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Preparation of tetragonal ZrO2-Gd203 powders 

S. B H A T T A C H A R Y Y A ,  D.C. AGRAWAL 
Materials Science Programme, Indian Institute of Technology, Kanpur 208016, India 

ZrO2-Gd203 alloys containing 2, 3, 5 and 8 mol. % Gd203 have been prepared by mixed oxide 
(MO), hybrid sol-gel (SG), and co-precipitation (CP) routes. No tetragonal (t) phase is 
retained in the MO method, while 100% t phase is obtained in the calcined CP samples; the 
SG method leads to only partial stabilization of the t phase. Washing of the CP powders with 
propan-2-ol leads to unagglomerated powders with increased specific surface area (145 
versus 89m2g - 1) and sintered density (98% versus 79%). Cubic and t' phase also appear on 
sintering the samples with > 2 mol. % Gd203. 

1. Introduction 
Zirconia ceramics, consisting mainly of tetragonal zir- 
conia polycrystals (TZP), partially stabilized zirconia 
(PSZ) and zirconia toughened alumina (ZTA), are 
technologically important primarily because of their 
exceptionally high values of fracture toughness. The 
major contribution to the enhanced fracture tough- 
ness is believed to come from the tetragonal to mono- 
clinic (t --* m) transformation that occurs in the stress 
field of a propagating crack. The t phase in pure 
zirconia is not stable at room temperature except 
when the particle size is extremely small (30 nm). It 
can be stabilized in particles of larger sizes by alloying 
Z r O  2 with Y 2 0 3 ,  C e O  2 etc. Most of the commercial 
materials use MgO, CaO and Y203 as the stabilizing 
oxides [,1]; C e O  2 is also used to a large extent. How- 
ever in each of these cases certain problems exist. Thus 
Ca-PSZ [2, 3] and Mg-PSZ [4, 5] require sintering 
at high temperatures (in the cubic phase field) followed 
by thermal treatments to optimize the mechanical 
properties. Y-TZP suffers from property degradation 
at low temperature (in humid atmosphere) [6] as well 
as at high temperatures [,7]~ Ce-TZP has poor sin- 
terability [,8], so either high sintering temperature 
(1600 ~ [9] or hot-pressing is needed; however prop- 
erties may degrade due to Ce 4 +/Ce 3+ reduction dur- 
ing hot-pressing [,10]. Because of these difficulties the 
search for alternate stabilizers has continued. More 
attention is being devoted to the use of rare earth 
oxides such as Yb20 a [11], Er20 3 [-12], Gd203 [13] 
as alloying additives to ZrO2. Of these the effect of 
Gd203 on the phase and properties of ZrO2 has been 
studied to a very limited extent. Van Dijk et  al. 

[13] prepared ZrO2-Gd203 solid electrolytes and 
measured their electrical conductivity. Similar studies 
have also been reported by Moztarzadeh [14] and 
Kang et  al. [15]. Michel et  al. [16] prepared GdaO3 
doped tetragonal zirconia single crystal by skull 
melting and Leung et al. [17] studied the high tempera- 
ture phase partitioning in ZrO/-Gd203 system pre- 
pared from aqueous precursors. 
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The phases obtained in the mixed oxide systems are 
heavily dependent on the methods of preparation due 
to slow achievement of equilibrium. In fact, the zirco- 
nia toughened ceramic materials used in technology 
are rarely at equilibrium. Keeping this in view, in the 
present work ZrO2 alloyed with Gd/O3 has been 
prepared by three different methods and the sintera- 
bility and the extent of stabilization obtained have 
been studied. 

2. Experimental Procedure 
2.1. Preparation of ZrO2-Gd203 powders 
Three different routes, hybrid sol-gel, mixed oxide 
and co-precipitation, were employed to prepare 
ZrOz-Gd203 gel or powder. The concentration of 
GdzO3 was 2, 3, 5 and 8 mol. % for the hybrid sol-gel 
and the co-precipitation routes and 5 tool. % only for 
the mixed oxide route. The preparation schemes for all 
the three methods are described below. 

2. 1. 1. Hybrid sol-gel route 
In this route the precursors used were zirconium- 
n-propoxide (zr-n-p) (Alfa Products, Danvers, USA), 
Gd/O3 (Indian Rare Earths Ltd., Kerala), acetic acid 
(S.D. Fine Chemicals, Boisar, India), diethanolamine 
(Ranbaxy Laboratories, Bombay, India), and pro- 
pan-2-ol (S.D. Fine Chemicals, Boisar, India). A clear 
sol was prepared using zr-n-p, propan-2-ol, acetic 
acid, and diethanolamine in the molar ratio 
1:20.8:0.014:0.75. The sol was stirred for 20 min 
followed by the addition of GdzO3. The mixed sol 
was further stirred for 30 min after which it was gelled 
by adding triple distilled water in the ratio 
zr-n-p:H20 = 1:0.3. The gel was dried at 100 ~ for 
24 h. The dried gel was lightly ground and calcined in 
air at 700~ for 4 h. The calcined powders were 
uniaxially compacted at 200 MPa into cylindrical pel- 
lets (10 mm d~, 3 mm high). The pellets were sintered in 
air at 1400 ~ for 2 h. 
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2. 1.2. M i x e d  ox ide  route  
In this route, ZrO2 (Aldrich Chemical Co., UK) and 
Gd203 were mixed and ball milled in propan-2-ol 
medium using alumina balls. The ball milled powder 
was dried at 100 ~ for 24 h, lightly compacted into 
cylindrical pellets (pressure <40  MPa) and calcined 
at 1000 ~ for 2 or 8 h. 

2. 1.3. Co-precipitation route 
Zr-n-p was dissolved in a mixture of propan-2-ol and 
diethanolamine. Gd203 was introduced as  Gd 
(NO3)3.6H20 solution in propan-2-ol.  Acetic acid 
(0.014mol/mol of zr-n-p) was added to retard the 
hydrolysis of zr-n-p through the formation of a com- 
plex [18]. The resultant clear sol was then added in 
a drop-wise manner to triple distilled water (H20/  
zr-n-p (v/v) = 5.00) whereby partial hydrolysis of zr-n- 
p took place. The complete precipitation of Zr (OH)4 
and Gd(OH)3 took place upon adding NH4OH while 
stirring. The pH of the solution was always kept above 
10.2 to ensure complete precipitation of Zr and Gd 
hydroxides. 

The gelatinous precipitate was stirred for 24 h, al- 
lowed to settle and the solvent was filtered off. The 
precipitate was washed five times with triple distilled 
water using 750 ml of distilled water for each washing. 
The precipitate was then divided into two parts: one 
part was dried as such at 100~ for 24 h. The other 
part was further washed with propan-2-ol five times 
using 300 ml of propan-2-ol for each washing. This 
precipitate was dried at 80 ~ for 24 h. Both the pre- 
cipitates were calcined in air at 700 ~ for 4 h and were 
uniaxially compacted at 200 MPa into cylindrical pel- 
lets (10 mm d~, 3 mm high). The sintering was carried 
out either at 1400~ for 2 h  or at 1600~ 1 h. 

2 . 2 .  C h a r a c t e r i z a t i o n  

Specific surface area of the washed powders was ob- 
tained using a surface area analyser (Quantachrome 
Corp., UK). Phases in the calcined and sintered sam- 
ples were determined by X-ray diffraction (XRD) 
(Rich Seifert Isodebyeflex 2002, Germany). Fourier 
transform infrared spectroscopy (FTIR) (Perkin Elmer, 
UK) was carried out on washed powders. Powders 
were also observed in a transmission electron micro- 
scope (TEM) (Model EM 301, Philips) to determine 
their degree of agglomeration. Density of the sintered 
samples was determined by Archimedes' method. 

3. Results and discussion 
3.1. Phase identification 
Fig. 1 shows the X-ray diffractograms of the calcined 
and sintered samples of ZrO2-2 mol. % Gd203 made 
by hybrid sol-gel route. Both the monoclinic (m) and 
tetragonal (t) phases are present. The fraction of the 
m phase was calculated from the X-ray peak inten- 
sities using the relation [19] 

Im(1 1 i)  + I~(! 1 1) 
Xm = Ira(1 1i)  + /m(1 1 1) + It(1 1 1) (1) 

and 
PXm 

Vm = (2) 
1 + (P --  1)Xm 

where, Xm is the integrated peak intensity ratio, 
P = 1.314 [20] and Vm is the volume fraction of 
m phase. 

Table I lists the volume% of tetragonal, monoclinic 
and cubic phases in the calcined and sintered samples 
for all the three processes. The calcined samples from 
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Figure 1 X-ray diffractogram of ZrO2-2 mol. % Gd203 prepared 
by hybrid sol-gel route, (a) calcined (700~ (b)sintered 
(1400~ h); the m phase decreases on sintering. 

TABLE I Volume% (t + c) phase in the calcined and sintered samples prepared by different methods 

Volume % (t + c) phase 

Calcined powder Sintered pellet 

Compositioh SG route MO route CP route SG route CP route 
(mol. % Gd203) (700 ~ h) (1000 ~ h) (700 ~ h) (1400 ~ h) (1400 ~ h) 

2 22 0 100 25 100 
3 26 0 100 35 100 
5 52 0 100 55 100 
8 62 0 100 87 100 
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the hybrid sol-gel route contain both m and t phases. 
The m phase is present even in the samples with 
8 mol. % Gd203. It has been reported [16,17] that 
only 3 mol. % Gd203 is needed for complete stabiliz- 
ation of t phase. Hence under the calcination condi- 
tions used here, all Gd203 does not go into solution in 
ZrO2. This is confirmed by the observed increase in 
the amount of t phase in the sintered samples. 

The samples prepared by the mixed oxide route do 
not show any t phase after calcination at 1000 ~ for 
2 h. As this method involves reaction between two 
crystalline compounds, it is expected that high calci- 
nation temperature and longer time would be needed. 
However even after8 h at 1000 ~ no tetragonal phase 
was obtained in the calcined samples. 

Of the three methods employed, only the co-precipi- 
tation route leads to complete stabilization of the 
t phase for all (2-8mol. %) Gd203 contents. X-ray 
diffractograms of the calcined samples prepared from 
this method are shown in Fig. 2. In the sintered sam- 
ples only the 2 mol. % composition is fully tetragonal; 
the samples with 3, 5 and 8 mol. % Gd203 have t' and 
cubic phases also (Fig. 3). 

In the ZrO2-Gd203 system, it is known that a tet- 
ragonal phase with nonequilibrium concentration of 
Gd203 forms first followed by the formation of cubic 
phase with much higher Gd203. The Gd203 parti- 
tions between t and c phases [17]. Formation of t' 
phase has not been reported but the existence of sharp, 
distinct peaks in the X-ray diffractograms support the 
formation of t' phase in our samples. 

3.2. Dens i ty  
A high sintered density is required for use of Z r O  2 

ceramics as structural material, solid electrolytes or 
oxygen sensors etc. However, the sintered samples 
from the hybrid sol-gel route as well as co-precipita- 
tion route have poor density; a maximum relative 
density of 0.79 was obtained for ZrO2-3 mol. % 
Gd203 (Fig. 4a); the relative density drops to 0.6 for 
5 mol. % Gd203, reasons for which are not under- 
stood. Sintering these samples at a high temperature 
(1600 ~ does not help; on the other hand it reduces 
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Figure 2 X-ray diffractogram of the calcined sample prepared by 
co-precipitation route showing only t phase, (a) Zr02-2 mol. % 
Gd203, (b) ZrO 2 3 mol. % Gd203. 
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Figure 3 X-ray diffractogram of the sintered ZrO2 Gd203 samples 
prepared by CP route and having different amounts of Gd203, 
(a) 8 mol. %, (b) 5 mol. %, (c) 3 mol. % and (d) 2 mol. %; single 
phase t is obtained only in (d); with higher Gd203 c and t' phases 
also appear. 

the tetragonal phase to about 12% and some zirco- 
nate phase also forms (Fig. 5). It is well known that the 
presence of hard agglomerates in the green powder 
results in differential sintering and hence poor sintered 
density [21, 22]. These hard agglomerates in powders 
prepared from wet synthesis methods form in the 
drying stage due to the formation of strong Zr-O-Zr  
bonds [23]. One way to remove this bond is to wash 
the powder with non-polar solvents like alcohol, ben- 
zene etc. which results in the replacement of OH-  
groups by organic group (e.g. ethoxy groups in case of 
washing by ethyl alcohol). These organic groups pre- 
vent the formation of strong Zr-O-Zr  bonds during 
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Figure 4 Variation of relative density with the amount of Gd2Oj 
(a) O, water washed powder, (b) O, propan-2-ol washed powder. 
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Figure 5 X-ray diffractogram of ZrO2-2 mol. % Gd2Oa; (a) cal- 
cined at 700 ~ for 4 h showing only t phase, (b) sintered at 1600 ~ 
for 1 h showing t, m and zirconate phase. The volume% of t phase 
decreases to 12% after sintering. 

1 4 9 8  

subsequent drying. The solvents generally used are 
benzene [24], hydrogen peroxide [25], acetone-tol- 
uene-acetone 1-26], alcohol [27] etc. In the present 
case, the co-precipitated powder was washed with 
water (to remove excess NH4OH), followed by pro- 
pan-2-ol (to remove excess water). Washing with pro- 
pan-2-ol leads to a very significant increase in the 
sintered density - a relative'density of as high as 0.98 is 
obtained in the 3 mol. %o GdaO3; and for other com- 
positions also it is significantly higher (90%) than that 
obtained from water washed samples (Fig. 4b). Due to 
the presence of the propoxy group on the surface of 
the propan-2-ol washed powders, formation of hard 
agglomerates is avoided. The FTIR spectra of water 
washed and alcohol washed powders are shown in 
Fig. 6. The extensive interaction of the powder with 
propan-2-ol is shown by the bands at 1070 cm- 1 due 
to C-O stretching from the chemically adsorbed pro- 
pan-2-ol (Fig. 6b); the bands at 923 and 845 cm- 
appear to be due to C-O stretching from the phys- 
ically adsorbed excess propan-2-ol. The broad peak at 
3383 cm- 1 is due to OH-  from the alcohok This band 
is also present in the water washed sample (Fig. 6a). It 
is believed that similar to the case of ethanol washed 
hydrous ZrO2 studied by Kaliszewski and Heuer [23], 
the hydroxyl groups on ZrO2 in the present case get 
replaced by propoxy groups during propan-2-ol wash- 
ing which prevent the formation of Zr -O-Zr  bonds 
and hence agglomeration, during subsequent drying. 
Absence of hard agglomerates results in higher sin- 
tered densities [23]. The specific surface area for the 
water washed powder was 85 m 2 g-X while it was 
147 m 2 g- 1 for the propan-2-ol washed powder, indic- 
ating that the agglomerations are reduced by propan- 
2-ol washing. 

The TEM pictures of the water washed and propan- 
2-ol washed powders show distinctly different agglom- 
eration behaviour. While water washed powders show 
large agglomerated crystallites (Fig. 7a), propan-2-ol 
washed powders show loose or separated crystallites 
(Fig. 7b). This indicates that propan-2-ot washing 
produces soft agglomerates which can be easily 
broken. 
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Figure 6 FTIR spectra of (a) water washed powder, (b) propan-2- 
ol washed powder. The latter figure shows the formation of propoxy 
groups on the surface of powder as a result of washing. 



Figure 7 Transmission electron micrographs of(a) water washed powder, (b) propan-2-ol washed powder. The propan-2-ol washed powder 
shows loose crystallites as compared to water washed powder. 

4. Conclusions 
From the present study the following can be con- 
cluded: 

(1) Gd203 acts to stabilize the tetragonal phase in 
Z r O  2. 

(2) The co-precipitation route is efficient in retaining 
100% tetragonal phase in the sintered samples. 

(3) In the composition range studied, only 
ZrO2-2 tool. % Gd203 has pure tetragonal phase 
in the sintered samples. The sintered samples of 
the other compositions, 3, 5 and 8 mol. % Gd203, 
have t' and c phases besides the t phase. The 
calcined samples of these compositions have also 
broad peaks, which indicate that t' and c phase 
may also be present after calcination. 

(4) The water washed powders have hard agglomer- 
ates due to the formation of Zr -O-Zr  bonds re- 
sulting from the removal of surface OH groups 
during drying of these powders. The presence of 
these hard agglomerates results in poor sintered 
density. Washing with propan-2-ol removes these 
terminal O H -  groups and replaces them with 
propoxy groups. These groups being non-terminal 
produce soft agglomerates, which improve densifi- 
cation. 
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