o a d  in  k g -fo rc e

d : A r ith m e tic  m e a n  o f  tw o  d ia g o n a ls , i ^ a n d  d2 (m m )

F ig u r e  3 .1 3  Z w ic k  h a rd n e s s  a n d  to u g h n e s s  te s te r.

3 .1 1  F r a c t u r e  t o u g h n e s s

F ra c tu re  to u g h n e s s  w a s  m e a su re d  o n  th e  s a m e  Z w ic k  h a rd n e s s  te s te r  (T y p e  5 0 3 0  

S K V , In d e n te c  L td ., U K ). T h e  v a lu e s  w e re  c a lc u la te d  b y  m e a su rin g  th e  le n g th s  o f  

th e  rad ia l c ra c k s  e m a n a tin g  f ro m  th e  in d e n ta t io n s  fo rm e d  d u rin g  h a rd n e s s  te s tin g . 

T w o  d if fe re n t m e th o d s  w e re  e m p lo y e d  to  c a lc u la te  f ra c tu re  to u g h n e ss . T h e  f irs t w as
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th e  in d e n ta tio n  m e th o d  o f  L a w n  a n d  W ils h a w  [8 7 ]. T e n  m e a s u re m e n ts  o f  th e  ra d ia l  

c ra c k  le n g th s  w e re  ta k e n  to  o b ta in  a n  a v e ra g e  v a lu e . E q u a tio n  (3 .4 )

K c . idt (3 .4 )

W h e re :

K c, idt'- is  th e  f r a c tu re  to u g h n e s s  (G P a )

if/b : is  th e  h a l f  a n g le  o f  V ic k e rs  in d e n te r  (6 8 °)

P: is  th e  in d e n ta t io n  lo a d  (M N )

C o : is  th e  ra d ia l  c r a c k  le n g th  (m )

T h e  s e c o n d  m e th o d  u s e d  w a s  th a t  o f  A n s tis  e t  a l [8 8 ], u s in g  th e  fo rm u la  (3 .5 )

K CJdl =  0 . 0 1 6
(  E  \ 2 P

)
(3 .5 )

C0 2

W h e re :

E\ Y o u n g ’s m o d u lu s  (G P a )

H : H a rd n e s s  (G P a )

3 . 1 2  G r i n d i n g  a n d  p o l i s h i n g

S a m p le s  w e re  m o u n te d  in  b a k e lite , u s in g  a  h o t-c o m p re s s io n  m o u n tin g  p ro c e s s . T h e  

B u e h le r  S im p lim e t  2 0 0 0  M o u n tin g  P re s s  ( s h o w n  in  F ig . 3 .1 4  (a ) w a s  s e t  to  th e  

o p e ra t in g  p a ra m e te rs  s h o w n  in  T a b le  3.1

T a b l e  3 .1  T h e  o p e ra t in g  p a ra m e te rs  in v o lv e d  in  th e  m o u n tin g  p ro c e s s

E q u ip m e n t B u e h le r  S im p lim e t 2 0 0 0  M o u n tin g  P re s s

R e s in H ig h  q u a lity  b ro w n  b a k e li te  th e rm o s e ttin g  re s in

T e m p e ra tu re H o t 1 5 0 °C  a n d  c o ld  15°C

T im e 8  m in u te s  h o t  fo l lo w e d  b y  4  m in u te s  c o ld

P re s s u re 2  M P a
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G rin d in g  a n d  p o l is h in g  w e re  p e r fo rm e d  u s in g  a  B u e h le r  M o to p o l 2 0 0 0  S e m i-  

A u to m a tic  S p e c im e n  P re p a ra t io n  u n it. S ee  F ig . 3 .1 4  (b ) . T h e y  w e re  g ro u n d  w ith  

s i l ic o n  c a rb id e  p a p e r  o f  120 g r it  (2 0  m in ) , 2 4 0  g r it  (2 0  m in ) , 6 0 0  g rit (1 0  m in )  a n d  

1 2 0 0  g rit (5 m in ) . S a m p le s  w e re  p o l is h e d  u s in g  n a p le s s  p a p e r  (D P -C lo th , S tru e rs  

L td ., D e n m a rk )  w ith  w a te r -b a s e d  d ia m o n d  s u s p e n s io n s  o f  3 p m  a n d  1 p m  (S e e  T a b le  

3 .2 ) . A  w h e e l sp e e d  o f  2 0 0  rp m  a n d  p la te n  p re s s u re  o f  2 0  N  w a s  u se d  fo r  e a c h  s tep .

T a b le  3 .2  G rin d in g  a n d  p o lis h in g  s te p  p a ra m e te rs

S ta g e P a p e r /S u s p e n s io n
A b r a s iv e

S iz e
T im e

( m in u te )
S p e e d
( r p m )

1 S ilic o n  C a rb id e P 1 2 0 2 0 2 0 0

2 S il ic o n  C a rb id e P  2 4 0 1 0 2 0 0

3 S ilic o n  C a rb id e P  6 0 0 5 2 0 0

4 S ilic o n  C a rb id e P  8 0 0 5 2 0 0

5 S ilic o n  C a rb id e P  1 2 0 0 5 2 0 0

6 D ia m o n d 3 .0 0  p m 5 2 0 0

7 D ia m o n d 1 . 0 0  p m 5 2 0 0

(a )  (b )

F ig u r e  3 .1 4  (a )  T h e  B u e h le r  S im p lim e t 2 0 0 0  M o u n tin g  P re s s  a n d  (b )  T h e  B u e h le r  
M o to p o l 2 0 0 0  S e m i-A u to m a tic  S p e c im e n  P re p a ra tio n  u n it.
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3 . 1 3  S c a n n i n g  E l e c t r o n i c  M i c r o s c o p y  ( S E M )

P o lis h e d  s a m p le s  w e re  p re l im in a r i ly  th e rm a lly  e tc h e d  [2 ,1 1 ,1 2 ,1 5 ,1 6 ,1 8 ,2 3 ]  in  a ir  a t 

1 4 0 0  °C  fo r  3 0  m in u te s  b u t  th is  p ro v e d  in e ffe c tiv e . C h e m ic a l  e tc h in g  [8 9 ,9 0 ] w a s  

c a r r ie d  o u t o n  p o l is h e d  d is c s  b y  e tc h in g  w ith  p h o s p h o r ic  a c id  (8 5 % ) fo r  2  m in u te s  a t 

2 5 0 ° C  [9 1 ]. S c a n n in g  e le c tro n ic  m ic ro s c o p e  (M o d e l: 9 5 - C 1 8 0 5 -4 0 0 ,

J E O L  L td ., J a p a n )  w a s  u s e d  to  in v e s tig a te  th e  m ic ro s tru c tu re  o f  th e  s in te re d  d isc s . A  

B a c k -s c a t te r in g  d e te c to r  w a s  e m p lo y e d  fo r  o b s e rv a tio n  o f  g ra in  b o u n d a r ie s  o n  

u n e tc h e d  sa m p le s .

F i g u r e  3 .1 5  J E O L  S c a n n in g  E le c tro n ic  M ic ro sc o p e .

3 . 1 4  O p t i c a l  m i c r o s c o p y

A n  (M e F 2  U n iv e r s a l  C a m e ra  O p tic a l  M ic ro s c o p e )  o p tic a l m ic ro s c o p e  w a s  u s e d  fo r  

b r ig h t  f ie ld  e x a m in a t io n  o f  p o l is h e d  m e ta llo g ra p h ic  s in te re d  d isc s . S ee  F ig . 3 .1 6 . 

B u e h le r  O m n im e t im a g e  a n a ly s is  s o f tw a re  w a s  u s e d  to  d e te rm in e  th e  g ra in  s iz e  o f  

s in te re d  d isc s . T h e  a n a ly s is  in v o lv e s  se tt in g  th e  g re y - le v e l o n  th e  m ic ro s c o p e  p ic tu re  

to  a  se p a ra te  c o lo u r , to  d is t in g u is h  v a r io u s  fe a tu re s  ( su c h  a s  v o id /p o re s )  f ro m  th e  re s t  

o f  th e  m ic ro s tru c tu re  ( r e s t  o f  th e  p ic tu re  se t to  its  o r ig in a l c o lo u r) . T h e  a re a  o f  o n e
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fe a tu re  c a n  b e  n u m e r ic a lly  re la te d  to  th e  to ta l  a re a  o f  th e  p ic tu re , a s  th e  p ro g ra m  

c o u n ts  th e  n u m b e r  o f  o n e  c o lo u r  ty p e  p ix e ls  a n d  se ts  th a t  a s  a  ra t io  o f  th e  to ta l 

n u m b e r  o f  p ix e ls  in  th e  p ic tu re  ( to ta l a re a ) .

F ig u r e  3 .1 6  R e ic h e r t  M e F 2  U n iv e rs a l  C a m e ra  O p tic a l M ic ro s c o p e .

3 . 1 5  X - R a y  D i f f r a c t i o n  a n a l y s i s  ( X R D )

X -R a y  d if f ra c t io n  (B ru k e r  A X S  D 8  A d v a n c e , U S A )  a n a ly s is  w ith  C u -K a  ra d ia tio n  

w a s  c a r r ie d  o u t to  d e te rm in e  th e  p h a s e  s tru c tu re  o f  p o w d e rs  a n d  s in te re d  d isc  

s a m p le s . S e e  F ig . 3 .1 7 .

VI- r

Figure 3.17 Bruker AXS D8 Advance XRD analyzer
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CHAPTER FOUR 
RESULTS AND DISCUSSION

4 .1  P o w d e r s  c h a r a c t e r i s a t i o n

4 .1 .1  P a r t ic le  s ize  a n a ly s is

4 .1 .1 .1  L a s e r - d i f f r a c t io n  b ase d  p a r t ic le  s ize  a n a ly s is

A s -re c e iv e d  n a n o -p o w d e rs  w e re  d is p e rs e d  in  w a te r  a n d  a g ita te d  in  a n  u ltra s o n ic  

b a th . P a r tic le  s iz e  a n a ly s is  v a lu e s  o f  D  [4, 3] w e re  1 .29  |im  (T o so h )  a n d  1 .78  (im  

(T e c h n o x ) . T h e  p a r t ic le  s iz e  d is t r ib u tio n  is  s h o w n  in  F ig . 4 .1 .

P a r tic le  s ize  (p m )

( a )

1 0 0

8 0
•  V 

♦

t  /  \  
/  ♦

o> o b
e

l

4 \
55

/ */  \
4 0  3

7  /  Y
>

s '  /  \ 2 0

\ n

0 . 0 1  0 . 1  1 1 0  1 0 0  1 0 0 0

P a r t i c l e  s i z e  ( ^ m )

(b )

F ig u re  4.1 P a r t ic le  s iz e  d is tr ib u tio n  p a tte rn  fo r  (a )  T o s o h  p o w d e r  (b ) T e c h n o x  
p o w d e r .
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F ro m  F ig . 4.1 it  c a n  b e  se e n  th a t  o n ly  13%  o f  T o s o h  p o w d e r  a n d  4 %  o f  

T e c h n o x  p o w d e r  h a s  p a r t ic le  s iz e  < 2 0 0  n m . It w a s  th e re fo re  a s s u m e d  th a t  w a te r  

c a u s e d  th is  p o w d e r  to  a g g lo m e ra te . A ttr i t io n  m illin g  o f  th e  p o w d e r  fa i le d  to  p ro d u c e  

a  m e a s u re d  re d u c tio n  in  p a r t ic le  s ize . I t  w a s  a p p e a re d  th a t  th e  n a n o -p o w d e r  w a s  

h e a v ily  p ro n e  to  a g g lo m e ra tio n . A n o th e r  p o s s ib i l i ty  w a s  th a t  th e  p o w d e r  p a r t ic le  s iz e  

w a s  c lo se  to  th e  lo w e r  l im it  o f  th e  in s tru m e n ts  s p e c if ie d  s iz e  ra n g e  m e a s u re m e n t 

c a p a b il i ty  o f  0 .0 5  -  8 8 0  p m . A n  a lte rn a tiv e  p a r tic le  s iz e  a n a ly s e r  (M a lv e rn , 

H P P 5 0 0 1  H P P S  (h ig h  p e r fo rm a n c e  p a r t ic le  s iz e r)  w ith  a  m e a s u re m e n t ra n g e  o f  0 .6  

n m  -  6 0 0 0  n m  w a s  a ls o  e m p lo y e d . P o w d e r  (T o so h )  d is p e r s e d  in  d e - io n is e d  w a te r  

a g a in  y ie ld e d  p a r t ic le  s iz e s  in  th e  p m  re g im e . A  sa m p le  o f  p o w d e r  w a s  th e n  f il te re d  

th ro u g h  a  0 .4 5 p in  f i l te r  (A c ro d is c , S ig m a  A ld r ic h ) , r e s u l t in g  in  th e  r e s u lt  s h o w n  in  

F ig . 4 .2  a n d  a n  a v e ra g e  p a r t ic le  s iz e  o f  147 n m .

25

3
v>
c
4>

1
f t .

-
. . .......IH i .................

1 0 1 0 0  

Size, d (nm)
1 0 0 0 1 0 0 0 0

F i g u r e  4 .2  P a r t ic le  s iz e  d is t r ib u t io n  p a tte rn  fo r  T Z -3 Y -E  p o w d e r  f i l te re d  th ro u g h  
0 .4 5  p m .

R e p e a te d  a n a ly s e s  c o n s is te n t ly  y ie ld e d  147 n m , w h ic h  sh o w e d  th a t  th is  

p o w d e r  w a s  f in e ly  d is p e r s e d  a n d  n o t  a g g lo m e ra tin g  o v e r  tim e . H o w e v e r , w ith o u t 

f i l te r in g  th is  r e s u lt  c o u ld  n o t  b e  a c h ie v e d . I t  w a s  u n c le a r  th e n  i f  th e  v a lu e  147  n m  

s im p ly  re p re s e n te d  th e  q u a n t i ty  o f  p o w d e r  < 2 0 0  n m  o b s e rv e d  in  F ig . 4 .2 . D a x a d  11 

w a s  u s e d  to  a v o id  a g g lo m e ra t io n  b u t  sa m e  re s u lt  w a s  o b ta in e d . U n fo r tu n a te ly , a  

d e f in i te  c o n c lu s io n  a b o u t  p a r t ic le  s iz e  o f  th e  n o n - f i l te re d  s a m p le  c o u ld  n o t  b e  

r e a c h e d  a s  th e  p o s s ib i l i ty  o f  w a te r - in d u c e d  a g g lo m e ra tio n  w a s  a  re a l p ro b le m .

A ttr i t io n  m ill in g  w a s  a t te m p te d  w ith  th e  T o s o h  p o w d e rs  in  o rd e r  to  re d u c e  

p a r t ic le  s iz e  a n d  b re a k  u p  a g g lo m e ra te s . Y u a n  e t a l [92 ] in  th e ir  s tu d y  o f  m ic ro n ­

s iz e d , y t tr ia -s ta b il is e d  z i r c o n ia  a n d  a lu m in iu m  d e s c r ib e d  a t tr i t io n  m ill in g  as an
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e f fe c tiv e  w a y  to  re d u c e  p a r tic le  s iz e , to  c h a n g e  th e  p a r t ic le  s iz e  d is tr ib u tio n , to  

c h a n g e  p a r t ic le  sh a p e  a n d  to  d is p e rs e  a g g lo m e ra te s  [9 3 ]. H o w e v e r , fo r  th e  n a n o ­

s iz e d  p o w d e r  s tu d ie d  h e re , n o  re a l d e c re a s e  w a s  re a lis e d  th ro u g h  a t tr i t io n  m illin g . A s  

c a n  b e  s e e n  in  F ig . 4 .3  th e  m a in  p a r t ic le  s iz e  d is tr ib u tio n  p e a k  s h if te d  s lig h tly  to  

lo w e r  p a r t ic le  s ize . H o w e v e r , a  n e w  s e c o n d a ry  p e a k  a lso  fo rm e d  b e tw e e n  10 a n d  100 

p m , w h ic h  w a s  n o t p re se n t fo r  th e  u n -m il le d  p o w d e r . I t is  p o s s ib le  th a t  th e  a ttr itio n  

m il l in g  p ro c e s s  is  d e -a g g lo m e ra tin g  s o m e  p a r t ic le s , b u t  d e le te r io u s ly  c a u s in g  o th e rs  

to  a g g lo m e ra te  fu rth e r . H o w e v e r , in  l ig h t  o f  th e  fa c t th a t th e s e  p o w d e rs  a re  b e lie v e d  

to  b e  p ro n e  to  w a te r - in d u c e d  a g g lo m e ra tio n , it  is d if f ic u l t  to  m a k e  an y  d e fin ite  

c o n c lu s io n s  a b o u t th e  u s e fu ln e s s  o f  a t tr i t io n  m ill in g  to  d e -a g g lo m e ra te  th e se  

p o w d e rs ,  f ro m  w e t-b a s e d  p a r tic le  s iz e  a n a ly s is .
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F i g u r e  4 .3  A ttr i t io n  m ille d  a n d  n o n -a t t r i t io n  m ille d  T Z -3 Y -E  g ra d e  p o w d e r .

M a n y  a u th o rs  [3 ,7 9 ,9 4 ,9 5 ]  u s e  a  d ry  sp h e r ic a l e q u iv a le n t  d ia m e te r  a p p ro a c h  

to  a v o id  th e  p ro b le m  o f  a g g lo m e ra tio n  w h e n  a n a ly s in g  n a n o -p o w d e rs . S e id e n s tic k e r  

e t  a l [94 ] u s e d  th is  a p p ro a c h  fo r  3 Y -T Z P  (T o so h )  p o w d e r  a n d  c a lc u la te d  a  B E T  

e q u iv a le n t  d ia m e te r  o f  6 1 .2  n m , b a s e d  o n  a  B E T  su rfa c e  a r e a  o f  16.1 m 2/g  a n d  a  

p o w d e r  d e n s ity  o f  6 .0 8  g /c m 3. S e id e n s tic k e r  e t a l [94] u s e d  s e d im e n ta tio n  s ize  

a n a ly s is  to  m e a s u re  a  m e a n  p a r t ic le  d ia m e te r  o f  170 n m  fo r  th is  p o w d e r . H o w e v e r ,
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th e re  a re  c o n f l ic t in g  re p o r ts  w h e n  w e t  m e th o d s  a re  u sed . L iu  e t a l u s e d  T o s o h  T Z - 

3 Y -E  p o w d e r  fo r  h o llo w  f ib e r  m e m b ra n e  a p p lic a t io n s  b u t  o n ly  re fe r  to  th e  p o w d e r  as 

h a v in g  su b - jim  p a r t ic le  d ia m e te rs . K u n e s  e t  al [96] in v e s tig a te d  th e  sa m e  p o w d e r  fo r  

s l ip -c a s t in g  a p p lic a tio n s . T h e y  u s e d  th e  a lk a li- f re e  p o ly e le c tro ly te  D o la p ix  C E 6 4  as 

a  d e f lo c c u la n t  a n d  m e a s u re d  a  m e a n  X 50 p a r tic le  s iz e  o f  2 8 0  n m  b y  lo w -a n g le  la se r  

l ig h t  s c a tte r in g  (L A L L S ). T u a n  e t a l, [4 ] c a r r ie d  o u t p a r tic le  s iz e  a n a ly s is  o n  th is  

p o w d e r  a n d  a r r iv e d  a t a  p a r t ic le  s iz e  o f  2 3 0  nm .

4 .1 .1 .2  P a r t ic le  s ize  f r o m  e q u iv a le n t  s p h e r ic a l d ia m e te r  th e o ry

In  o rd e r  to  m e a s u re  p r im a ry  p a r t ic le  s iz e ,  th e  sp e c if ic  su rfa c e  a re a  o f  th e  p o w d e rs  

w a s  m e a s u re d . T h is  y ie ld e d  a  v a lu e  o f  14 .52  m 2/g  fo r  T o s o h  a n d  6 .4 2  m 2/g  fo r 

T e c h n o x  2 0 0 0 . T h e  e q u iv a le n t  s p h e r ic a l  d ia m e te r  (E S D b e t)  w a s  c a lc u la te d  f ro m  th e  

fo l lo w in g  e q u a tio n :  [95]

ESD  = ------ -------  (4 .1 )
p„anSSA

W h e re  p pal1 is  th e  d e n s ity  o f  th e  p o w d e r  p a r tic le  a n d  S S A  is  th e  sp e c if ic

su rfa c e  a re a  o f  th e  p o w d e r . T h e  d e n s i ty  o f  th e  p o w d e r  w a s  5 .9 8  g /c m 3 fo r  T o s o h  an d

6 .0 3  g /c m 3 fo r  T e c h n o x  a s  d e te rm in e d  f ro m  p y c n o m e try  a n a ly s is . T h is  tra n s la te d  to  

p a r t ic le  s iz e s  o f  6 9  n m  a n d  155 n m  re s p e c t iv e ly  u s in g  e q u a tio n  (4 .1 ) . H o w e v e r , f ro m  

E S D  th e o ry , th e s e  r e s u lts  a re  in  g o o d  a g re e m e n t w ith  th e  su p p lie rs  sp e c if ic a tio n s . 

C o n s id e r in g  th e  re s u lts  o b ta in e d  f ro m  la s e r  d if f ra c tio n  b a se d  p a r t ic le  s iz e  a n a ly s is , it 

w o u ld  a p p e a r  th a t  th e s e  p o w d e rs  a re  h e a v i ly  p ro n e  to  a g g lo m e ra tio n  in  w a te r , an d  

a re  n o t  s u i te d  to  w e t-b a s e d  a n a ly s is .
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4.1.1.3 Transmission Electron Microscopy

F ig . 4 .4  s h o w s  t r a n s m is s io n  e le c tro n  m ic ro g ra p h s  o f  b o th  T o s o h  a n d  T e c h n o x  

p o w d e r  w ith  a n d  w ith o u t b in d e r . T o s o h  p o w d e r  p a r tic le s  a re  sp h e r ic a l w i th  u n ifo rm  

s iz e  d is t r ib u t io n  o f  a ro u n d  4 0 -7 0  nm . T h is  r e s u lt  is  in  g o o d  a g re e m e n t w ith  p a r tic le  

s iz e  o b ta in e d  u s in g  e q u iv a le n t s p h e r ic a l d ia m e te r  (ESD bet)- T e c h n o x  p o w d e r  

p a r tic le s  a re  a ls o  sp h e r ic a l a n d  u n ifo rm ly  d is tr ib u te d . T E M  o b s e rv a t io n  in  F ig . 4 .4  

(d ), s h o w s  a  w e a k ly  a g g lo m e ra te d  p o w d e r  in  w h ic h  so m e  a g g lo m e ra te  l ik e  c h a in s  

c o n s is t in g  o f  p r im a ry  c ry s ta ll i te s  w ith  b in d e r  a re  p re s e n t.  T h e  a v e ra g e  p a r t ic le  s ize  

fo r  T e c h n o x  p o w d e r  se e m s  to  b e  < 1 0 0  n m  w h ic h  is  le s s  th a n  re s u lts  o b ta in e d  u s in g  

e q u iv a le n t  s p h e r ic a l  d ia m e te r  (ESD bet)- T h e  T E M  m ic ro g ra p h s  re v e a le d  

a g g lo m e ra t io n  o f  th e  n a n o p o w d e rs .

(c) (d )

F ig u r e  4 .4  H ig h - r e s o lu t io n  tra n s m is s io n  e le c tro n  m ic ro s c o p y  o f  (a ) T o s o h  p o w d e r  
w i th o u t  b in d e r  (T Z -3 Y -E ) , (b )  T o s o h  p o w d e r  w ith  b in d e r  (T Z -3 Y -B E ),
(c )  T e c h n o x  p o w d e r  w ith o u t b in d e r  a n d  (d ) T e c h n o x  p o w d e r  w ith  b in d e r.
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4.1.2 Powder density measurement

C a re  h a d  to  b e  ta k e n  w h e n  c a r ry in g  o u t  p y c n o m e try  o f  th e  p o w d e r  sa m p le s . 

A n o m a lo u s  d e n s i ty  re a d in g s  w e re  o b s e rv e d  fo r  s m a ll  q u a n tit ie s  o f  p o w d e r . T a m a ri 

[97] h ig h lig h ts  th e  im p o r ta n c e  o f  s a m p le  c h a m b e r  f illin g . A c c o rd in g  to  T a m a ri, th e  

a u th o rs  C o n s o lm a n g o  a n d  B ritt  [9 8 ], o b s e rv e d  th a t  th e  v o lu m e  o f  sm a ll m e te o r ite s  

c o u ld  n o t b e  d e te rm in e d  a c c u ra te ly  a n d  th a t  th e  re la tiv e  u n c e r ta in ty  in  th e  

m e a s u re m e n t o f  s a m p le  v o lu m e  d e c re a s e s  w h e n  th e  m e te o r ite  s iz e  a n d  th u s  th e  

f i l l in g  fa c to r , in c re a s e s . S ta b ilis a tio n  o f  d e n s i ty  r e s u l ts  o c c u rre d  o n ly  fo r  q u a n tit ie s  

> 8  g  fo r  T o s o h  p o w d e r  a n d  b e tw e e n  6  to  7  g  fo r  T e c h n o x . In te re s tin g ly , 12 g  o f  

T o s o h  p o w d e r  ( th e  m a x im u m  a m o u n t w h ic h  c o u ld  f i t  in  th e  sa m p le  c h a m b e r)  o n ly  

c o r re s p o n d e d  to  1 6 .6 %  sa m p le  c h a m b e r  v o lu m e  f il le d  illu s tra tin g  th e  d if f ic u lty  in  

a c h ie v in g  h ig h  p a c k in g  o f  th is  p o w d e r . T h e  f in a l  th re e  re a d in g s  ta k e n  fo r  8  g , 10 g 

a n d  12 g  w e re  5 .9 9  g /c m 3, 5 .9 8  g /c m 3 a n d  5 .9 7  g /c m 3 re sp e c tiv e ly . F ro m  th e se  

v a lu e s , a n  a v e ra g e  w a s  ta k e n  y ie ld in g  a  d e n s i ty  v a lu e  o f  5 .9 8  g /c m 3 fo r  th e  a s- 

re c e iv e d , n a n o -z irc o n ia  p o w d e r . T h e  r e a s o n  f o r  th e  d if f ic u lty  in  a c h ie v in g  a  s ta b le  

re s u lt  fo r  th e  z ir c o n ia  p o w d e r  c o u ld  b e  d u e  to  th e  re la tiv e ly  lo w  v o lu m e  o f  c h a m b e r  

f i llin g . T h is  is  d u e  to  th e  h ig h  d e n s ity  o f  th e  z irc o n ia  p o w d e r . L o w e r  d e n s ity  

p o w d e rs  w o u ld  a l lo w  g re a te r  v o lu m e s  to  b e  p a c k e d  in to  th e  s a m p le  c h a m b e r , th u s  

im p ro v in g  th e  c h a m b e r  v o lu m e  f ille d , a n d  im p ro v in g  th e  a c c u ra c y  o f  th e  re su lt . T h e  

fa c t th a t  it  is  n a n o  p o w d e rs  w h ic h  a re  u n d e r  in v e s t ig a tio n  c o u ld  p o te n tia lly  m e a n  th a t 

s o m e  p o w d e r  is  b e in g  d is p la c e d  d u r in g  th e  g a s  f i l l  s te p  b y  th e  h ig h  g a s  p re s s u re . T h e  

im p o r ta n c e  o f  p o w d e r  q u a n tity  b e c o m e s  a p p a re n t. T a m a ri [97] r e c o m m e n d s  

s u b m itt in g  th e  p o w d e r  to  an  in itia l  lo w  g a s  p re s s u re ,  a re s u lt  th a t w a s  e m p lo y e d  in  

th is  s tu d y . A lso , s a m p le s  w e re  w e ig h e d  b e fo re  a n d  a f te r  a n a ly s is  o n  a  p re c is io n  

b a la n c e  (a c c u ra c y  0 . 0 0 0 1  g ) a n d  n o  lo s s  o f  w e ig h t  w a s  re c o rd e d .

4 .1 .3  T h e r m a l  A n a ly s is

T h e rm a l a n a ly s is  w a s  c a r r ie d  o u t  o n  th e  a s - re c e iv e d , b in d e r  c o n ta in in g  T o s o h  

p o w d e r . S ee  F ig . 4 .5  (a ). F o r  th e  s a m p le  r u n  u n d e r  n itro g e n , b in d e r  b u rn o u t 

c o m m e n c e d  a t a p p ro x im a te ly  150°C  a n d  w a s  c o m p le te d  b y  4 7 5 °C , c o r re s p o n d in g  to
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a b o u t  3 %  w e ig h t lo ss . A  b ro a d  e x o th e rm ic  p e a k  b e g a n  a t  a ro u n d  300°C  a n d  e n d e d  a t 

a ro u n d  4 4 0 °C , c o rre s p o n d in g  to  b in d e r  b u m  o u t. N o  o th e r  p e a k s  w e re  o b se rv e d  

a b o v e  4 5 0 °C . S im ila r ly , o n  c o o lin g , n o  p e a k s  w e re  o b s e rv e d . T h e  sa m p le  ru n  u n d e r  

“ s ta tic  a ir” b e h a v e d  d if fe re n tly . S e e  F ig . 4 .5  (a ). A  s m a ll  e x o th e rm ic  p e a k  w a s  

o b s e rv e d  a t ~ 1 7 5 °C  a n d  a  la rg e  s h a rp  e x o th e rm ic  p e a k  a t  ~ 3 7 5 °C . T h e  p e a k  a t 

~ 1 7 5 ° C  is  b e lie v e d  d u e  to  c o m b u s t io n  o f  o rg a n ic s , a  re a c t io n  w h ic h  is p re v e n te d  

u n d e r  n itro g e n . T h e  p o s it io n  o f  th e  s e c o n d  p e a k  o c c u rs  a t  a  lo w e r  te m p e ra tu re  in  a ir  

th a n  in  n itro g e n . T h is  su g g e s ts  th a t  th e  b in d e r  b u r n - o f f  is  a id e d  b y  th e  a ir  an d  is  

o c c u r r in g  a t  lo w e r  te m p e ra tu re s  a s  a  re s u lt .  A  p e rc e n ta g e  w e ig h t  lo ss  o f  - 3 .6 %  w a s  

re c o rd e d  in  a ir  c o m p a re d  w ith  - 3 .1 %  in  n itro g e n , in d ic a t in g  th a t  re s id u a l u n re a c te d  

c a rb o n  re m a in s  w h e n  a  n i tro g e n  a tm o s p h e re  is  u se d . T h e  fa c t  th a t  th e  s e c o n d  p e a k  is 

e x o th e rm ic  u n d e r  a ir  a n d  u n d e r  n i t ro g e n  s u g g e s ts  th a t  d e c o m p o s it io n  a n d  n o t 

c o m b u s t io n  o f  th e  b in d e r  is  o c c u r r in g  in  th is  te m p e ra tu re  ra n g e .

T h e  T e c h n o x  p o w d e r  s a m p le  ru n  u n d e r  a ir  b e h a v e d  a lm o s t  th e  sa m e  as T o so h  

p o w d e r  [F ig . 4 .5  (b )] . B in d e r  b e g a n  to  b u m  o u t w ith  a  s h a rp  g ra d ie n t  n e a r  2 0 0 °C  an d  

e n d e d  u p  a t  a ro u n d  4 4 0 °C . T h e  w e ig h t  lo ss  is a b o u t 5 .0 5 %  w h ic h  re v e a le d  th a t th e  

T e c h n o x  p o w d e r  c o n ta in e d  a lm o s t  tw ic e  as m u c h  b in d e r  c o m p a re d  w ith  T o so h  

p o w d e r .  D T A  p a tte rn  s h o w e d  tw o  p e a k s , o n e  sm a ll  e x o th e rm ic  p e a k  a t a b o u t 240°C  

w h ic h  c o rre sp o n d  to  c o m b u s tio n  o f  o rg a n ic s . T h e  s e c o n d  o n e  is  e x o th e rm ic  a t a b o u t 

3 4 2 °C  a n d  re la te d  to  c o m b u s tio n  o f  b in d e r  [F ig . 4 .5  (b )].

D u ra n  e t a l [7 9 ], c a r r ie d  o u t  D T A /T G  a n a ly s is  in  a ir  w ith  as d r ie d  c o ­

p re c ip i ta te d  n a n o s iz e d  Y -T Z P  p o w d e rs ,  o b s e rv e d  th re e  p e a k s  fo r  D T A  a n a ly s is  

w h e re  f irs t  e n d o th e rm ic  p e a k  a t  a b o u t  1 2 0 °C  w h ic h  c o r re s p o n d e d  to  th e  lo ss  o f  

o rg a n ic  so lv e n t. T h e  s e c o n d  o n e  is  e x o th e rm ic  a t  a b o u t 2 8 0 ° C  c o rre sp o n d  to  th e  

c o m b u s t io n  o f  a lc o h o lic  g ro u p s , a n d  th e  th ird  p e a k  a t  4 4 5 ° C  , a lso  e x o th e rm ic , 

re la te d  to  th e  c ry s ta l l iz a t io n  te m p e ra tu re  o f  th e  a m o rp h o u s  p o w d e r  to  te tra g o n a l 

z ir c o n ia . T h e y  a lso  d e s c r ib e d  th e  m a in  w e ig h t  lo s s  ( a b o u t 10 % ), w h ic h  to o k  p la c e  

f ro m  1 5 0 °C  to  4 0 0 ° C , p ro b a b ly  d u e  to  b u rn in g  o f  is o p ro p y l g ro u p s .
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F ig u r e  4 .5  D T A /T G A  c u rv e s  fo r  (a ) T o s o h  g ra d e  p o w d e r  u n d e r  s ta tic  a ir  a n d  
f lo w in g  n itro g e n  a tm o s p h e re s  a n d  (b )  T e c h n o x  2 0 0 0  g ra d e  p o w d e r  u n d e r  
a ir.
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O f  in te re s t  in  th is  w o rk  w a s  th e  re te n tio n  o f  th e  te tra g o n a l p h a s e  a f te r  

s in te r in g . F o r  th is  re a s o n , th e rm a l a n a ly s is  w a s  c a r r ie d  o u t  o n  T o s o h  p o w d e r  a n d  a lso  

o n  u n -s ta b il is e d  m o n o c l in ic  z ir c o n ia  p o w d e r  fo r  c o m p a r is o n  p u rp o se s . T h e se  

p o w d e rs  d id n ’t  c o n ta in  a n y  b in d e r . F ig . 4 .6  sh o w s  D T A  d a ta  fo r  th e s e  p o w d e rs  

c o o le d  f ro m  1 4 5 0 °C . F o r  th e  m o n o c lin ic  p o w d e r , a  sh if t in  th e  c u rv e  w a s  o b s e rv e d  

d u r in g  c o o lin g  a t  a b o u t 9 1 0 °C  (s h o w n  b y  th e  a r ro w  in  F ig . 4 .6 ) , b e lie v e d  d u e  to  

te tr a g o n a l  to  m o n o c l in ic  p h a s e  tra n s fo rm a tio n . A c c o rd in g  to  P ic o n i [1], fo r  p u re  

z i r c o n ia  d u r in g  c o o lin g , a  T -M  tra n s fo rm a tio n  ta k e s  p la c e  in  th e  te m p e ra tu re  ra n g e  

o f  a b o u t 100°C  b e lo w  1 0 7 0 °C ; th is  t ra n s fo rm a tio n  is  a s s o c ia te d  w ith  a  v o lu m e  

e x p a n s io n  o f  a p p ro x im a te ly  3 -4 % . T o s o h  re c o m m e n d  a  c o o lin g  ra te  o f  2 0 0 °C /h r  

a f te r  s in te r in g . S lo w  c o o l in g  ra te s  re d u c e  th e  r is k  o f  s p o n ta n e o u s  tra n s fo rm a tio n  

f ro m  te tra g o n a l  to  m o n o c l in ic  w h ic h  c o u ld  le a d  to  d e le te r io u s  c ra c k in g  o f  th e  

s in te re d  p a r t . F ro m  F ig . 4 .6  th e re  is  n o  e v id e n c e  o f  a T  —» M  tra n s fo rm a tio n  fo r  th e  

T o s o h  sa m p le .

F i g u r e  4 .6  D T A  c u rv e s  fo r  T Z -3 Y  (T o so h )  a n d  m o n o c lin ic  p o w d e r  c o o le d  f ro m  
14 5 0 °C  a t  a  r a te  o f  1 0 °C /m in  to  ro o m  te m p e ra tu re  u n d e r  f lo w in g  
n itro g e n .

4 .1 .4  D i la to m e t r y  d a t a

D ila to m e try  w a s  a ls o  e m p lo y e d  to  d e te c t  th e  T  —> M  tr a n s i t io n  fo r  th e  m o n o c lin ic  

p o w d e r  a n d  b o th  T o s o h  a n d  T e c h n o x  p o w d e rs . F ig . 4 .7  p lo ts  th e  

s h r in k a g e /e x p a n s io n  o n  c o o l in g  f ro m  1400°C .
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F i g u r e  4 .7  D ila to m e tr ic  a n a ly s is  o f  u n s ta b il is e d  z irc o n ia , T o s o h  a n d  T e c h n o x  
s a m p le s  c o o le d  f ro m  1 4 0 0 °C .

A  sh a rp  e x p a n s io n  w a s  o b s e rv e d  fo r  th e  m o n o c lin ic  s a m p le  in  th e  re g io n  8 8 0 - 

9 6 0 °C , a s  c o m p a re d  w i th  th e  T o s o h  a n d  T e c h n o x  s a m p le s , w h ic h  b o th  sh ru n k  

s l ig h t ly  o v e r  th e  c o o lin g  ra n g e . T h e  te m p e ra tu re  w h e re  e x p a n s io n  w a s  o b se rv e d  fo r  

th e  m o n o c l in ic  s a m p le  w a s  in  g o o d  a g re e m e n t w ith  th e  s h if t  in  th e  D T A  cu rv e  

o b s e rv e d  in  F ig . 4 .6 .

W h ile  th e  p re s e n c e  o f  te tr a g o n a l  a n d /o r  m o n o c lin ic  p h a s e  a f te r  s in te r in g  is  

im p o r ta n t ,  e q u a lly  im p o r ta n t  is  th e  f in a l  d e n s ity  o f  th e  c e ra m ic . D ila to m e try  w a s  a lso  

u s e d  h e re  to  in v e s t ig a te  th e  d e n s if ic a t io n  b e h a v io u r  o f  b o th  p o w d e r s  d u r in g  s in te rin g . 

I n  F ig . 4 .8 , s h r in k a g e  a n d  d e n s if ic a t io n  ra te  a re  p lo tte d  a g a in s t  te m p e ra tu re .
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F ig u r e  4 .8  S h r in k a g e  (p in k  lin e )  a n d  d e n s if ic a t io n  ra te  (b lu e  lin e )  o f  3 Y -T Z P  (a ) 
T o s o h  (b )  T e c h n o x  b a r , a s  m e a s u re d  u s in g  d ila to m e try  in  s ta tic  a ir  w ith  
a n  is o th e rm a l h e a tin g  ra te  o f  1 0 °C /m in .

F o r  th e  T o s o h  s a m p le  (F ig . 4 .8  a ) , a  sm a ll  p e a k  a t ~ 3 5 0 °C  c o r re s p o n d e d  to  

th e  e l im in a t io n  o f  b in d e r . S h r in k a g e  in i t ia te d  a t  a b o u t 9 9 0 °C . T h e  s h r in k a g e  g ra d ie n t 

w a s  s h a rp  w ith  a  f in a l  l in e a r  s h r in k a g e  o f  a p p ro x im a te ly  2 5 .6 % . T h e  d e n s if ic a t io n
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ra te  r e a c h e d  a  m a x im u m  a t 1284°C . S h r in k a g e  re a c h e d  c o m p le tio n  b y  a b o u t  1530°C . 

T h e  T e c h n o x  s a m p le  b e h a v e d  s o m e w h a t d if f e re n t ly  (F ig . 4 .8  b ). S h r in k a g e  in it ia te d  

a t  a b o u t  1 0 6 0 °C . D e n s if ic a t io n  d o e s  n o t  s e e m  to  h a v e  re a c h e d  c o m p le t io n  by  

1 5 4 0 °C , a s  th e  s h r in k a g e  h a s  n o t le v e lle d  o u t, a s  c o m p a re d  w ith  th e  T o s o h  sa m p le . 

T h e  m a x im u m  d e n s if ic a t io n  ra te  is  o c c u r r in g  a t 1 3 7 0 °C , a p p ro x im a te ly  1 0 0 °C  h ig h e r  

th a n  fo r  th e  T o s o h  sa m p le . T h is  is in  g o o d  a g re e m e n t w ith  l i te ra tu re  s u rv e y  w h e re  it 

s ta te d  s m a lle r  p a r t ic le s  e x h ib it  fa s te r  n e c k  g ro w th  a n d  n e e d  le ss  s in te r in g  t im e  o r  a  

lo w e r  s in te r in g  te m p e ra tu re  to  a c h ie v e  a n  e q u iv a le n t  d e g re e  o f  s in te r in g . G e n e ra lly , 

la rg e  p a r t ic le s  le a d  to  a  s lo w e r  s in te r  a n d  re q u ire  h ig h e r  s in te r in g  te m p e ra tu re  o r  

lo n g e r  s in te r in g  t im e  to  a tta in  a n  e q u iv a le n t  d e g re e  o f  d e n s if ic a t io n  [7 3 ]. D u ra n  e t al 

[7 9 ], in  th e i r  s tu d y  o f  n a n o s iz e d  (7  n m )  Y -T Z P  (T o so h ) , o b s e rv e d  a  m a jo r  

d e n s if ic a t io n  r a te  p e a k  a t a b o u t 1200°C . A b o v e  1 2 0 0 °C , d e n s if ic a t io n  in c re a s e d  u p  to  

a b o u t  9 6 %  D th a t  1 3 0 0 °C , a n d  d e n s ity  a c h ie v e d  a t  th e  e n d  w h ic h  c o r r e s p o n d e d  to  a  

m a x im u m  in  d e n s if ic a t io n  o f  a b o u t 9 9 .6 %  D th. D u ra n  e t al [99] a ls o  s tu d ie d  

d e n s if ic a t io n  b e h a v io u r  o f  h ig h -p u r ity  b a r iu m  tita n a te . T h e y  o b s e rv e d  a  m a jo r  

d e n s if ic a t io n  r a te  p e a k  a t 1250°C  w h ic h  c o r re s p o n d e d  to  a  m a x im u m  in  d e n s if ic a t io n  

o f  a b o u t 9 9 .3 %  D th- A b o v e  1250°C  a  s m a ll  d e -d e n s if ic a t io n  o c c u r re d  an d  

d e n s if ic a t io n  d e c re a s e d  u p  to  a b o u t 9 7 %  D th a t 1 3 0 0 °C , w h ic h  th e y  a t t r ib u te d  to  g as  

re le a s e  f ro m  th e  d e c o m p o s it io n  o f  b a r iu m  c a rb o n a te  in  th e  b a r iu m  tita n a te  

e n v iro n m e n t a n d  th e  h ig h  m o b ili ty  o f  th e  g r a in  b o u n d a r ie s . S h i e t a l [1 0 0 ]  s tu d ie d  

th e  s in te r in g  b e h a v io u r  o f  fu lly  a g g lo m e ra te d  7 m o l %  y t t r ia  s ta b il is e d  z ir c o n ia  a n d  

c o r re la te d  p o re  b e h a v io u r  w ith  d e n s if ic a tio n . A c c o rd in g  to  th e ir  s tu d y , th e  v o lu m e  o f  

th e  p r im a ry  p o r e s  r e d u c e s  to  o n ly  10 %  o f  th a t  s in te re d  a t 1 0 0 0 °C  a n d  a lm o s t 

c o m p le te ly  e l im in a te d  w h e n  h e a te d  a t 1 4 0 0 °C , sh o w in g  fu ll d e n s if ic a t io n  b u t  th e  

r e m o v a l o f  th e  s e c o n d a ry  p o re s  b e c o m e  s ig n if ic a n t  o n ly  a t te m p e ra tu re s  a b o v e  

1 4 0 0 °C .

4 . 2  C o m p a c t i o n  a n d  s i n t e r i n g

4 .2 .1  C o m p a c t io n

D is c  s a m p le s  w e re  p re p a re d  b y  p re s s in g  a n d  s in te r in g . F ro m  T a b le  4 .1  a n d  T a b le

4 .2 , i t  c a n  b e  s e e n  th a t  g re e n  d e n s ity  o f  c o m p a c t  w a s  a ro u n d  - 4 0  %  D th a c h ie v e d  b y

• 2  • • a p p ly in g  a  lo a d  o f  2 0 k g /c m  fo r  2 0  s. D u r a n  a t e l [79] d e s c r ib e d  c o m p a c tio n
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b e h a v io u r  o f  is o p ro p a n o l-w a s h e d  c a lc in e d  Y -T Z P  p o w d e r . T h e  p o w d e r  w a s  

is o s ta tic a lly  p r e s s e d  i n  th e  ra n g e  o f  2 0  to  3 5 0  M P a  a n d  fo u n d  o u t  th e  re la t iv e  d e n s i ty  

in c re a se d  w ith  in c re a s in g  a p p lie d  p re s s u re  a n d  f in a l ly  r e a c h e d  43 %  o f  D * . T h e y  

fo u n d  th a t  a  c le a r  t r a n s i t io n  in  th e  c o n s o l id a t io n  b e h a v io u r  o c c u rs  a t  a  c o m p a c tio n  

p re s s u re  o f  a b o u t 3 2  M P a  w h ic h  is  lo w e r  th a n  th e  r e s u l t  r e p o r te d  fo r  th e  T o s o h  

p o w d e r  ( >  4 0  M P a )  [7 9 ,1 0 1 ] .

4 .2 .2  S in te r in g

A lm o s t  fu l l  d e n s i ty  i s  b e in g  a c h ie v e d  b y  u s in g  is o th e rm a l  r a m p in g  a n d  s in g le  d w e ll  

t im e  s in te r in g . H o w e v e r ,  i t  i s  l ik e ly  th a t  s u c h  a n  a p p ro a c h  is  n o t  o p tim u m  in  te rm s  o f  

g ra in  s iz e , a  p a ra m e te r  w h ic h  is  c r it ic a l  fo r  z i r c o n ia  c e ra m ic s . T w o -s te p  s in te r in g  as 

d is c o v e re d  b y  C h e n  &  W a n g  is  f a s t  g a in in g  in  p o p u la r i ty  p a r tic u la r ly  fo r  n a n o ­

p o w d e rs  [8 1 ]. M a n y  a u th o rs  a d v o c a te  tw o - s te p  s in te r in g  in  o rd e r  to  a c h ie v e  fu ll  

d e n s if ic a tio n , w h ile  m a in ta in in g  f in e  g ra in  s iz e s . B a r b a  e t  a l [1 0 2 ] c la im e d  th a t  w h e n  

re la tiv e  d e n s ity  r e a c h e s  c r i t ic a l  v a lu e s  ( - 9 0 % ) ,  te m p e ra tu re  sh o u ld  b e  d e c re a s e d  a n d  

d w e ll t im e  in c re a s e d , to  m a x im is e  th e  p o te n tia l  f o r  c o m p le te  d e n s if ic a tio n . I n  th e  

c a s e  o f  th e  T e c h n o x  p o w d e r  s tu d ie d  h e re  i t  a p p e a re d  th a t  1380°C  as a  d w e ll  

te m p e ra tu re  m ig h t  b e  s u ita b le  i f  e m p lo y e d  in  a  tw o  s te p  s in te r in g  s tra te g y  a s  i t  

c o in c id e s  w ith  th e  o n s e t  o f  m a x im u m  d e n s if ic a t io n  ra te .

V

1350°C 1400°C m isotrc

Figure 4.9 Images o f sintered discs (a) Tosoh and (b) Technox.
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4.2.2.1 Densities of sintered discs

In  o rd e r  to  fu r th e r  in v e s t ig a te  th e  d e n s if ic a t io n  o f  th e s e  p o w d e rs , d is c s  w e re  s in te re d  

in  th e  te m p e ra tu re  ra n g e  1 3 5 0 -1 5 0 0 °C . T w o  d if fe re n t m e th o d s  w e re  u se d  to  m e a su re  

th e  d e n s ity . T h e  re s u lts  a re  s u m m a r iz e d  in  T a b le  4.1  a n d  T a b le  4 .2

T a b le  4.1 G re e n  d e n s ity  a n d  s in te re d  d e n s ity  o f  T o s o h  d isc s

S in te r in g
T e m p e ra tu re

(°C )

G re e n
D e n s ity

%  Dth

S in te re d  D e n s ity  
(C a llip e rs )

%  D th

S in te re d  D e n s ity  
(A rc h im e d e s )  

%  D th
1350 4 0 .1 1 9 7 .4 6 9 7 .4 0
1400 4 1 .3 8 9 9 .4 7 9 8 .9 5
1450 4 0 .9 4 9 9 .6 4 9 9 .4 4

1500 4 0 .9 6 9 9 .7 2 99.31

T h e  %  D th v a lu e  w a s  c a lc u la te d  b a s e d  o n  ta k in g  a  d e n s ity  v a lu e  o f  6 .0 8  

g /c m 3 fo r  T o so h . T h is  v a lu e  w a s  c h o s e n  b a s e d  o n  w o rk  c a r r ie d  o u t  b y  B a s u  e t al 

[1 8 ]. B a s u  e t a l re p o r te d  a  d e n s i ty  o f  6 .0 8  fo r  T Z -3 Y  (T o s o h )  w h ic h  w a s  h o t-p re s s e d  

a t  1450°C  fo r  1 h  in  a  v a c u u m . T h is  is th e  h ig h e s t v a lu e  re p o r te d  fo r  th is  m a te r ia l  in  

th e  l i te ra tu re  a n d  it  is  r e a s o n a b le  to  a s su m e  th a t  it r e p re s e n ts  a n  a lm o s t i f  n o t fu lly  

d e n s e  p a r t. T h e  m a n u f a c tu r e r  q u o te s  a  v a lu e  o f  6 .0 5  g /c m  fo r  s in te re d  p a r t. 

N o rm a lly , th e  p e rc e n ta g e  th e o re t ic a l  d e n s ity  o f  s in te re d  p a r ts  w o u ld  b e  c a lc u la te d

• ■ 3
b a s e d  o n  th e  d e n s ity  o f  s ta r t in g  p o w d e r , H o w e v e r , in  th is  w o r k  a  v a lu e  o f  5 .98  g /c m  

w a s  re c o rd e d  u s in g  p y c n o m e tr y  a n d  it  w a s  th e re fo re  fe l t  th a t  th e  p o w d e r  w a s  n o t  

1 0 0 %  te tra g o n a l. T h is  w a s  la te r  c o n f irm e d  b y  X R D  a n a ly s is  (F ig . 4 .2 0 ). D u r in g  

s in te r in g , a n y  m o n o c l in ic  p h a s e  w o u ld  tra n s fo rm  to  te tra g o n a l , th u s  le a d in g  to  a  

d e n s ity  in c re a se . A f te r  s in te r in g , th e  v a lu e  o f  5 .9 8  g /c m 3 w o u ld  th e n  no  lo n g e r  b e  

v a l id  as a  re fe re n c e  d e n s ity .

T a b le  4 .2  G re e n  d e n s i ty  a n d  s in te re d  d e n s ity  o f  T e c h n o x  d is c s

S in te r in g
T e m p e ra tu re

(°C )

G re e n
D e n s ity

%  D th

S in te re d  D e n s ity  
(C a llip e rs )

' %  D th

S in te re d  D e n s ity  
(A rc h im e d e s )

%  Dth
1350 40.75 91.64 94.67
1400 41.98 93.53 96.89
1450 40.99 94.41 97.57
1500 40.88 96.49 98.05
1550 40.68 97.61 99.11
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F ro m  T a b le  4.1  it  is c le a r  th a t  th e  T o s o h  p o w d e r  s in te re d  v e ry  re a d ily  a n d  

r e a c h e d  a m a x im u m  d e n s ity  o f  9 9 .3 1  %  D th u n d e r  c o n v e n t io n a l  o n e -s te p  s in te rin g  

c o n d it io n s . T e c h n o x  p o w d e r  n e e d s  h ig h e r  te m p e ra tu re s  to  y ie ld  %  D th m o re  th a n  99  

%  a s  sh o w n  in  T a b le  4 .2 . T h e  d i la to m e try  a n a ly s is  d a ta  (F ig . 4 .8 )  d id  sh o w  th a t th e  

m a x im u m  d e n s if ic a t io n  ra te  o f  T e c h n o x  p o w d e r  o c c u r re d  a t  h ig h e r  te m p e ra tu re  th a n  

fo r  T o s o h  p o w d e r . T o  a c h ie v e  h ig h e r  d e n s ity  u s in g  T e c h n o x  p o w d e r , d isc s  w e re  

s in te re d  a t 1 5 0 0 °C  w ith  d if fe re n t  h o ld in g  tim e  as  s h o w n  in  F ig . 4 .1 0 . It su g g e s ts  th a t 

th e  % D th in c re a se s  s h a rp ly  w ith  t im e  a n d  th e n  fa lls  w ith  fu r th e r  in c re a s in g  tim e . %  

Du, in c re a s e s  w ith  te m p e ra tu re  r e g a rd le s s  o f  th e  p o w d e rs . L a b e r ty -R o b e r t  e t al [24] 

s tu d ie d  g re e n  m ic ro s tru c tu re  a n d  s in te r in g  b e h a v io u r  o f  8  m o l%  Y 20 3 -Z r0 2  p o w d e rs  

a n d  o b s e rv e d  th e  re la tiv e  d e n s it ie s  a s  a  fu n c tio n  o f  s in te r in g  te m p e ra tu re . T h e y  

r e p o r te d  th a t  th e  d e n s if ic a t io n  in c re a s e d  w ith  th e  s in te r in g  te m p e ra tu re .

Holding time (hours)

F i g u r e  4 .1 0  T e c h n o x  s a m p le  s in te re d  a t 1 5 0 0 °C  w ith  d if f e r e n t  h o ld in g  tim e .

T w o -s te p  s in te r in g  w a s  e m p lo y e d  fo r  th e  T e c h n o x  p o w d e r  b a se d  o n  th e  

d i la to m e try  d a ta  f ro m  F ig . 4 .8  (b ) . A s  c a n  be  s e e n  f ro m  T a b le  4 .3 , d e n s ity  in c re a se d  

w i th  in c re a s in g  h o ld  t im e  a t  1 3 8 0 °C  a n d  f in a lly  r e a c h e d  9 8 .5 8  %  D *  a p p ly in g  

h o ld in g  tim e  o f  16 h . P o lo ta i  e t  a l [20] p ro d u c e d  a  f in e  g ra in e d  b a r iu m  tita n a te  

c e ra m ic  w ith  a  %Dth o f  9 9 .7 %  u s in g  tw o -s te p  s in te r in g  c o m b in e d  w ith  ra te
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c o n tro l le d  s in te r in g . T h e  f ir s t  s in te r in g  s te p  p ro d u c e d  a n d  f ro z e  in  p la c e  a  u n ifo rm  

p o re  m ic ro  s tru c tu re  w h ile  m in im is in g  g ra in  g ro w th . T h e  d if fu s io n  d is ta n c e  w a s  th u s  

m in im is e d  d u r in g  c o n s ta n t  g r a in - s iz e  s in te r in g  w h ic h  m a x im is e d  d e n s if ic a tio n  

k in e t ic s  le a d in g  to  an  a lm o s t  fu lly  d e n s e  c e ra m ic .

T a b le  4 .3  S in te re d  d e n s ity  o f  T e c h n o x  sa m p le s  fo r  tw o -s te p  s in te r in g

S in te r in g
T e m p e ra tu re

(°C )

H o ld in g
t im e

S in te re d  D e n s ity  
(C a llip e rs )

%  D th

S in te re d  D e n s ity  
(A rc h im e d e s )

%  D th

1380 4 9 6 .4 6 9 6 .0 5

1380 8 9 6 .8 7 9 7 .4 0
1380 1 2 9 7 .9 4 9 8 .4 7
13 8 0 16 9 8 .1 2 9 8 .5 8

4 .3  M e c h a n i c a l  p r o p e r t i e s  d e t e r m i n a t i o n  

4 .3 .1 . V ic k e rs  h a rd n e s s

M e c h a n ic a l  p ro p e r tie s  o f  s in te re d  s a m p le s  a re  g iv e n  in  T a b le  4 .4 , T a b le  4 .5  an d  

T a b le  4 .6 . T h e  h a rd n e s s  m e a s u re m e n t  w a s  c a rr ie d  o u t u s in g  a  lo a d  o f  2 0  k g . T h e  

in d e n ta t io n  lo a d  w a s  c r it ic a l  in  th e  m e a s u re m e n t o f  h a rd n e s s  a n d  fra c tu re  to u g h n e ss  

u s in g  th e  in d e n ta t io n  m e th o d . T h e  a m o u n t  o f  lo a d  c o u ld  a f fe c t  th e  in d e n ta tio n  s iz e  

a n d  c ra c k  len g th . M a n y  c e ra m ic  s h o w s  a  d e c re a se  o f  h a rd n e s s  w ith  th e  lo a d  in c re a se . 

T h is  p ro b le m  c a n  be  s o lv e d  b y  c a r ry in g  o u t  th e  V ic k e rs  h a rd n e s s  m e a s u re m e n t in  

ra is e d  lo a d s , a b o v e  50  N , w h e re  th e  in f lu e n c e  o f  th e  h a rd n e s s  d e c re a s e s  a n d  so  th e  

s ta n d a rd  h a rd n e s s  c a n  b e  o b ta in e d  [1 0 3 , 104], A n  im p o r ta n t  o b s e rv a tio n  w a s  th e  

d e v e lo p m e n t  o f  t r a n s fo rm a tio n - in d u c e d  u p lif t  a ro u n d  th e  in d e n ts  e v id e n t f ro m  th e  

o p tic a l  m ic ro s c o p y  (F ig . 4 .1 1 ) . W e ll-d e f in e d  c ra c k s  g re w  f ro m  th e  in d e n t d ia g o n a ls  

fo r  b o th  T o s o h  (F ig . 4 .11  a ) a n d  T e c h n o x  (F ig . 4 .11  b )  s a m p le s . T h e  to r tu o s ity  o f  th e  

c ra c k s  d o e s  n o t  c h a n g e  in  s p ite  o f  v a r ia t io n  o f  p o w d e rs  a n d  s in te r in g  ro u te .
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(a )  T o s o h (b ) T e c h n o x

(c) T e c h n o x  ( tw o -s te p  s in te r in g )

F i g u r e  4 .1 1  V ic k e rs  in d e n ta tio n  fo r  3 Y -T Z P  c e ra m ic s  w ith  a  lo a d  o f  2 0  kg : (a) 
T o s o h  sa m p le , (b )  T e c h n o x  s a m p le  a n d  (c )  T e c h n o x  s a m p le  u s in g  tw o -  
s te p  s in te r in g .

T h e  d e p e n d e n c e  o f  V ic k e rs  h a rd n e s s  o n  th e  s in te r in g  te m p e ra tu re  a n d  tim e  is  

s h o w n  in  F ig . 4 .1 2  a n d  F ig . 4 .1 3 , r e s p e c tiv e ly . A lth o u g h  th e  h a rd n e s s  o f  T o so h  

s a m p le  w a s  h ig h e r  th a n  th a t o f  T e c h n o x  s a m p le  b o th  h a d  sa m e  tr e n d  o f  in c re a s in g  

w ith  te m p e ra tu re  a n d  re a c h e d  a  m a x im u m . A b o v e  th e  m a x im u m , th e  h a rd n e s s  

d e c re a s e d  w i th  in c re a s in g  s in te r in g  te m p e ra tu re , w h ic h  c o u ld  b e  a t t r ib u te d  to  g ra in  

g ro w th . T o s o h  s a m p le s  re a c h e d  m a x im u m  h a rd n e s s  a t  lo w e r  te m p e ra tu re  c o m p a re d  

w i th  T e c h n o x  sa m p le s  w h ic h  is in  g o o d  a g re e m e n t  w ith  th e  d i la to m e try  a n a ly s is  d a ta
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(F ig . 4 .8  w h e re  i t  s h o w e d  th a t  m a x im u m  d e n s if ic a t io n  ra te  o f  T e c h n o x  p o w d e r  

o c c u r re d  a t  h ig h e r  te m p e ra tu re  th a n  fo r  T o s o h  p o w d e r . V ic k e rs  h a rd n e s s  in c re a se d  

w ith  s in te r in g  t im e  a n d  re a c h e d  a  m a x im u m  v a lu e  o f  12 .87  ±  0 .2 9  G P a  w h e n  

s in te r in g  fo r  16 h  a t lo w e r  te m p e ra tu re  in  tw o - s te p  s in te r in g . A b o v e  th e  m a x im u m , 

th e  h a rd n e s s  le v e lle d  o ff.

Temperature (°C)

F ig u r e  4 .1 2  V ic k e rs  h a rd n e s s  o f  th e  s in te re d  s a m p le s  as a  fu n c tio n  o f  s in te r in g  
te m p e ra tu re .

<B
0 .
o

o
CM
>
X

13.5 

13

12.5 

1 2

11.5 

1 1

10.5
0 5 10 15 20

Holding time at lower temperature (Hour)

F ig u r e  4 .1 3  V ic k e rs  h a rd n e s s  o f  2 -s te p  s in te re d  T e c h n o x  sa m p le  as a  fu n c tio n  o f  
s in te r in g  t im e .
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Table 4.4 Mechanical properties of Tosoh samples

S in te r in g
T e m p e ra tu re

(°C )

V ic k e rs  H a rd n e s s  
H v  

(G P a )

F r a c tu r e  to u g h n e ss  

K IC 
( M P a .m l/2)

1350 11.67 ± 0 .3 0 5 .49  ±  0 .34

1400 12.54 ± 0 .2 3 4 .88  ± 0 .2 8

1450 12.30 ± 0 .2 4 4 .9 7  ±  0.25

1500 12.57 ± 0 .1 7 4 .2 0  ± 0 .3 8

T a b le  4 .5  M e c h a n ic a l  p ro p e r t ie s  o f  T e c h n o x  s a m p le s

S in te r in g
T e m p e ra tu re

(°C )

V ic k e rs  H a rd n e s s  
H v  

(G P a )

F r a c tu r e  to u g h n e s s

K IC
( M P a .m t/2)

1 3 5 0 10 .94  ± 0 .3 4 5 .1 4  ± 0 .2 5

1 4 0 0 11 .48  ± 0 .2 1 5 .0 8  ± 0 .2 3

1 4 5 0 12 .37  ± 0 .3 7 4 .8 2  ± 0 .2 6
1 5 0 0 11 .97  ± 0 .3 9 5 .4 7  ± 0 .3 4

1550 12 .19  ± 0 .3 1 5 .2 0  ±  0 .2 6

T a b le  4 .6  M e c h a n ic a l  p ro p e r t ie s  o f  T e c h n o x  s a m p le s  u s in g  tw o -s te p  s in te r in g

S in te r in g
T e m p e ra tu re

(°C )

H o ld in g
t im e

V ic k e rs  H a rd n e s s  
H v  

(G P a )

F ra c tu re
to u g h n e ss

K IC
( M P a .m 12)

1380 4 11.28 ± 0 .2 0 5.48 ± 0 .3 6

1380 8 12.53 ± 0 .3 3 4 .84  ± 0 .3 7

1380 12 12.87 ± 0 .1 9 4 .96  ± 0 .2 5

1380 16 12.87 ± 0 .2 9 6 .12  ± 0 .4 6

4 .3 .2  F ra c tu re  to u g h n e s s

T h e  d e p e n d e n c e  o f  f ra c tu re  to u g h n e s s  o n  s in te r in g  te m p e ra tu re  w a s  n o t  v e ry  

p ro n o u n c e d  a s  c a n  b e  s e e n  f ro m  F ig . 4 .1 4 . F o r  T o s o h  sa m p le s , it w a s  h ig h e r  (5 .4 9  ±  

0 .3 4  M P a .m 1/2) a t lo w e r  te m p e ra tu re  a n d  g ra d u a lly  d e c re a s e d  w ith  te m p e ra tu re . F o r  

T e c h n o x  s a m p le  i t  is  a lm o s t  c o n s ta n t w ith  te m p e ra tu re . F ra c tu re  to u g h n e s s  v a r ie d  

w ith  s in te r in g  t im e  (F ig . 4 .1 5 ) . A s  th e  d w e ll  t im e  in c re a se s , fo r  T e c h n o x  s a m p le  a t 

lo w e r  te m p e ra tu re  (2 - s te p  s in te r in g ) , f ra c tu re  to u g h n e s s  a lso  in c re a se s  a n d  f in a lly
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Temperature (°C)

F ig u r e  4 .1 4  F ra c tu re  to u g h n e s s  o f  th e  s in te re d  s a m p le s  a s  a  fu n c tio n  o f  s in te r in g  
te m p e ra tu re .

Holding time at lower temperature (Hour)

F ig u r e  4 .1 5  F ra c tu re  to u g h n e s s  o f  2 -s te p  s in te re d  T e c h n o x  s a m p le  as a  fu n c tio n  o f  
s in te r in g  t im e .

re a c h e d  m a x im u m  v a lu e  o f  6 .1 2  ±  0 .4 6  M P a .m l/2 a p p ly in g  h o ld in g  tim e  o f  16 h. 

P e d z ic k  e t a l [30] in v e s t ig a te d  s lo w  c ra c k  p ro p a g a t io n  u s in g  c o m m e rc ia lly  a v a ila b le  

3 Y -T Z P  p o w d e r  (T o s o h ) . T h e y  re p o r te d  th e  f r a c tu re  to u g h n e s s  v a lu e  o f  5 .0 ± 0 5
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M P a .m l/2 b y  V ic k e rs  in d e n ta t io n . C h u n g  e t  a l [29] r e p o r te d  a  f ra c tu re  to u g h n e ss  

v a lu e  o f  4 .8 ± 0 2  M P a .m 172, u s in g  c o m m e rc ia l ly  a v a ila b le  3 Y -T Z P  p o w d e r  (T o so h ) , 

fo r  s a m p le s  s in te re d  a t  1 6 0 0 °C  f o r  3 h  in  a ir. B a s u  e t  a l [18] in v e s t ig a te d  a  s im p le  

b u t  in n o v a tiv e  ro u te  b a s e d  o n  th e  m ix in g  a n d  h o t  p re s s in g  (u n d e r  id e n tic a l 

c o n d it io n s )  o f  T Z -3 Y  (T o s o h )  z i r c o n ia  p o w d e rs . T h e  e x p e r im e n ta l  re s u lts  y ie ld e d  a  

f ra c tu re  to u g h n e s s  o f  3 .3 ± 0 .3  M P a .m I/2 u s in g  3 0  k g  in d e n ta t io n  lo ad . C u tle r  e t  a l 

[28 ] a lso  h o t  p re s s e d  T Z -3 Y  (T o s o h )  z irc o n ia  p o w d e r  a n d  m e a s u re d  f ra c tu re  

to u g h n e s s  o f  3 .5 4 + 0 .1 2  M P a .m 172.

4 .3 .3  Y o u n g ’s M o d u lu s

M e a s u re m e n ts  o f  E  f ro m  th e  r e s o n a n t  f re q u e n c y  g a v e  v a lu e s  w h ic h  a re  w ith in  140- 

194  G P a  fo r  th re e  z irc o n ia  s a m p le s . M o s t  o f  th e  a u th o rs  r e p o r te d  th e  v a lu e s  o f  E  fo r  

3 Y -T Z P  in  th e  ra n g e  o f  1 9 4 -2 1 0  G P a  [18 , 103 , 104]. T h e  e m p lo y m e n t o f  v a r io u s  

te c h n iq u e s  to  m e a s u re  f ra c tu re  to u g h n e s s  w o u ld  y ie ld  d if fe re n t  r e s u lts  p o s s ib ly  d u e  

to  d if fe re n c e  o f  c ra c k  m e c h a n is m s  in d u c e d , a lth o u g h , a rg u m e n ts  m a y  b e  j u s t  d u e  to  

d if fe re n t  to u g h n e s s  e q u a tio n  u s e d  (T a b le  4 .7 ). M o ra e s  e t a l [1 0 3 ] u s e d  th re e  d if fe re n t 

e q u a tio n s  fo r  c a lc u la t in g  in d e n ta t io n  f ra c tu re  to u g h n e s s  a n d  fo u n d  o u t a  d if fe re n c e  o f  

50  %  fo r  K ic  v a lu e s  fo r  th e  s a m e  c o m p o s it io n .

T a b l e  4 .7  M e c h a n ic a l  p ro p e r t ie s  a n d  c o m p a r is o n  b e tw e e n  L a w n  &  W ilis h a w  an d  
A n s tis  m e th o d

M a te r ia l S in te r in g
T e m p e ra tu re

(uc )

H o ld in g
tim e

Y o u n g ’ s
m odu lus

E
(G Pa)

F ra c tu re  
toughness 

L a w n  &  W ils h a w  
K ic  

(M P a .m 12)

F ra c tu re
toughness

A n th is
K ic

(M P a .m ,/2)

T o s o h 1450 2 194 4 .9 7 4 .3 2

T e c h n o x 15 0 0 2 153 5 .4 7 4 .2 9

2 -s te p
s in te re d

1380 16 140 6 . 1 2 4 .43

4 . 4  M i c r o s t r u c t u r e  a n a l y s i s

S E M  w a s  a t te m p te d  to  s tu d y  th e  m ic ro s tru c tu re  b u t  n o  c le a r  im a g e  w a s  o b se rv e d  

u s in g  s ta n d a rd  p o lis h in g  ro u te  fo l lo w e d  b y  c h e m ic a l e tc h in g  a s  th e rm a l e tc h in g  d id  

n o t  w o rk  o u t  e f f ic ie n tly . F ro m  th e  o p tic a l  m ic ro g ra p h  (F ig . 4 .1 9 ) , th e  g ra in  s ize  w a s  

m e a s u re d  b y  u s in g  l in e a r  in te r c e p t  m e th o d  [1 0 5 ]. T h e  a v e ra g e  g ra in  s iz e  fo r  T o s o h
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s in te re d  s a m p le s  in c re a s e d  u p  to  13 p m  a n d  fo r  T e c h n o x , it w a s  15 p m . T h e  g ra in  

s iz e  w a s  a ls o  m e a s u re d  u s in g  B u e h le r  O m n im e t  im a g e  a n a ly s is  s o f tw a re  a s  sh o w n  in  

F ig . 4 .1 6  to  F ig . 4. 18.

Feature ASTM E-112 96
900.0
eoo.o-
700.0-
6000'

 ̂ 500 0
8 400 0

2000
200 0
1000 | n

0"*l ljrrTÌ—rpi,- J- J T,T4 e s 10 12 11 16
ASTM Grain Size

Field Summary 
Bitplane Grains
Max: 15,4071
Min: 3 55400
Mean: 103169
Std Dev: 1 22344
Fid Area: 442363 pm2
Tot Area: 442360 Mm2
Fid Count: 1
Obj Count: 2057
Over: 0
Under: 0
Accepted: 100%

F ig u re  4 .1 6  G ra in  s iz e  a n a ly s is  o f  T o s o h  s in te re d  a t 1 3 5 0 °C  b y  u s in g  B u e h le r
is so f tw a re .

Feature ASTME-112 96
3000-

2000

cou
nt

1000

°i 0 I 8 'i' 10 1 13 V*

Field Summary 
Bitplane Grains
Max: 13 5168
Min 545705
Mean 9 59748
Std Dev 1 37949
Fid Area: 442360 pm2
Tot Area 442360 pm2
Fid Counl: 1
Obj Count 1352
Over 0
Under 0
Accepted 100%

4 .1 7  G ra in  s iz e  a n a ly s is  o f  T e c h n o x  s in te re d  a t  1 4 0 0 °C  b y  u s in g  B u e h le r  
O m n im e t im a g e  a n a ly s is  so f tw a re .

.

F ig u re

Feature ASTM E-112 96

ASTM Grain Size

Field Summary
Bitplane
Max:
Min:
Mean:
Std Dev:
Fid Area:
Tot Area:
Fid Count:
Obj Count: 
Over:
Under:
Accepted:

Grains 
12 3998 

3 51186 

9.35007 

1 56485 

442368 jjm2 

442368 pm* 

1
764

0
0

100%

F ig u re  4 .1 8  G ra in  s iz e  a n a ly s is  o f  T e c h n o x  tw o -s te p  s in te re d  ( 8  h r s )  s a m p le  by  
u s in g  B u e h le r  O m n im e t im a g e  a n a ly s is  so f tw a re .

T h e  g ra in  s iz e  in c re a se d  w ith  in c re a s in g  s in te r in g  te m p e ra tu re  a n d  m a x im u m  

w a s  re p o r te d  10 .55  p.m fo r  T o s o h  s a m p le  s in te re d  a t 1 5 0 0 °C . A p p ly in g  tw o -s te p  

s in te r in g , a p p e a re d  to  b e  a n  e f fe c tiv e  m e th o d  fo r  re s tra in in g  g ra in  g ro w th . P o lo ta i e t 

a l [2 0 ] r e p o r te d  a  g ra in  g ro w th  fa c to r  o f  1 2  fo r  f in e  g ra in e d  b a r iu m  ti ta n a te  c e ra m ic
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u s in g  tw o -s te p  s in te r in g  w h ic h  is  5 t im e s  s m a l le r  th a n  th a t  o b s e rv e d  f o r  c o n v e n tio n a l  

s in te r in g . W a n g  e t  a l  [82 ] a p p lie d  tw o - s te p  s in te r in g  to  2 0 0  n m  Y 2O 3 p o w d e r  a n d  

re p o r te d  a  c o a r s e n in g  ra t io  o f  2 , f ro m  p o w d e r  p a r t ic le  s iz e  to  d e n s e  c e ra m ic  g ra in  

size . T h e  ra tio  w a s  6  f o r  10 n m  p o w d e rs , w h ic h  is  m u c h  lo w e r  th a n  fo r  c o n v e n tio n a l  

s in te r in g . L a b e r ty -R o b e r t  e t  a l [24] in  th e i r  s tu d y  o f  g re e n  m ic ro s tru c tu re  a n d  

s in te r in g  b e h a v io u r  o f  8  m o l%  Y 2C>3-Z r 0 2 5 in v e s t ig a te d  th e  e f fe c t o f  d w e ll in g  t im e  a t 

1 4 5 0 °C  in  o rd e r  to  c o n tro l  g ra in  s iz e . T h e y  o b s e rv e d  th a t  fo r  a  s h o r t  d w e ll in g  t im e  o f  

4 h , th e  g ra in  s iz e  o f  fu l ly  d e n s e  c e ra m ic s  w a s  a ro u n d  5 (xm, a b o u t 10 t im e s  m o re  

th a n  th e  s ta r tin g  p o w d e r  s ize .

r' " ' : :>o &

%

- j * . ^  .'yuk • -Jn

f r S m -  f
IQOtim

(a) (b)

F ig u r e  4 .1 9  O p tic a l  m ic ro g ra p h  o f  p o l is h e d  (a )  T o s o h  a n d  (b ) T e c h n o x  sa m p le s  a t 
1 5 0 0 °C .

4 . 5  P h a s e  s t u d y

X -ra y  d if f r a c t io n  a n a ly s is  w a s  c o n d u c te d , th e  p a t te rn s  o f  w h ic h  a re  s h o w n  in  F ig . 

4 .2 0 . T h e  u n - s ta b i l is e d  p o w d e r  sh o w e d  a  c la s s ic  m o n o c lin ic  p a tte rn  (F ig . 4 .2 0  a). 

T h e  T o s o h  d is c  a f te r  s in te r in g  (F ig . 4 .2 0  b )  w a s  fo u n d  to  b e  w h o lly  te tra g o n a l. T h e  

s p lit t in g  o f  th e  (1 1 0 )  a n d  (0 0 2 )  p e a k  a t  2 0  ( - 3 5 ° )  w a s  a  c le a r  in d ic a tio n  o f  th e  

p re s e n c e  o f  te t r a g o n a l  p h a s e  [1 0 6 ]. T h e  T e c h n o x  p o w d e r  w a s  v e ry  s im ila r  a n d  a lso  

fo u n d  to  b e  te t r a g o n a l  a f te r  s in te r in g  (F ig  4 .2 0  d ) . T h e  p o w d e r  s a m p le  o f  T o s o h  (F ig . 

4 .2 0  c) r e v e a le d  th e  p re s e n c e  o f  s o m e  m o n o c l in ic  p h a s e  in  th is  m a te r ia l ,  i.e . 

s e c o n d a ry  p e a k s  a re  o b s e rv e d  a t  - 2 8 °  a n d  - 3 1 .5 ° .  T h e  p re se n c e  o f  th is  m o n o c lin ic  

p h a s e  e x p la in s  th e  v a lu e  o f  5 .9 8  g /c m 3 o b ta in e d  b y  p y c n o m e try  fo r  th is  p o w d e r . T h is  

p h a s e  w a s  th e n  b e in g  tr a n s fo rm e d  to  te t r a g o n a l  d u r in g  s in te r in g .
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20  (Deg.)

b) Sintered Tosoh disc_________________________

2&  (D e g .)

(c) Tosoh powder

Figure 4.20 X R D  pattern o f  (a) M onoc lin ic  zircon ia  powder (b) Sintered Tosoh disc 
(c) Tosoh powder (d) Sintered Technox disc.
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CONCLUSIONS AND FUTURE WORK

CHAPTER FIVE

5.1 Conclusions

The fo llow ing  conclusions have been drawn from this w ork:

1. Two different 3Y-TZP nano powders were investigated and wet laser d iffraction 

based particle size analysis indicated the powders appeared to be heavily prone to 

agglomeration in water.

2. A ttr ition  m illing  was found to be a technique fo r reducing the particle size.

3. Equivalent spherical diameter calculation (E SD Bet) resulted in a particle sizes o f 

69 nm and 155 nm. This result also is in good agreement w ith  TE M  micrograph 

and suppliers specifications.

4. The density o f  the powders (5.98 g/cm3 and 6.03 g/cm 3) measured by pycnometry 

was lower than expected due to the presence o f  a small amount o f  monoclinic 

phase (verified by X R D  analysis o f  the powder, see Fig. 4.20).

5. Thermal analysis revealed that one o f  the powders contained almost tw ice as much 

binder as the other and weight loss during heating was about 3-5 % due to binder 

burn out.

6 . B inder burn-o ff was aided by air and occurred at lower temperatures compared 

w ith  under nitrogen.

7. Bars made from  both o f  the 3Y-TZP powders showed sim ilar final shrinkages, o f 

approximately 25%, but the point o f  maximum densification rate occurred at a 

much higher temperature fo r the powder o f  greater particle size.
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8. Sintered discs exhibited densities > 99 % theoretical, and no evidence o f  a t—>m 

transformation was detected.

9. Hardness increased w ith  temperature irrespective o f powders and sintering 

method. A  maximum was recorded for samples sintered fo r 16 hours at lower 

temperature using two-step sintering.

10. Fracture toughness decreased w ith  increasing temperature due to considerable 

grain growth in  conventional sintering but fracture toughness strongly related to 

sintering time in case o f  two-step sintering, and increased w ith  increasing 

sintering time up to a maximum o f  6.12 MPa m 1/2 after 16 hours at lower 

temperature.

11. A cqu iring  high quality powders and effective sintering led to h igh ly  dense (>99%) 

sintered discs w ith  desired hardness and toughness that retained tetragonal phase 

at room temperature.

5.2 Future work

1. W ork more on conventional and two-step sintering schedule to m inim ise the 

grain size.

2. Study the degradation properties o f  3 m ol%  yttria  stabilised zirconia through 

experimental work.

3. Study the effect o f  sintering on pore structure.

77



R E F E R E N C E S

78



REFERENCES

[ 1 ] C. P iconi and G. M acauro, Z ircon ia  as a ceramic biom aterial, B iom aterials, 20 

(1991) pp 1-25.

[2] B. Basu, J. V leugels, and O. V . D. B iest, Transform ation behaviour o f  tetragonal

zirconia: role o f  dopant content and d istribution, M aterials Science and

Engineering, A 366 (2004) pp 338-347.

[3] L . Esquivias, C. B. Solano, and M . Pinero, 5YSZ powder from  gels:

densification and m icrostructure characterization, Journal o f  European Ceramic 

Society, 18 (1998) pp 1429-1438.

[4] H. Lu  and S. Chen., Low-tem perature aging o f  t-ZrC>2 polycrystals w ith  3 m o l%  

Y 20 3, J. Am .Ceram . Soc., 70, 8, (1987) pp 537-41.

[5] R. H. J. Hannink, P. M . K e lly , and B. C. M uddle, Transform ation toughening in

zirconia-conta in ing ceramics, J. Am.Ceram. Soc., 83, 3, (2000) pp 461-87.

[6] R. A . K im e l and J. H . Ada ir, Aqueous degradation and chemical passivation o f

yttria -tetragona lly-stab ilized zirconia at 25°C, J. Am .Ceram . Soc., 85, 6, (2002) 

pp 403-408.

[7] H. Lu  and S. Chen , Low-tem perature aging o f  t-ZrC>2 polycrystals w ith  3 m o l%

Y 2O3, J. Am .Ceram . Soc., 70, 8, (1987) pp 537-41.

[8] A . H irvonen, R. N ow ak, Y. Yamamoto, T. Sekino, K . N iihara., Fabrication,

structure, mechanical and thermal properties o f  zirconia-based new ceramic 

nanocomposites, Journal o f  European Ceramic Society, 26 (2006) pp 1497- 

1505.

[9] H . Tsubakino and N . Matsuura, Relationship between transform ation

temperature and time-tem perature-transform ation curve o f  tetragonal-to-

m onoclin ic  m artensitic transform ation in  z ircon ia -y ttria  system, J. Am.Ceram. 

Soc., 85, 8, (2002) pp 2102-106.

[10] F. F. Lange, Transform ation-toughened Z r0 2: correlation between grain size 

contro l and com position  in  the system Z 1O2-Y 2O3, J. Am.Ceram. Soc., 69, 3, 

(1986) pp 240-42.

[11] J. F. Bartolom é, I. M ontero, M . Diaz, S. Lopez-Esteban, and J. S. M oya, 

accelerated aging in  3-m ol% -yttria-stabilized tetragonal zirconia ceramics 

sintered in  reduced condition, J. Am.Ceram. Soc., 87, 12, (2004) pp 2282-2285.

79



[12 ] T. X u, J. Vleugels, O. V  . Biest, and P. Wang, Phase s tab ility  and mechanical 

properties o f  TZP w ith  low  m ixed TS ^C V Y iO s, M ateria l Science and 

Engineering, A374 (2004) pp 239-243.

[13] C. Zhao, J. Vleugels, L . Vandeperre, B. Basu, O. V . Biest, Y-TZP/Ce-TZP 

functiona lly  graded composite, Journal o f  M ateria ls Science letters, 17 (1998) 

pp 1453-1455.

[14] M . W. Barsoum, Fundamentals o f  ceramics, Institu te  o f  Physics Publishing, 

B ris to l and Philadelphia, (2003) pp 382-385.

[15] T. X u, J. Vleugels, O. V. D. Biest, and P. Wang, Fabrication and 

characterization o f  (N d ,Y )-T Z P  ceramics from  stabilizer-coated nanopowder, 

Materials Letter, 58 (2004) pp 3353-3357.

[16] T. Xu, J. Vleugels, O. V . D. Biest, and P. W ang, M echanical properties o f  

N d 203/Y 203-coated zircon ia  ceramics, M ateria l Science and Engineering, A374 

(2004) pp 239-243.

[17 ] S. G. Huang, J. V leugels, L. L i, O. V . D. Biest, and P. L. Wang, Composition 

design and mechanical properties o f  m ixed (C e,Y )-TZP  ceramics obtained from  

coated starting powders, Journal o f  European Ceram ic Society, 25 (2005) pp 

3109-3115.

[18 ] B. Basu, J. Vleugels, and O. V . D. Biest, Toughness ta ilo ring  o f  yttria-doped 

zirconia ceramics, M ateria ls Science and Engineering, A 380 (2004) pp 215-221.

[19 ] S. Lawson, Environm ental degradation o f  z ircon ia  ceramics, Journal o f  

European Ceramic Society, 15 (1995) pp 485-502.

[20 ] A . Polotai, K . Breece, E. D ickey, and C. Randall, A  novel approach to sintering 

nanocrystalline barium  titanate ceramics, J. Am .Ceram . Soc., 88, 11, (2005) pp 

3008-3012.

[21] D. K im , E ffect o f  heating rate on pore shrinkage in  yttria-doped zirconia, 

Am.Ceram. Soc., 76, 7, (1993 )pp  1877-1878.

[22] X . H. Wang, X . Y . Deng, H. Bai, H. Zhou, W . Qu, and L. T. L i, Two-step 

sintering o f  ceramics w ith  constant grain-size, II:  BaTiO^ and N i-C u-Zn  ferrite, 

Am.Ceram. Soc., 89, 2, (2006) pp 438-443.

[23] A . Lee, Sintering behaviour and mechanical properties o f  in jection-m olded 

zircon ia  powder, Ceramics International, 30 (2004) pp 579-584.

80



[24] C. Robert, F. Ansart, C. Deloget, M . Gaudon, and A . Rousset, Dense y ttria  

stabolized zirconia: sintering and microstructure, Ceramics International, 29 

(2003) pp 151-158.

[25] Encyclopedia o f  M ateria ls Science and Engineering, The M IT  Press, 7 (1986) 

pp 5130.

[26] P. H. R ieth, J. S. Reed, A . W . Naumann, Fabrication and flexura l strength o f  

u ltra -fine  grained yttria -stab ilised zirconia, A m  Ceram Soc, 55 (1976) pp 717.

[27] T. K . Gupta, J. H. Bechtold, R. C. Kuznickie, L. H. Cadoff, B. R. Rossing, 

S tab iliza tion o f  tetragonal phase in  polycrystalline zirconia, J M ater Sci., 13 

(1978) pp 1464.

[28] R. A . Cutler, J. R. Reynolds, and A . Jones, Sintering and characterization o f  

po lycrysta lline  m onoclin ic , tetragonal, and cubic zirconia, J. Am . Ceram. Soc., 

75, 8 ,(1992) pp 2173-2183.

[29] T-J. Chung, H. Song, G -H . K im , and D -Y . K im , M icrostructure and phase 

s tab ility  o f  yttria-doped tetragonal zirconia polycrystals heat treated in  nitrogen 

atmosphere, J. Am . Ceram. Soc., 80, 10, (1997) pp 2607-2612.

[30] Z. Pedzich, and C. W ajler, S low  crack propagation in  Y -TZP/m eta l composites, 

Journal o f  European Ceramic Society, 26 (2006) pp 679-682.

[31] R. C. Garvie, R. H. Hannick, R. T. Pascoe, Ceramic steel?, Nature, 258 (1975) 

pp 703-704.

[32] Ceramics and glasses, Engineering materials handbook, A S M  international, 4 

(1991) pp 775-786

[33] P. Boch, P. Fauchais, B. Lom bard, B. Rogeaux, and M . Vardelle, plasma 

sprayed zirconia coatings, Science and Techno logy o f  Z irc o n ia -II, Advances 

in  Ceram ics, N . Claussen, M . RUhle, and A .H . Heuer, Ed., Am erican Ceramic 

Society, 12 (1983) pp 488-502.

[34] T. Sato and M . Shimada, Transform ation o f  Y ttr ia  doped tetragonal zirconia 

polycrystals by annealing in  water, J. Am . Ceram. Soc., 68 (1985) pp 356.

[35] T. Masaki, Mechanical properties o f  Y-PSZ after ageing at low  temperatures, 

In t. J. H igh  Tech. Ceram., (1986), pp 85-98.

[36] F.F. Lange, G .L. D un lop, and B .I. Davis, Degradation during ageing o f  

transform ation toughened ZrC>2- Y 2O3 materials at 250°C , J. Am . Ceram. Soc., 

6 9 ,3 ,(1 9 8 6 ) pp 237-240.

81



[37] S. Schmauder and H. Schubert, S ignificance o f  internal stresses for 

themartensitic transform ation in  yttria -stab ilized tetragonal-zirconia polycrystals 

during degradation, J. Am . Ceram. Soc., 69, 7, (1986) pp 534-40.

[38] R. H . J. Hannink and M . V . Swain, Progress in  transform ation toughening o f  

ceramics, A nn . Rev. Mater. Sci., 24 (1994) pp 359-408.

[39] T. Sato, A . Ohtaki, T. Endo, and M . Shimada, Transform ation o f  yttria-doped 

te tragona l-Z r02  polycrystals by annealing under contro lled hum id ity  conditions, 

J. A m . Ceram. Soc., 68, 12, (1985) pp 320-322.

[40] k. Tsuma, Y . Kubota, and T. Tsukidate, therm al and mechanical properties o f  

Y 2C>3-stabilized tetragonal z ircon ia  polycrystals; science and technology o f  

z ircon ia  II,  Advances in  Ceramics, Edited by N . Claussen, M . Ruhle, and A . H. 

Heuer, Am erican Ceramic Society, Columbus, OH, 12 (1984).pp 382-90.

[41] B. Basu, J. V leugels, and V . D . Biest, Transform ation behaviour o f  y ttria  

stabilized tetragonal zircon ia  po lycrys ta l-T iB 2 composites, J. M ateria ls research, 

16, 7, (2001) pp 2158-2169.

[42] P. J. W halen, F. Reidinger, and R. F. A n trim , Prevention o f  low-temperature 

surface transform ation by surface recrysta llization in  yttria-doped tetragonal 

zirconia, J. A m . Ceram. Soc., 72, 2, (1989) pp 319-321.

[43] A .A . G riff ith , The phenomena o f  rupture and f lo w  in  solids, Philos. Trans. R. 

Soc. London, A221 (1920) pp 163.

[44] E. Orowan, Fracture and strength o f  solids, Rep. Prog. Phys., 12 (1949) pp 185.

[45] Engineered M ateria l Handbook, A S M  International, 4 (1991) pp 782.

[46] T. E. Fischer, M . P. Anderson, and S. Jahanmir, Influence o f  fracture toughness 

on the wear resistance o f  yttria-doped zirconiaum  oxide, J. A m . Ceram. Soc., 

72, 2, 1989 pp 252-257.

[47] C. P iconi, W . Burger, H .G . R ichter, A . C ittadin i, G. Maccauro, V . Covacci, N. 

Bruzzese and G .A. R icc i, E. M arm o, Y -T Z P  ceramics fo r a rtific ia l jo in t 

replacements, B iom aterials, 19 (1998) pp 1489-1494.

[48] R. C. Garvie, C. Urbani, D. R. Kennedy, and J. C. M cNeuer, B iocom patib ility  

o f  magnesia partia lly  stabilised z ircon ia  (M g-PSZ) ceramics, J. M a ter. Sci., 19 

(1984) pp 3224-3228.

[49] B . Cales, H igh  reliable z ircon ia  ceramics fo r orthopedics, In  Trans 5 W orld  

B iom ateria ls Congress, June (1996), Toronto, Canada.

82



[50] http://hcd2.bupa.co.uk/images/factsheets/hip_replacement.gif

[51] http ://w w w .lln l.gO v/etr/pdfs/10_94.2.pdf. 16.08.2006

[52] S. Ran, L . W innubst, W . W iratha, and D . H. A . B lank, Sintering behaviour o f

0.8 m ol% -CuO-doped 3Y-TZP  ceramics, J. Am.Ceram. Soc., 89, 1, (2006) pp 

151-155.

[53] R. C. Garvie, Structural application o f  Z r0 2 -bearing materials, A m . Ceram. 

Soc., 12 (1984) pp 465-79.

[54] S. T. Gulati, J. D. H elfinstine, and A . D . Davis, Determ ination o f  some useful 

properties o f  pa rtia lly  stabilized z ircon ia  and the application to extrusion dies, J. 

A m . Ceram. Soc., 69, 2, (1980) pp 211-219.

[55] K . A . Reddy and A.Ramesh, M od ifica tions on a small tw o wheeler tw o  stroke si 

engine fo r reducing fue l consumption and exhaust emissions, R IO  5 - W orld  

C limate &  Energy Event, 15-17 February (2005), R io  de Janeiro, B razil.

[56] M . Marmach, D. Servent, R.H.J. H annink, M.J. M urray, and M .V . Swain, 

Toughened PSZ ceramics-their role as advanced engine components, M PR , Jan 

(1984) pp 7-12.

[57] R.J. B ratton and S.K. Lau, Z ircon ia  therm al barrier coatings, Science and 

techno logy o f  z irco n ia  , Advances in  C eram ics, A .H . Heuer and L .W . Hobbs, 

Ed., Am erican Ceramic Society, 3 (1981) pp 226.

[58] D.S. Suhr, T.E. M itch e ll, and R.J. K e lle r, M icrostructure and du rab ility  o f  

zirconia therm al barrier coatings, Science and Techno logy o f  Z irc o n ia -II, 

Advances in  Ceram ics, N. Claussen, M . R iih le , and A .H . Heuer, Ed., Am erican 

Ceramic Society, 12 (1983) pp 503-517.

[59] A.S. G rot and J.K. M artyn, Behaviour o f  plasma sprayed ceramic thermal 

barrier coatings fo r gas turbine applications, A m . Ceram. Soc., 60, 8, (1981) pp 

807.

[60] B. C. H. Steele and T. Takahashi, H ig h  conductiv ity  solid ion ic conductors, 

recent trends and applications, W orld  S c ien tific , Singapore, (1998) pp. 402.

[61] D. L. Chen and M . J Mayo, D ensification  and grain growth o f  u ltra fine 3 m ol%  

Y 2 0 3 -Z r0 2  ceramics, Nanosructred M ateria ls, 2 (1993) pp 469-478.

[62] h ttp ://ww w.azom .com /deta ils.a sp ? A rtic le ID = l55, 01.08.2006.

[63] A . Rafferty, Y . G un ’ ko, and R. Raghavendra, A n  investigation o f  co-fired 

varistor-ferrite  materials, Journal o f  the European Ceramic Society, 24 (2004) 

pp 2005-2013.

83

http://hcd2.bupa.co.uk/images/factsheets/hip_replacement.gif
http://www.llnl.gOv/etr/pdfs/10_94.2.pdf
http://www.azom.com/details.asp?ArticleID=l55


[64] F. V . Lenel, Powder m etallurgy princip les and applications, M eta l pow der 

Industries Fedaration, (1980) pp 211-267.

[65] R. M . German, Powder m etallurgy science, M e ta l Powder Industries Fedaration, 

(1984) pp 145-200.

[66] h ttp://www.turkcadcam .net/rapor/otoinsa/im ages/sintering-neck-form ation.jpg. 

16.08.2006

[67] J. P. Sm ith and G. L. Messing, Sintering o f  b iom oda lly  distributed a lum ina 

powders, J. A m . Ceram. Soc., 67 (1984) pp 238-242.

[68] R. L  Coble, S in tering Crystalline Solids. I  Intermediate and fina l state d iffu s ion  

models, J. A pp l. Phys., 32 (1961) pp 787-792.

[69] R. J Brook, Pore-grain boundary interactions and grain growth, J. A m . Ceram. 

Soc., 52 (1969) pp 339-340.

[70] H. palm our and T. M . Hare, Rate controlled sintering revisited, sintering ’ 85, G. 

C. Kucczynski, D . P. Uskokovic, H. Palmour, and M . M . R istic, Ed., P lenum 

Press, (1987) pp 17-34.

[71] M . F Yan, S in tering o f  ceramics and metals. Advance in  powder technology, G. 

Y. Chin, Ed., Am erican Society fo r Metals, (1982) pp 99-133.

[72] M . F. Yan, R. M . Cannon, and K . H. Bowen, Grain boundary m ig ra tion  in  

ceramics, Ceramic m icrostructure ’ 76, R. M . Fulrath and J. A . Pask, Ed., west- 

v iew  press, (1977) pp 276-307.

[73] B. R. Patterson and J. A . G riffin , E ffect o f  partic le  size d istribution  on sintering 

o f  tungsten, m odem  development in  powder m etallurgy, M eta l Powder 

Industries Federation, 15 (1985) pp 279-288.

[74] Y . L  K rasu lin , V . N . T im ofeev, S. M . Barinov, and A . B. Ivanov, Strength and 

fracture o f  porous ceramic sintered from  spherical particles, J. Matar. Sci., 15 

(1980) pp 1402-1406.

[75] G. S. A . M . Theunissen, A . J. A . W innubst, and A . J. Burggraaf, M echanical 

properties o f  u ltra -fine  grained zirconia ceramics, J M ater Sci., 27 (1992) pp 

4429-38.

[76] G. S. A . M . Theunissen, A . J. A  W innubst., and. A . J. Burggraaf, E ffec t o f  

dopants on the sin tering  behaviour and s tab ility  o f  tetragonal zirconia ceramics, 

Journal o f  the European Ceramic Society, 9 (1992) pp 251-263.

84

http://www.turkcadcam.net/rapor/otoinsa/images/sintering-neck-formation.jpg


[77] C. D. Sagel-Ransijn, A . J. A . W innubst, A . J. Burggraaf, and H. V e rw e ij, Grain 

grow th in  u ltrafm e-grained Y-TZP, Journal o f  European Ceramic Society, 17 

(1997), pp 1133-1141.

[78] R. Haynes, The Mechanical behaviour o f  sintered metals, Reviews on the 

deform ation behaviour o f  materials, 3 (1981) pp 1-101.

[79] P. Duran, M . V illegas, J. F. Fernandez, F. Capel, and C. Moure, Theoretica lly 

dense and nanostructured ceramics by pressureless sintering o f  nanosized Y - 

TZP powders, M ateria ls Science and Engineering, A232 (1997) pp 168-176.

[80] P. F. Becher, and M . V . Swain, Grain-size-dependent transform ation behaviour 

in  po lycrysta lline  tetragonal zirconia, J. A m . Ceram. Soc., 75, 3, (1992) pp 493- 

502.

[81] I. Chen and X .-H  Wang, Sintering dense nanocrystalline ceramics w ithou t fina l- 

stage grain grow th, Nature, 404 (2000) pp 168-171.

[82] X . H. W ang, P. L . Chen, and I. W. Chen, Two-step sintering o f  ceramics w ith  

constant grain-size, I: Y 2O3, Am.Ceram. Soc., 89, 2, (2006) pp 431-437.

[83] M . Zhou-Berbon, O. T. Sorensen, and T. G. Langdon, A  simple technique for 

the preparation o f  tensile specimens o f  yttria -stab ilized zirconia, Materials 

Letters, 27 (1996) pp 211-214.

[84] Standard test method fo r dynamic Y oung ’ s M odulus, Shear M odulus, and 

Poisson’ s ra tio  fo r advanced ceramics by impulse excitation o f  vibration, 

A S T M , C 1259-1298 (2001) pp 1-18.

[85] G. M artincek, The determ ination o f  Poisson’ s ra tio  and the dynamic M odulus o f  

E lastic ity  from  the frequency o f  natural v ib ra tion  in  th ick  c ircu lar plates, Journal 

o f  Sound V ib ra tion , 2, 2, (1965) pp 116-127.

[86] J. C. Glandus, Rupture fragile  et résistance aux choes thermiques de céramiques 

a usages mechaniques, Thesis, U n ivers ity  o f  Limoges, France, (1981).

[87] B. Lawn, Fracture o f  b rittle  solids, Cambridge U n ivers ity  press, (2nd Ed.) (1993) 

pp 3-7.

[88] G. R. Anstis., P. Chantiku l, B. R. Lawn, and D. B. M arshall, C ritica l evaluation 

o f  indentation techniques fo r measuring fracture toughness: I d irect crack 

measurements, J. Am.Ceram. Soc., 64 (1981) pp 533-538.

[89] M . S. K a liszew ski, G. Behrens, A . H. Heuer, M . C. Shaw, D. B. M arshall, G. W. 

Dransmann, R. W . Steinbrech, A. Pajares, F. Guiberteau, F. L. Cumbrera, and

A . Dom inguez-Rodriguez, Indentation studies on Y 203-stabilized ZrCb: I,

85



development o f  indentation-induced cracks, J. A m . Ceram. Soc., 77, 5, (1994) 

pp 1185-1193.

[90] P. S. Anderson, X . Wang, and P. X iao, E ffect o f  isothermal heat treatment on 

plasma-sprayed yttria-stab ilized z ircon ia  studied by impedance spectroscopy, J. 

Am . Ceram. Soc., 88, 2, (2005) pp 324-330.

[91] P. G. etzow, M etallographic etching, A S M  International, (2nd Edition) (1999) pp 

167.

[92] Y. Yuan, X . Wang and P. X iao, A ttr it io n  m illin g  o f  metallic-ceramic particles in  

acetyl-acetone, Journal o f  European Ceramic Society, 24 (2004) pp 2233-2240.

[93] W. Summers, Broad scope particle size reduction by means o f  v ib ra to ry  

grinding, J. Am . Ceram. Soc., 62, 2, (1983) pp 212-215.

[94] J. R. Seidensticker, M . J. M ayo, and K . O. Asare, Adsorption as a method o f  

doping 3-m ol% -yttria -stabilized z ircon ia  powder w ith  copper oxide, J. 

Am.Ceram. Soc., 76, 7, (1993) pp 1844-1848.

[95] R .A . K im e l and J. H. Adair, Aqueous synthesis at 200 °c o f  sub-10 

nanometeryttria tetragonally stabilized z ircon ia  using a m etal-ligand approach, 

J. Am.Ceram. Soc., 88, 5, (2005) pp 1133-1138.

[96] K  Kunes, J. Havrda, K . Hronikova, E. Gregorova, W. Pabst, S tabilization o f  

bioceramic suspensions prepared from  alum ina-containing zirconia powders, 

Ceram ics-Silikaty, 44, 1, (2000) pp 1-8.

[97] S. Tamari, O ptim um  design o f  the constant-volume gas pycnometer fo r 

determ ining the volum e o f  solid particles, Meas. Sci. Technol, 15 (2004) pp 

549-558.

[98] G. J. Consolmagno and D. T. B ritt, The density and porosity o f  meteorites from  

Vatican collection, M eteorit. Planet. Sci., 33 (1998) pp 1231-1241.

[99] P. Duran, J. Tartaj and C. Moure, S intering behaviour and m icrostructural 

evolution o f  agglomerated spherical particles o f  h igh-purity  barium titanate, 

Ceramic International, 29 (2003) pp 419-425.

[100]J.-L. Shi, J.-H  Gao, Z -X . L in , and T-S. Yen, Sintering behavior o f  fu lly  

agglomerated z ircon ia  compacts, J. Am . Ceram. Soc., 74[5] (1991) pp 994-997.

[101 ]W . F. M . G root Zevert, A . J. A . W innubst, G. S. A . M . Theunissen and A . J. 

Burggraaf, Powder preparation and com paction behaviour o f  fine-grained Y - 

TZP, J. Mater. Sci, 25 (1990), pp. 3449.

86



[102JA Barba, C. C lausell, C. Feliu, and M. Monzo, S intering o f  (Cu0.25Nio.25Zno.5o) 

Fe2( l |  ferrite, J. Am .Ceram . Soc., 87 ,4 , (2004) pp 571-77.

[103JM . C. B. Moraes, C. N. Elias, J. D. F ilho, and L. G. O live ira , Mechanical 

properties o f  a lum ina-zirconia  composites for ceramic abutments, M aterials 

Research, 7, 2, (2004) pp 643-649

[104] A . C elli, A . Tucci, L. Esposito, and C. Palmonari, Fractal analysis o f  cracks in 

a lum ina-zirconia composites, Journal o f  European Ceramic Society, 23 (2003) 

pp 469-479.

[105] Standard test methods fo r determ ining average grain size, A S T M , E 112-96, 

(1996) pp 227-249.

[1 0 6 ]A . Ghosh, A. K . Sun, M . Pandey, S. Thomas, T.R. Rama Mohan, B.T. Rao. 

Nanocrystalline z ircon ia -y ttria  system-a Raman study. Materials Letters, 60 

(2006) pp 1170-1173.

87



APPENDIX A

T e m p e ra tu re  equ iva lence  o f  th e  h o riz o n ta l fu rn ace

Furnace Tem p
* £"* ------—-------------
’ Therm ocouple Furnace Tem p ’ Therm ocouple

(Heating cycle) (H eating  cycle) (C oo ling  cycle) (C ooling cycle)
(°C ) (°C) (°C) (°C)
50 31 1500 1473
100 53 1450 1427
150 105 1400 1385
200 147 1350 1344
250 200 1300 1304
300 258 1250 1256
350 316 1200 1 2 1 0
400 372 1150 1165
450 428 1 100 1119
500 481 1050 1075
550 534 1000 1030
600 586 950 984
650 635 900 938
700 688 850 891
750 735 800 844
800 786 750 794
850 834 700 745
900 880 650 696
950 927 600 648
1000 989 550 598
1050 1024 500 544
1 100 1075 450 491
1150 1125 400 445
1200 1174 350 398
1250 1222 300 348
1300 1274 250 291
1350 1320 200 245
1400 1369 150 145
1450 1419 100 138
1500 1469 50 96

= R type (Platinum-13 % Rhodium vs Platinum) thermocouple was used (TC Ltd., UK). 
= TC-08 thermocouple data logger with picolog data acquisition software was used (Pico 

Technology Ltd., UK).
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APPENDIX B

Table of Vickers hardness data

1. Hardness test data sheet fo r Tosoh (TZ-3Y-BE grade) powder 

Single-step 20 kg
Tosoh Hardness

No. Sample d l (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tosoh 1350 176.4 174.8 1202.7 11.7948789
2 Tosoh 1350 175.1 177.8 1190.5 11.6752335
3 Tosoh 1350 174 173.8 1226.3 12.0263241
4 Tosoh 1350 174.2 178.9 1189.1 11.6615037
5 Tosoh 1350 178.7 181.3 1144.6 11.2250922
6 Tosoh 1350 174.4 173.1 1227.7 12.0400539
7 Tosoh 1350 172.4 175.5 1224.9 12.0125943
8 Tosoh 1350 178.3 179.1 1161.3 11.3888691
9 Tosoh 1350 177 177.7 1178.4 11.5565688
10 Tosoh 1350 177.8 180.3 1156.2 11.3388534

Avg= 1190.17 11.67199719

No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tosoh 1400 170.9 173.7 1249.2 12.2509044
2 Tosoh 1400 169.9 170.7 1278.7 12.5402109
3 Tosoh 1400 168.9 172 1275.7 12.5107899
4 Tosoh 1400 167 169.4 1310.9 12.8559963
5 Tosoh 1400 169.2 173.1 1265.3 12.4087971
6 Tosoh 1400 168.3 171.3 1286.3 12.6147441
7 Tosoh 1400 171.8 174.8 1234.8 12.1096836
8 Tosoh 1400 168.4 171.4 1284.8 12.6000336
9 Tosoh 1400 168.1 169.9 1298.5 12.7343895
10 Tosoh 1400 168.7 169.2 1298.5 12.7343895

Avg= 1278.27 12.53599389

No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tosoh 1450 170.8 170.7 1271.3 12.4676391
2 Tosoh 1450 172.3 172.3 1249.2 12.2509044
3 Tosoh 1450 168.4 170.1 1293.9 12.6892773
4 Tosoh 1450 173.1 173.1 1237.7 12.1381239
5 Tosoh 1450 172.3 167.2 1286.3 12.6147441
6 Tosoh 1450 173.9 171.7 1240 12.16068
7 Tosoh 1450 173.6 174.5 1223.5 11.9988645
8 Tosoh 1450 171.5 168.5 1283.2 12.5843424
9 Tosoh 1450 172.4 174.2 1234.8 12.1096836
10 Tosoh 1450 171 171.5 1263.8 12.3940866

Avg= 1258.37 12.34083459

STDEV

0.297477222

STDEV

0.228831414

STDEV

0.241904255
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No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tosoh 1500 177.2 170.2 1229.2 12.0547644
2 Tosoh 1500 170 171.8 1269.8 12.4529286
3 Tosoh 1500 170.5 171.7 1266.8 12.4235076
4 Tosoh 1500 170.2 170.3 1278.7 12.5402109
5 Tosoh 1500 172.4 170.9 1258 12.337206
6 Tosoh 1500 171.4 168.9 1280.2 12.5549214
7 Tosoh 1500 171.9 168.8 1277.2 12.5255004
8 Tosoh 1500 172.5 167.4 1283.2 12.5843424
9 Tosoh 1500 169 169.8 1292.4 12.6745668
10 Tosoh 1500 170.5 169.7 1281.7 12.5696319

Avg= 1271.72 12.47175804

STDEV

0.174020019

2. Hardness test data sheet for Technox 2000 grade (with binder) powder

Single-step 20 kg
Tcchnox Hardness

No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnxl350 177.8 178.3 1169.2 11.4663444
2 Tecnxl350 176.6 180.7 1161.3 11.3888691
3 Tecnxl350 184 185.1 1088.3 10.6729581
4 Tecnxl350 181.1 180.7 1133.3 11.1142731
5 Tecnxl350 181.6 187.2 1090.6 10.6955142
6 Tecnxl350 184.1 182.6 1102.6 10.8131982
7 Tecnxl350 181.9 186.2 1094.2 10.7308194
8 Tecnxl350 181.6 183.7 1111 10.895577
9 Tecnxl350 187.3 186.7 1060.5 10.4003235
10 Tecnxl350 179.5 180.6 1143.4 11.2133238

Avg= 1115.44 10.93912008

No. Sample d l (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnxl400 178.1 177.6 1171.8 11.4918426
2 Tecnxl400 176.5 177.9 1181.1 11.5830477
3 Tecnxl400 176.9 175.8 1191.8 11.6879826
4 Tecnxl400 181.4 177.1 1155.6 11.3329692
5 Tecnxl400 177.9 175 1190.5 11.6752335
6 TecnxMOO 177.4 176.6 1183.8 11.6095266
7 Tecnxl400 179.1 178.2 1161.3 11.3888691
8 TecnxMOO 181.5 182.4 1119.6 10.9799172
9 TecnxMOO 178.1 178.9 1163.9 11.4143673
10 TecnxMOO 176.4 177.8 1182.4 11.5957968

Avg= 1170.18 11.47595526

STDEV

0.344437577

STDEV

0.212516078
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No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnxl450 171.3 172.4 1255 12.307785
2 Tecnxl450 170.1 170.1 1281.7 12.5696319
3 Tecnxl450 172.2 171.7 1253.6 12.4087971
4 Tecnxl450 171.1 171.3 1265.3 12.3803568
5 Tecnxl450 170 172.7 1262.4 12.7186983
6 Tecnxl450 170 168.2 1296.9 12.9324909
7 Tecnxl450 166.7 168.7 1318.7 11.7546702
8 Tecnxl450 174.5 177.3 1198.6 11.7684
9 Tecnxl450 174.4 177.1 1200 12.4676391
10 Tecnxl450 171.7 169.9 1271.3 12.36025245

Avg= 1260.35 12.36025245

No. Sample d l (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnxl500 173.3 171.6 1246.3 12.2224641
2 Tecnxl500 174.4 177.8 1195.9 11.7281913
3 Tecnxl500 175.1 178.9 1183.8 11.6095266
4 Tecnxl500 170.4 169.2 1286.5 12.6167055
5 Tecnxl500 168.8 170.2 1290.8 12.6588756
6 Tecnxl500 176.3 175.3 1200 11.7684
7 Tecnxl500 175.3 178.7 1183.8 11.6095266
8 Tecnxl500 176 175.9 1197.2 11.7409404
9 Tecnxl500 178.2 172.9 1202.7 11.7948789
10 Tecnxl500 173.5 175.1 1220.7 11.9714049

Avg= 1220.77 11.97209139

No. Sample d l (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnxl550 175.5 178.9 1181.1 11.5830477
2 Tecnxl550 174.2 175 1216.5 11.9302155
3 Tecnxl550 173.1 177 1209.6 11.8625472
4 Tecnxl550 171.2 173.2 1250.7 12.2656149
5 Tecnxl550 170.4 175.2 1242 12.180294
6 Tecnxl550 167.8 172 1284.8 12.6000336
7 Tecnxl550 171.1 172.2 1258 12.337206
8 Tecnxl550 171.4 172.3 1255 12.307785
9 Tecnxl550 172.8 171.9 1247.8 12.2371746
10 Tecnxl550 171.7 168.7 1280.2 12.5549214

Avg= 1242.57 12.18588399

STDEV

0.370196119

STDEV

0.394208885

STDEV

0.314078964

3. Two-step sintering hardness test data sheet fo r Technox 2000 grade powder

20 kg
2-step Sintering Hardness

No. Sample dl (mm) d2 (mm) Hv 20 Hv20(GPa) STDEV
1 Tecnox 4 hrs 180.8 184.1 1113.5 10.9200945
2 Tecnox 4 hrs 177.3 183.9 1137 11.150559
3 Tecnox 4 hrs 179.4 181.6 1138.3 11.1633081
4 Tecnox 4 hrs 180.4 178.8 1149.7 11.2751079
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5 Tecnox 4 hrs 176 179 1177.1 11.5438197
6 Tecnox 4 hrs 177.4 179.2 1166.6 11.4408462
7 Tecnox 4 hrs 180.1 180.3 1142.1 11.2005747
8 Tecnox 4 hrs 180.2 180.5 1139.6 11.1760572
9 Tecnox 4 hrs 180.2 175.9 1169.2 ] 1.4663444
10 Tecnox 4 hrs 176.5 179.5 1170.5 11.4790935

Avg= 1150.36 11.28158052

No. Sample d l (mm) (12 (mm) Hv 20 Hv 20 (GPa)
1 Tecnox 8 hrs 169.7 170.5 1281.8 12.5706126
2 Tecnox 8 hrs 168.4 167.8 1312.4 12.8707068
3 Tecnox 8 hrs 168.9 168.1 1304.7 12.7951929
4 Tecnox 8 hrs 169.4 167.7 1275.7 12.5107899
5 Tecnox 8 hrs 169.6 171.3 1277.2 12.5255004
6 Tecnox 8 hrs 173.5 167.3 1206.9 11.8360683
7 Tecnox 8 hrs 168.9 169.3 1312.4 12.8707068
8 Tecnox 8 hrs 169 167.2 1296.9 12.7186983
9 Tecnox 8 hrs 167.1 171.1 1268.3 12.4382181
10 Tecnox 8 hrs 171.6 170.3 1242 12.180294

Avg= 1277.83 12.53167881

No. Sample d l (mm) (12 (mm) Hv 20 Hv 20 (GPa)
1 Tecnox 12 hrs 167.4 168.5 1314 12.886398
2 Tecnox 12 hrs 168.2 168.8 1306.2 12.8099034
3 Tecnox 12 hrs 168.4 166.8 1320.3 12.9481821
4 Tecnox 12 hrs 170 170 1283.2 12.5843424
5 Tecnox 12 hrs 166.7 166.7 1326.6 13.0099662
6 Tecnox 12 hrs 169.3 169.3 1307.8 12.8255946
7 Tecnox 12 hrs 166.7 166.7 1337.8 13.1198046
8 Tecnox 12 hrs 167.6 167.6 1318.7 12.9324909
9 Tecnox 12 hrs 166.3 166.3 1333 13.072731
10 Tecnox 12 hrs 171.1 171.1 1278.7 12.5402109

Avg= 1312.63 12.87296241

No. Sample dl (mm) d2 (mm) Hv 20 Hv 20 (GPa)
1 Tecnox 16 hrs 167.3 166 1334.6 13.0884222
2 Tecnox 16 hrs 168.7 171.2 1283.2 12.5843424
3 Tecnox 16 hrs 169.7 168.3 1298.5 12.7343895
4 Tecnox 16 hrs 168.3 168.3 1309.3 12.8403051
5 Tecnox 16 hrs 168.1 165.9 1329.8 13.0413486
6 Tecnox 16 hrs 167.6 167.4 1321.8 12.9628926
7 Tecnox 16 hrs 170.3 169 1287.8 12.6294546
8 Tecnox 16 hrs 169.3 167.4 1367.8 13.4140146
9 Tecnox 16 hrs 169.8 172.6 1265.3 12.4087971
10 Tecnox 16 hrs 168.1 167.1 1320.3 12.9481821

Avg= 1311.84 12.86521488

B-4
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A PPEN D IX  C

Table of fracture toughness data 

1. Lawn and W ilshaw method fo r Tosoh (TZ-3Y-BE grade) powder

Single-step Tosoh 20 kg
Lawn & Wilshaw 1975

Toughness
No. Sample Crack

1
Crack
2

Avg in 
pm

1 Tosoh 1350 354.9 419.2 387.05
2 Tosoh 1350 356.1 434.2 395.15
3 Tosoh 1350 406.7 404.1 405.4
4 Tosoh 1350 368.3 401.3 384.8
5 Tosoh 1350 372.2 373.4 372.8
6 Tosoh 1350 373.5 387.2 380.35
7 Tosoh 1350 381.5 339.3 360.4
8 Tosoh 1350 368.6 365.8 367.2
9 Tosoh 1350 368.3 376.4 372.35
10 Tosoh 1350 368.1 343 355.55

Avg in 
meter

0.00038705
0.00039515
0.0004054
0.0003848
0.0003728
0.00038035
0.0003604
0.0003672
0.00037235
0.00035555

Avg=

Kc, MPa.m1/2
5.290054442
5.128233246
4.934976997
5.336520157
5.596247247
5.430447487
5.887536001
5.72475283
5.606395247
6.008412276
5.494357593

No. Sample Crack
1

Crack
2

Avg in 
pm

Avg in 
meter Kc, MPa.m1/2

1 Tosoh 1400 410.9 428.3 419.6 0.0004196 4.686596134
2 Tosoh 1400 416.5 446.6 431.55 0.00043155 4.493286055
3 Tosoh 1400 396.1 444.2 420.15 0.00042015 4.677396619
4 Tosoh 1400 414.3 418.8 416.55 0.00041655 4.73816348
5 Tosoh 1400 401.4 441.7 421.55 0.00042155 4.654114985
6 Tosoh 1400 384 407.9 395.95 0.00039595 5.112699036
7 Tosoh 1400 396.7 417.2 406.95 0.00040695 4.90680919
8 Tosoh 1400 382.8 418.6 400.7 0.0004007 5.022058133
9 Tosoh 1400 329.2 439.1 384.15 0.00038415 5.350070352
10 Tosoh 1400 411 372.2 391.6 0.0003916

Avg=
5.198125068
4.883931905

No. Sample Crack
1

Crack
2

Avg in 
pm

Avg in 
meter Kc, MPa.ml/2

1 Tosoh 1450 368.9 448.6 408.75 0.00040875 4.874432949
2 Tosoh 1450 413.1 371.2 392.15 0.00039215 5.187193157
3 Tosoh 1450 375 450.5 412.75 0.00041275 4.803747001
4 Tosoh 1450 367.4 399 383.2 0.0003832 5.369977903
5 Tosoh 1450 320.1 474.7 397.4 0.0003974 5.084742391
6 Tosoh 1450 406.8 363.2 385 0.000385 5.33236237
7 Tosoh 1450 388.4 449.5 418.95 0.00041895 4.697507229
8 Tosoh 1450 434.5 386.1 410.3 0.0004103 4.846837661
9 Tosoh 1450 401.9 427.9 414.9 0.0004149 4.766456095
10 Tosoh 1450 433.7 400.8 417.25 0.00041725

Avg=
4.726245003
4.968950176

STDEV

0.335418

STDEV

0.27813
STDEV

0.253565
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No. Sample Crack
1

Crack
2

Avg in 
pm

Avg in 
meter Kc, MPa.ml/2

1 Tosoh 1500 457.1 447 452.05 0.00045205 4.191129102
2 Tosoh 1500 554.7 474.7 514.7 0.0005147 3.449685449
3 Tosoh 1500 423.2 382.9 403.05 0.00040305 4.978200235
4 Tosoh 1500 459.5 433 446.25 0.00044625 4.273103436
5 Tosoh 1500 363.8 524.3 444.05 0.00044405 4.304898712
6 Tosoh 1500 574.4 361.6 468 0.000468 3.978707106
7 Tosoh 1500 464 418.6 441.3 0.0004413 4.345200872
8 Tosoh 1500 417.3 470.4 443.85 0.00044385 4.307808739
9 Tosoh 1500 391.9 523.7 457.8 0.0004578 4.112416251
10 Tosoh 1500 498.6 431.8 465.2 0.0004652

Avg=
4.014682363
4.195583227

2. Lawn and Wilshaw method fo r Technox 2000 grade powder

Lawn & Wilshaw 1975
Single-step Technox 20 kg Toughness

No. Sample Crack
1

Crack
2 Avg in fim Avg in meter Kc, MPa.m1'2

1 Tecnxl350 397.8 399 398.4 0.0003984 5.065610048
2 Tecnxl350 409.8 392.8 401.3 0.0004013 5.010799318
3 Tecnxl350 409.8 391.1 400.45 0.00040045 5.026761756
4 Tecnxl350 393.3 431.9 412.6 0.0004126 4.80636683
5 Tecnxl350 407 378.6 392.8 0.0003928 5.174322942
6 Tecnxl350 396 358.7 377.35 0.00037735 5.495335572
7 Tecnxl350 412.5 400 406.25 0.00040625 4.919496866
8 Tecnxl350 393.2 350 371.6 0.0003716 5.623376883
9 Tecnxl350 395.8 386.4 391.1 0.0003911 5.208096532
10 Tecnxl350 402.8 398.3 400.55 0.00040055

Avg=
5.024879426
5.135504617

No. Sample Crack
1

Crack
2 Avg in fim Avg in meter Kc, MPa.m1/2

1 Tecnxl400 401.4 396.8 399.1 0.0003991 5.052288681
2 Tecnxl400 333.7 472.3 403 0.000403 4.979126728
3 Tecnxl400 400.7 378.8 389.75 0.00038975 5.235179336
4 Tecnxl400 364.6 430.9 397.75 0.00039775 5.078032391
5 Tecnxl400 406.9 392.8 399.85 0.00039985 5.038080456
6 Tecnxl400 401.1 419.7 410.4 0.0004104 4.845066264
7 Tecnxl400 371.9 394 382.95 0.00038295 5.375237259
8 Tecnxl400 415.6 427.6 421.6 0.0004216 4.653287071
9 Tecnxl400 419.7 369.9 394.8 0.0003948 5.135054216
10 Tecnxl400 338 424.4 381.2 0.0003812

Avg=
5.412294393
5.080364679

No. Sample Crack
1

Crack
2 Avg in pm Avg in meter Kc, M Pa.m1/2

1 Tecnxl450 420.1 381.5 400.8 0.0004008 5.020178737
2 Tecnxl450 432.3 425.1 428.7 0.0004287 4.538167528
3 Tecnxl450 446.6 411.4 429 0.000429 4.533408045
4 Tecnxl450 432.9 406.2 419.55 0.00041955 4.687433949

C-2

STDEV
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STDEV
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STDEV
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5 Tecnxl450 378.1 418.1 398.1 0.0003981 5.071337136
6 Tecnxl450 420 424.4 422.2 0.0004222 4.643371226
7 Tecnxl450 453 370.3 411.65 0.00041165 4.823014522
8 Tecnxl450 432.9 415 423.95 0.00042395 4.614650239
9 Tecnxl450 417.6 355.1 386.35 0.00038635 5.30443796
10 Tecnxl450 395.1 410.5 402.8 0.0004028

Avg=
4.982835575
4.821883492

No. Sample C rack
1

Crack
2 Avg in jim Avg in meter Kc, M Pa.ml/2

1 Tecnxl500 324.7 395.7 360.2 0.0003602 5.892440238
2 Tecnxl500 412.8 342.8 377.8 0.0003778 5.485520203
3 Tecnxl500 318.8 394.1 356.45 0.00035645 5.985670701
4 Tecnxl500 352.9 383.5 368.2 0.0003682 5.701446757
5 Tecnxl500 405.6 342.4 374 0.000374 5.569335053
6 Tecnxl500 385.4 370 377.7 0.0003777 5.48769887
7 Tecnxl500 375.6 422.2 398.9 0.0003989 5.056088822
8 Tecnxl500 400.7 381.2 390.95 0.00039095 5.21109419
9 Tecnxl500 367.2 405 386.1 0.0003861 5.309590735
10 Tecnxl500 408.5 398.7 403.6 0.0004036

Avg=
4.968027748
5.466691332

No. Sample C rack
1

Crack
2 Avg in nm Avg in meter Kc, M Pa.m1/2

1 Tecnxl550 414 378.8 396.4 0.0003964 5.103995473
2 Tecnxl550 436.5 355.7 396.1 0.0003961 5.109795101
3 Tecnxl550 419.5 367.3 393.4 0.0003934 5.16248991
4 Tecnxl550 418.7 361 389.85 0.00038985 5.23316516
5 Tecnxl550 395.5 350.5 373 0.000373 5.591746847
6 Tecnxl550 415.7 384.7 400.2 0.0004002 5.031472725
7 Tecnxl550 426.5 364.9 395.7 0.0003957 5.117545043
8 Tecnxl550 442.9 384.5 413.7 0.0004137 4.787209877
9 Tecnxl550 397.2 342.9 370.05 0.00037005 5.658745165
10 Tecnxl550 357.4 420.3 388.85 0.00038885

Avg=
5.253365218
5.204953052

0.2618132

STDEV

0.3373613

STDEV

0.2564657

3. Lawn and Wilshaw method fo r two-step sintering (Technox 2000 grade powder)

Lawn & Wilshaw 1975
2-step Sintering 20 kg Toughness

No. Sample C rack
1

Crack
2 Avg in pm Avg in meter Kc, M Pa.m1/2

1 Tecnox 4 hrs 404 378.1 391.05 0.00039105 5.209095432
2 Tecnox 4 hrs 383.5 395.5 389.5 0.0003895 5.240220433
3 Tecnox 4 hrs 361 432.2 396.6 0.0003966 5.100135146
4 Tecnox 4 hrs 402.2 375.4 388.8 0.0003888 5.254378631
5 Tecnox 4 hrs 337.1 399.5 368.3 0.0003683 5.699124848
6 Tecnox 4 hrs 365.5 331.7 348.6 0.0003486 6.188988491
7 Tecnox 4 hrs 417.2 349.1 383.15 0.00038315 5.371029088
8 Tecnox 4 hrs 382.1 404.4 393.25 0.00039325 5.165443937
9 Tecnox 4 hrs 361.8 366.5 364.15 0.00036415 5.796826176
10 Tecnox 4 hrs 378.6 355.3 366.95 0.00036695

Avg=
5.730604166
5.475584635

STDEV

0.357549175
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1
2
3
4
5
6
7
8
9
10

No
1
2
3
4
5
6
7
8
9
1C

No
1
2
3
4
5
6
7
8
9

Sample Crack
1

Crack
2 Avg in /im Avg in m eter Kc, MPa.rn1'2

Tecnox 8 hrs 408.1 429.3 418.7 0.0004187 4.701715082
Tecnox 8 hrs 380.1 447.6 413.85 0.00041385 4.784607425
Tecnox 8 hrs 414.7 453.1 433.9 0.0004339 4.456832106
Tecnox 8 hrs 368.7 411.9 390.3 0.0003903 5.22411733
Tecnox 8 hrs 422.2 440.4 431.3 0.0004313 4.497193373
Tecnox 8 hrs 408 397.2 402.6 0.0004026 4.986549028
Tecnox 8 hrs 446.1 421.9 434 0.000434 4.455291815
Tecnox 8 hrs 336 452.3 394.15 0.00039415 5.14776192
Tecnox 8 hrs 438.6 420.3 429.45 0.00042945 4.526284401
Tecnox 8 hrs 367.8 379.4 373.6 0.0003736

Avg=
5.578281774
4.835863426

Sample
Tecnox 12 hrs

Crack
1
409.4

Crack
2
431.3

Avg in pm
420.35

Avg in meter
0.00042035

Kc, MPa.m1'2 
4.674058801

Tecnox 12 hrs 409.2 428.8 419 0.000419 4.696666411
Tecnox 12 hrs 426.5 430.6 428.55 0.00042855 4.540550394
Tecnox 12 hrs 367.8 407.2 387.5 0.0003875 5.280842184
Tecnox 12 hrs 399.2 410.9 405.05 0.00040505 4.941374782
Tecnox 12 hrs 350.3 497.7 424 0.000424 4.613833992
Tecnox 12 hrs 436.8 406.1 421.45 0.00042145 4.655771548
Tecnox 12 hrs 402.1 429 415.55 0.00041555 4.755276991
Tecnox 12 hrs 402 465.5 433.75 0.00043375 4.459144207
Tecnox 12 hrs 410.5 407.2 408.85 0.00040885

Avg=
6.962970611
4.958048992

Sample
Tecnox 16 hrs

Crack
1
398

Crack
2
336.3

Avg in fim
367.15

Avg in meter
0.00036715

Kc, MPa.m1/2
5.7259223

Tecnox 16 hrs 337.3 300.8 319.05 0.00031905 7.068424537
Tecnox 16 hrs 379.8 349.3 364.55 0.00036455 5.787288002
Tecnox 16 hrs 313.7 391.5 352.6 0.0003526 6.08397313
Tecnox 16 hrs 364.6 364.6 364.6 0.0003646 5.786097569
Tecnox 16 hrs 330.7 394.7 362.7 0.0003627 5.831622674
Tecnox 16 hrs 376.4 350.5 363.45 0.00036345 5.813581156
Tecnox 16 hrs 314.7 340.6 327.65 0.00032765 6.791965806
Tecnox 16 hrs 350.4 351.8 351.1 0.0003511 6.123003463
Tecnox 16 hrs 345 354.7 349.85 0.00034985

Avg=
6.155848626
6.116772726
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APPENDIX D

Table of densities measured by Archimedes method

1. Density test data sheet for Tosoh (TZ-3Y-BE grade) discs.

Density measurement by using Density Measuring Kit
Single step
Density of water at 20°C p (fl) = 0.99823
Temperature 1500°C

Density(g/cc) Average STDEV W  (a) G
Sample A 6.04168545 2.89198 0.478
Sample B 6.033891262 6.037788 0.005511 2.9384 0.4863
Sample C 6.068804009 2.8764 0.4733

%  of TD

99.47577

Temperature 1450°C
Density Average STDEV W  (a) G

Sample A 6.05731636 2.8291 0.4664
Sample B 6.067506267 6.046006 0.028868 2.877 0.4735
sample C 6.013195395 2.9229 0.4854

%  of TD

99.44089

Temperature 1400°C
Density Average STDEV W  (a) G

Sample A 6.023283863 2.9459 0.4884
Sample B 6.007924401 6.016618 0.007878 2.8698 0.477
sample C 6.018644475 2.8701 0.4762

%  of TD

98.95753

Temperature 1350°C
Density Average STDEV W  (a) G %ofTD

Sample A 5.956254976 2.9149 0.4887
Sample B 5.919974895 5.922233 0.032951 3.008 0.5074 97.40515
sample C 5.890469097 2.9234 0.4956
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2. Density test data sheet for Technox 2000 grade (with binder) discs.

Density measurement by using Density Measuring Kit
Single step
Density of water at 20°C p (fl) =
Temperature 1500°C 

Density(g/cc)
Sample A 5.944291176
Sample B 5.953920936
sample C 5.985329028

0.99833

Average STDEV

5.96118 0.02146

W  (a)
2.87185
2.90035
2.83115

G
0.4825
0.4865
0.4724

%  of TD

98.04573

Temperature 1450°C
Density 

Sample B 5.95511555
Sample C 5.899433423
sample D 5.942365614

Average STDEV

5.932305 0.029173

W  (a)
2.8258
2.85549
2.90186

G
0.4739
0.4834
0.4877

%  of TD

97.5708

Temperature 1400°C 
Density 

Sample A 5.971213545
Sample B 5.874959463
sample C 5.826970054

Average STDEV

5.891048 0.073455

W  (a) 
2.87051 
2.89482 
2.87642

G
0.4801
0.4921
0.493

%  of TD

96.89223

Temperature 1350°C
Density Average STDEV W  (a) G %  of TD

Sample B 5.722071033 2.76103 0.4819
Sample C 5.719667007 5.756111 0.061053 2.89961 0.5063 94.67288
sample D 5.826596096 2.88557 0.4946
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3. Density test data sheet for two-step sintering (Technox 2000 grade) discs.

Density Measurement by using Density Measuring Kit

Two-step sintering
Density of water at 20.1°C p (fl) = 0.99821
Temperature
Sample 1380°C / 2-step / @ 4 hrs

Density(g/cc) Average STDEV 
Sample A 5.878891579
Sample B 5.802029707 5.839648324 0.038457
Sample C 5.838023686

W  (a) 
2.84 

2.85864 
2.8413

G
0.4824
0.492
0.486

Sample 1380°C / 2-step / @ 8 hrs

Sample A 
Sample B 
Sample C

Density(g/cc)
5.967035392
5.950650103
5.848548092

Average STDEV

5.922077862 0.052422

W  (a) 
3.06066 
2.97121 
2.85228

G
0.5122
0.4986
0.487

Sample 1380°C / 2-step / @ 12 hrs

Sample A 
Sample B 
Sample C

Density(g/cc)
5.989313728
5.990018233
5.981564771

Average STDEV

5.986965577 0.00469

W  (a)
2.93234
2.83011
2.8956

G
0.4889
0.4718
0.4834

Sample 1380°C / 2-step / @ 16 hrs

Sample A 
Sample B 
Sample C

Density(g/cc)
5.993193662
5.984208592
6.004011941

Average STDEV

5.993804732 0.009916

W  (a) 
2.87842 
2.83935 
2.92631

G
0.4796
0.4738
0.4867
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96.04685
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A PPEN D IX  E

Pycnometry density measurements for different quantities of samples
Fig. E shows densities measured for the both Tosoh and Technox powders, and also

• 3for a standard o f known density (Arklow flint, /;=2.48 g/cm ).

E
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Figure E Pycnometry density measurements for different quantities o f samples for (a) 
Tosoh powder (b) Technox (arrows in Fig. indicates the axes to which the 
curves correspond).
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Small quantities of Arklow flint, i.e. 2 g and 4 g yielded density values of 2.46 
g/cm3 and 2.47 g/cm3 respectively. Only when the quantity of powder was made >5 g 
did the density stabilise and give expected values, i.e. 2.48 g/cm3 correct to two 
decimal places. A quantity of 8 g corresponded to the sample chamber being visually 
2/3 full, which is the level recommended by the manufacturer.
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APPENDIX F

For each point designated for surface area calculations, the BET1 transformation is 

calculated as follows:

B Preli
1 ( l.O -P re ljX N a d S j)

where

B[ = units o f g/cm3 STP

Preli = relative pressure

Nadsi = amount o f gas adsorbed after equilibrating Ith dose (cm3 STP)

A  least-squares fit is performed on the (Bi, Preli) designated pairs where B is the 

dependent variable and Preli is the independent variable. The following are calculated:

■ Slope (S g/cm3 STP)

" Y-intercept (Y int g/cm3 STP)

• Error o f the slope (SERR g/cm3 STP)

* Error o f the y-intercept (Y IERR g/cm3 STP)

■ Correlation coefficient (Cc)

Using the results o f the above calculations, the following can be calculated:

BET Surface Area (m2/g):

= _______ (C£4)(6.023xl023)_______
BET ~ (22414cw35'7!P)(1018»ot2 / m2)(S + Ymr)

where

CSA = analysis gas molecular cross-sectional area (nm2)

BET surface area Calculation

F-l



B E T  C  value:

Y‘ m

Volume of the Monolayer (cm /g STP):

Ku = [C(iw )]-'

Error of the B E T  Surface Area (m2/g):

x (S/ìhn + Yhm ) 
Ym + S

Single Point Surface Area (m2/g):

Ĉ A
5 1 P r = r ((( I - P r ) x 4 .3 5 x

0.162

where

Pr = pressure closest to 0.3 o f the relative pressure points designated for 

surface area calculations 

Va = volume corresponding to Pr

0 .162 = nitrogen molecule cross-sectional area (nm2)

1 Brunauer, S., Emmett, P.H., and Teller, E„ J.; Am. Chem. Soc.. 60 (1938) 309
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