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Abstract

Substitutions of Ti and Cu in Zr&MgO (Z), cause transformation from monoclinic (m) to cubic (c) and tetragonal (t). According to the
vacancy model and solid solution formation models, neither CuO noy da@dse zirconia stabilization, which derives from other phenomena.
Data analysis by TMA using the CRH (constant rate of heating) method shows a solid state reactigad§Zr®iO, (Z-TiO,) demonstrating
a dominant mechanism of volume diffusion £ 1). However, the sintering of Z£EEMgO-CuO (ZCuO) shows a viscous flow mechanism
(n = 0), a similar phenomena to that of by sintering of glass. Transformations, such as: Cug@Cl000C, ZrO, (m) to ZrG, (t) at
1100°C and CyO (s) to CyO (l) at 1230°C cause successive rearrangements of microstructure inside of region | (sintering process) and lead
to interpretation errors when the Bannister equation is used.
© 2003 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction boundary diffusion at the initial sintering stage. A study
on initial stages of sintering of ternary system based on

Bannister developed a sintering equafibh based onthe  ZrO;-Mg0O-ZnO [7] showed a mechanism of volume diffu-
Frenkel theory2], that describes viscous sintering of glass. sion. Therefore, incoherent results have been obtained by us-
Modifications occurring at a constant heating rate (CRH) ing models and examining only the initial stage of sintering.
(a = dT/dt) are considered to be due to higher accordance Frenkel, working with glass, demonstrated a viscous flow
with industrial sintering conditions. behavior due to diffusion of atoms or ions into the crystal

Using models and examining only the initial stage of sin- structure. The influence of microstructure on the sintering
tering[3,4] no dominant mechanism leading to densification process is not explained sufficiently by the Frenkel model.
has been observed. In region | of sintering grain rearrange- Kuczynski[8] developed a model based on atom and ion
ment and neck formation are occurring. Mechanisms such diffusion by vacancies. Such a model considers a decrease
as evaporation—condensation and surface diffufidrare of surface area due to diffusion of ions in regions between
believed to not lead to densification of ceramic compounds. particles from a large to a small curvature ratio (neck).
However, other diffusion mechanisms are taken into account Grain boundaries of particles have high concentrations
between 5 and 10% shrinkage. Research about zirconia staef defects such as incomplete bonding, and the presence
bilization shows similar resul{§]. Grain boundary and sur-  of vacancy and dislocations. Colf)g¢] developed a model
face diffusion are observed as the dominant densification considering that the grain boundaries exchange mass with
mechanisms. the neck between particles, due to high concentration of

Investigations of Young and Cutlg] into sintering vacancies on the particle boundaries. Modifications of such
of ZrO,-Y 03 with addition of TiQ performed by using a model permitted the analysis of sintering under isothermal
CRH method, showed a dominant mechanism of grain conditions and at constant heating rates.

Coble proposed modification in the CRH model and as-
mspondmg author. Tel¢55-84-215-3823: sumed that smgll grain growth is ocgurring at the initial .sin-
fax: +55-84-211-9224. tering stage. Simultaneous mechanisms are not considered

E-mail addressnasar@terra.com.br (R.S. Nasar). by the Bannister equation.
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Table 1 2.2. CRH method and Bannister equation
Origin of reagents, purity, particle size (P.&m), and surface area (S.A.,
2

m/g) Constant heating rates of 5, 10, 15 and®@0min from
Origin Purity P.S. m) S.A. (n?/g) 100 to 1600 C at atmospheric pressure were applied. In sin-

210, IPEN 99.9 1.80 5.2 tering region Il (final sintering stage) the furnace was cooled

MgO Vetec 99.8 1.10 2.8 from 1600°C to ambient temperature and the apparent den-

TiOz Riedel-Hagen 99.9 0.84 5.6 sity was measured by using the Archimedes method. The

CuO Vetec 99.9 0.67 33 ceramic material was analysed using a Netzsch dilatometer

Model 402 E.

According to Bannister:
The subject of this work is the analysis of two sinter-

ing conditions applying the Bannister equation, such as ad (AL/L()) = K (1)
solid—solid reaction that uses vacancies for a mass trans- dr (AL/Lo)n

port of ZrG,-MgO-TiO2, and a presence of liquid phase in  \whereAL/Lq = shrinkage at sinterizatio; = final length
Zr02-MgO-CuO. An analysis and a discussion of the sinter- of sample;Lq = initial length of sample; d = time dif-

ing model are carried out. ferential;x = ko exp(—E,/RT) = velocity constant; a =
d7/d: = constant rate of heating; = mechanism of sinter-
ing.
2. Experimental procedures A rearrangement oEq. (1) gives,
AL\" n+17 ! —E,
i — ) = exp| — ) dT 2
2.1. Powder processing (Lo> [ p }/tako p( RT) 2

High purity materialsTable ) are used for the processing If E, is much better thaRT, then:
of both CuO and TiQin Z-M (0.25 mol%). The surface area According to Bannister and other authrs,
was analyzed by using an ASAP 2000 (BET method) and the il
particle size distribution using a Micromeritics Sedigraph. (ﬂ) — _aC* A3)
Raw materials were grinded by friction for 1 h and mixed \ Lo
for 4h with ethyl alcohol. The powder was dried, deag- C* — constant
glomerated in an alumina mortar, sieved on 325 meshes and Applying a log function for both terms, one obtains:
pressed uniaxially and isostatically at 100 and 150 MPa, re-
spectively. The ceramics were sintered at different heating (n + 1)ln (ﬂ) — _Ina+InC* )
rates using a thermal mechanical analyser (TMA). L

) t/c

Ti 1600 °C

®

VI .

2 TETA
Fig. 1. X-ray diffraction pattern (XRD) of (A) M-TiO2 and (B) ZM-CuO, sintered up to 160C.
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AL 1 InC*
n{— ) =- In 5
<L0> (n—i—l) a+n+l ®)

A graph, such as InL/Lg against Iz, with a gradient
of (—1/n + 1), or Ina against INAL /Lo, with a gradient of
—(n + 1), may be plotted.

2.3. Phase analysis

The Rietveld10] method was applied using step by step

Table 2
Phase quantity of &1 (ZrO2-MgO), ZTiOz (ZrO2-MgO-TiOy) and
Z-CuO (Zr&-MgO-CuO)

Material Monoclinic (%) Tetragonal (%) Cubic (%)
Z-M 36.1 3.2 60.7
Z-TiO2 33.0 30.0 37.0
Z-Cuo 6.4 81.6 12.0

Analysis of ZrG-MgO (Z-M) phases Table 2 shows

scanning with a constant increment and time of measuring. 60.7% of stabilization of cubic phase. The phase quantity

For valid overlap between two or more peaks:

Yec=SY  Lu|Fl5¢(A20iy) Py + by (6)
h

Where: Yec = total peak contributionS = scale fac-
tor; L, = Lorentz and polarization factor and multiplicity;
P, = preferred orientation functionf), = structure factor;
A20); = reflection profile functionyb; = next peak contri-
bution.

of Z-CuO, (Zr@-MgO-CuO) shows transformations from c
phase to t with high increase of stabilized phases. However,
TiO» additions caused small contributions to the stabilization
effect. Systems based on CaO and MgO in binary mixtures
with ZrO, [12,13]lead to c-ZrQ stabilization (TSZ). Such
results do not agree with the model that considered the ZrO
stabilization, caused by only ion formers of substitution solid
solution.

Fig. 2 shows a rapid shrinkage of- HO2 (ZrO,-MgO-

Deconvolution of diffraction peaks and phase analysis by TiO2) during sintering at rates of 5 and 10/min close to
the Rietveld method was carried out. An approximation be- 904°C (region I). The ZCuO shows a slow shrinkage from

tween points of an observed X-ray diffraction analygis)
and a calculated XRD patteyc), was done by least squares
as shown in the following:

N
Fu =) Wi(yi(0) — y(0)? (7

i—-1

w)—1= al? = standard deviation on total intensity
2.4. SEM analysis

Samples sintered up to 1600 at different heating rates
were polished by using 0.1 anduin alumina and with

2 and 5um diamond, respectively. Chemical attaches with
HCl/ethyl alcohol 5vol.% for 20s show the contours of
microstructure. Gold was deposited by sputtering over the
sample surface and a microscopy analysis was carried out

immediately with a model JEOL JSM-T 330 A at magni-

fications of up to 10,000 times. The average quantity of
phases and grain sizes was calculated according the ASTM

standard.

3. Results
3.1. Phase analysis and linear shrinkage

Fig. 1shows the X-ray diffraction pattern (XRD) of pow-
der sintered at 1600C/2 h with heating rate of 10C/min in

X X ) —————
ambient atmosphere. Increases of phases of partially stabi- 40 45 50 55 60 65 7.0 7.5 80 85 90 95

lized zirconia (PSZJ11] were observed for Tigand CuO
additions. Three phases of ZfOsuch as monoclinic (m),

900 to 1340C. Three phase transformations, such as from
CuO to CyO at 1000°C/2h (region ), ZrQ phase trans-
formation from m phase to t at 110Q (near by region 1),
and liquid phase formation of GO close to 1230C/2h
(region 11) is occurring14]. Various transformations cause
microstructure rearrangements up to 128@h. The
shrinkage, of both systems, inside of intermediary region
(region 1) demonstrates different stages of densification
at the same temperature. However, in the end region of

05 T T T T T T T T T ]

10

(Lo-L)/Lo (%)

Heating Rate-Z.M.
°C/min.
—0—TiO,- 5
—0— 10
—A— Cu0O-5
o9 —v— 10

11K*10* (K")

tetragonal (t) and cubic (c), were observed by deconvolution rig. 2. Shrinkage of Zi0, and ZCuO with heating rates of 5 and

of X-ray diffraction peaks.

10°C/min.
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sintering (region Ill) coincident points are observed at dif- porosity for both systems. The evidence of a neck formation
ferent heating rates. Applications of the Bannister equation in the ZCuO sintering process (150C) and small grains
on experimental data are valid only at the initial stage of in the ZTiO, microstructure demonstrate that high temper-
sintering due to avoiding grain growth that causes deviations ature is necessary for a complete sintering process.

from the theoretical model. High grain growth from 1500 to 160@/2 h, is observed
for both systemsKig. 5C and D); however, an abnormal
3.2. Density and grain growth grain growth in the ZZuO due to a large particle size dis-
tribution occurs. In the region Il does not occurs remnant
Fig. 3 shows a rapid densification of -HO, from liquid phase of CpO demonstrating that at the end stage of
3.5¢g/cn? at 800 to 5.4 g/cn? at 1600°C, respectively. Two  the sintering process a solid state reaction is occurring.
steps of rearrangements during the densification-GuD Calculations of sintering mechanism ofT20; (Fig. 6A)

occurred, first by the CuO-CyQransformation close to  shown values from 1.0094 = 1) at 1040°C to 9.32 at
1000°C, and second during a liquid phase formation close 1120°C (region I). According to the Bannister equation there

to 1230°C. is occurring a volume diffusion type mechanism. Above
Densities, of about 5.65g/cmat 1400°C/2h and 1060°C a deviation due to microstructure effects show inco-
5.42 g/cn? above 1500C/2h show that a loss of GO herent results. Activation energy calculated for sinterization

leads to decreases in the density of Z. Transformations inwas about 46Z + 17 kJ/mol.

the region | of the sintering process (close to region Il)  The n values Fig. 6B) observed during the sintering

show reverse tendency of densities betweehi@, and of Z-CuO are between 0.12 at 1020 and 0.028 {0)

Z-CuO ig. 3. at 1070-1130C (region I), characterizing a viscous flow
Fig. 4 shows the slow grain growth at low temperature type mechanism. Such a mechanism, according the Frenkel

for both titanium oxide and cupper oxide additions. After model occurs only in glass sintering. These phenomena

1400°C an exponential growth is observed with formation could be attributed to different stages of rearrangement of

of large grain sizes. Liquid phase during sintering caused the microstructure with successive accommodations and ten-

increase of average size of grains. sion relief between the grains. The observed activation en-
In the regions Il and lll rearrangements of microstruc- ergy of 438+ 8.8 kJ/mol, beeing lower than that obtained

ture and a dissolution—precipitation process occur. High mi- for the ZTiO2 system.

crostructure homogeneity due to a mass transport of liquid

phase, which cause a rapid grain growth at high tempera-

tures was observed. 4. Discussion

3.3. Sintering mechanism and microstructure Addition of CuO and TiQ increased the stabilized phases
of Z. Some authors accept only solid solution formation and
SEM observations of samples of TiGnd CuO-doped  vacancy creationfl5] as principal causes of zirconia stabi-
Z-ZrO sintered at 1500C/2h ig. 5A and B show in- lization. According to the conclusion of the Hume-Rothery
complete grain formation and a presence of high residual rule [16], NBS researcheffd 7] and Dietzel and Tobdt.8],
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Fig. 3. Apparent density (g/ct) against temperature of. ZiO, and ZCuO from 800 to 1600C.



1600°C/2 h, respectively.

Grain Size (um)

Fig. 4. Grain size fm) against temperature of BO, and ZCuO from 800 to 1600C.
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(C)
Fig. 5. Microstructure analysis by SEM: (A and C)TiD, sintered at 1500C and 1600C/2 h, respectively; (B and D)-ZuO sintered at 1500C and
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Fig. 6. Mechanism of sintering: (A)-ZiO2, (B) Z-CuO.
MgO led to stabilization of Zr@ with t and ¢ phases. A The vacancy brings local tensions of the lattice into re-
mechanism of structure electroneutrality causes the forma-lief and increases the phase stability. However, it is a con-
tion of oxygen vacancies through reactions of the type: sequence of electroneutrality between charges and not the
1 only reason for the stabilization effect. These data led to a
Zro, i i ; i
MgO =% Mg}, + Vg + =02 (8) different interpretation by other authors, who consider hy-

brid orbital formation as a reason for the zirconia stabi-
lization [14]. Reactions of TiQ as well as CuO occurred
on the solid state (region I)F{g. 2 by interfaces of dif-
fusion of ZrG/MgO and ZrQ/CuO. Near to region I, at
Hbout 1230C (intermediary stage of the sintering), the lig-
uid phase formation of copper oxide did not cause deviation
between theoretical and experimental results when only 5%
of shrinkage was considered in the analysid{00°C, in-
side of region I). The grain growth of the ®O, (Fig. 5
initiating at 1025°C (region ), was coincident with an in-
crease of apparent density near to 1000~975°C), and

o z0p .y 1 due to this, above 106@ incoherent values af were ob-
TO2 — Tiz; + 502 ) tained. A slow diffusion process occurred by a solid state

However, additions of Ti@ or CuO on binary mixtures
does not cause zirconia stabilization according to those mod-
els proposed and accepted above. Nevertheless, the additio
of titanium oxide to a ternary system increased the 2ZrO
stabilization without vacancy formation, and copper prefer-
entially led to t-ZrQ (Fig. 2). All substitutions in the Zr@
structurg12,13]occurred by solid state reactions. However,
before a solid state reaction there is a liquid phase formation
of CwO.
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reaction which depends on vacancy concentration. Due to anot occur influence of Zr@phase transformation (close to

high coordination between Zr and Ti ions small quantities
of ZrTiO4 could occur causing a decrease of zirconia stabi-
lization.

Close to 1000C and between 1100 and 1200, both

1100°C) and of a liquid phase formation above 1280
Rapid rearrangements of microstructure at the initial stage of
sintering caused interpretation errors of the Bannister equa-

tion. However, this model is appropriate for solid state re-

systems showed an evidence of a rearrangement process arattions, like volume diffusion and grain boundary diffusion

mass distribution by solid state reaction and after 1250
only a change of density of-ZiO, and ZCuO was observed.
During the sintering (region Il) a-ZuO liquid phase forma-
tion led to solution-precipitation that caused a mass trans-
port on the grain boundaries of microstructure, small grains

mechanisms.

5. Conclusions

were dissolved and the mass was transported throughout the Additions of CuO and Ti@ in Z increase the stabilized

microstructure. A different kinetic effect occurred with the
addition of TiQ; and a solid—solid diffusion process, which

phases of Zr@despite models that accept only a solid solu-

tion formation and vacancy creation as reasons for stabiliza-

demonstrated a decrease of densification between the retion. A mechanism of volume diffusiom (= 1) occurs in the

gions Il and Il of sintering process take place. This is ev-
idenced by a rapid shrinkage (1000-12€), an increase
of apparent density (1000-1426) and grain growth above
1025°C.

The ZCuO shows densities of 5.7 g/émt 1400°C and
5.4 g/cnt at 1600°C and the ZTiO, mixture shows densities
of 5.25g/cni at 1600°C likely due to the formation of an
intermediary phase, ZrTiPnear to 1400C which caused
a competition with the diffusion process of MgO in ZrO

Such complexity could require an additional energy in the
densification process (462.7 kJ/mol).

Z-TiO3 sintering and shows an increase of densification dur-
ing sintering (region I). However, three transformations on

the ZCuO sintering occur, namely: Transformations from

CuO (s) to CdO (s) at 1000C, from ZrQ, (m) to ZrO; (t)
at 1100°C and a liquid phase formation from € (s) to
CwO (I) at 1230°C. Such transformations shows a viscous

flow mechanism#{ = 0) typical of glass sintering. The phe-

nomenon was attributed to various microstructure rearrange-
ments caused by the phase transformations during sintering.

Mechanisms, such as volume diffusion showed by Acknowledgements

Z-TiO, analysis, caused densification of ceramic body.
However, in the sintering region |, other mechanisms could
occur, such as overlapping of a surface diffusion and/or
evaporation—condensation, which did not lead to densifica-
tion (neck formation). However, only a slower rate control
process is observed.

In the region | errors of contour conditions of the Ban-
nister equation (caused by kinetic of grain growth above
1030°C) do not occur. Above 110 (region Il) and in the
region lll strong shrinkage and grain growth led a deviation

between experimental data and Bannister equation applica-

tions. Studies of the sintering mechanism aZ@0 showed
the same resulty].

According to the Frenkel model of sintering there is a vis-
cous flow mechanism only during sintering of glass. Such
phenomena led to interpretation errors of the Bannister equa-
tion, which could be explained by different stages of rear-
rangements.

Two transformations, such as from CuO to 2Cuat
1000°C (region 1) that caused alteration of the unit cell vol-
ume and a transformation from m to t-Zr@end of region
I) promoted rearrangements of microstructure.

Phase transformation from 1000 to 128Dis effectively
an event of successive rearrangements. Thus, various se
guential rearrangements showed a similar behavior to a vis-
cous flow effect[2]. Increases of shrinkage and apparent
density between 890 and 1290 with small grain growth
reinforced the occurrence of different stages of rearrange-
ments in the microstructure. Between 970 and 1@ @does
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