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Solid-state reaction, microstructure and phase 
relations in the ZrO2-rich region of the 
ZrO2-Yb20s system 

M. GONZALEZ,  C. MOURE, J. R. JURADO,  P. DURAN 
Departamento de electroceramica, Instituto de Ceramica y Vidrio (CSIC), 
28500 Arganda del Rey, Madrid, Spain 

Phase relations below 1 700~ in the ZrO2-rich region of the zirconia-ytterbia system have 
been established using thermal expansion, room-temperature X-ray diffraction, precision lattice 
parameter measurements and microscopic observationsl The solubility limits of ytterbia in both 
monoclinic and tetragonal zirconia were determined. A eutectoid reaction, tetragonal zirconia 
solid solution~monoclinic + cubic zirconia solid solutions at 400 _+ 20~ and 2.4 mol% 
ytterbia was found. The left-hand boundary of the cubic zirconia solid-solution field was 
redetermined between room temperature and about 1700 ~ Long-range ordering was present 
at 40 mol % ytterbia and the formation of an ordered phase, Zr3Yb4012, isostructural with 
MTO12-type compounds was found. Its thermal stability was established between room 
temperature and 1630 + 10~ in which it decomposes into cubic zirconia solid solution by 
an order-disorder reaction. 

1. Introduction 
The study of the ZrO2-rich portion of several 
ZrOz-MO(M2Oa) systems, mainly CaO, MgO and 
Y 2 0 3 ,  is very important not only from the point of 
view of the technological applications of zirconia solid 
solutions but also for a knowledge of the not very clear 
metastability phenomena that are present, which 
would lead to a better understanding of zirconia- 
based materials behaviour. An example of this is the 
many discrepancies to be found in the reported phase 
equilibrium diagram for these systems [1-81. Concer- 
ning the ZrOz-Yb203 system, in which the ionic 
radius of Yb 3 § (0.086 nm) is quite near to that of the 
y3+ cation (0.092 nm) r9], the phase distribution 
could be very similar to that present in the 
ZrOz-Y203 system. If this is so, then it could contrib- 
ute to clarify some of the above controversies. On the 
other hand, from a technological point of view a 
mixture of Y203+Yb203 oxides has been used for a 
fully stabilized zirconia electrolyte with improved 
ionic electrical conductivity [10]. Rouanet [11-1 stud- 
ied the phase diagram for the ZrOz-YbzO3 system in 
the vicinity of the liquidus, and a cubic solid-solution 
domain in the whole Yb203 concentration range was 
found. Recently, Stubican [12] reported a partial 
study of the ZrOz-Yb203 system in which an ordered 
phase of the M7012 type (Zr3Yb4012) seems to exist. 
Although a similar phase diagram to that of the 
ZrOz-Y203 system was assumed, however no experi- 
mental data for the ZrO2-rich region were reported. 

The present study was undertaken to define the 
stability domain of Yb-doped tetragonal zirconia and 
the phase relations present in the ZrOz-rich region of 

the ZrOz YbzO3 system. For the most part, solid- 
state reactions of coprecipitated hydroxides were 
taken as starting materials and, occasionally, some 
plasma-melted samples were used to determine the 
solubility limit of Yb203 in monoclinic zirconia. 

2. Experimental procedure 
2.1. Compositions and starting materials 
The composition range of 0 to 10 mol % Yb203 was 
studied at increments of 0.5 mo1% Yb203, and be- 
yond that Yb203 concentration the increments were 
of 2.5 mol %. Samples were prepared using Zr-tetra- 
butoxide and Yb (NOa)3"5H20 (99.99% pure), and 
coprecipitating the hydroxides by dropwise addition 
to a 6 M NH4OH aqueous solution. The precipitate 
was filtered and thoroughly washed. After washing, 
the powder was calcined at 800 ~ for 2 h in order to 
obtain a well-crystallized sample. Quantitative com- 
positional analysis of calcined powders was carried 
out by Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ICP-AES). 

Powder batches were ball-milled in isopropyl 
alcohol for 2 h, dried, granulated and isopressed at 
200 MPa. Cylindrical samples of 0.5 cm diameter and 
1.0 cm long were used for the thermal expansion 
measurements. All the compositions were sintered at 
about 1700~ for 4 h in air to promote equilibration 
and then furnace-cooled. These samples were used for 
the phase equilibrium studies, and mainly three series 
of samples were fired at 840~ for 1000 h, 1290~ for 
336 h, and 1640~ for 24 h and rapidly quenched by 
air-blasting. An additional series of samples in the 
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concentration range of 0 to 3 tool% Yb203 were 
plasma-melted and water-quenched. 

Beyond 10 tool % Yb203, only the high-temper- 
ature sintered samples were taken into account to be 
studied. Finally, on the composition containing 
40 tool % Yb203 ordering studies were carried out by 
annealing it for long periods of time ( > 2 months) in 
the temperature range of 1680 to 1000~ 

2.2. Room-temperature X-ray diffraction 
analysis 

The phases present in both furnace-cooled and 
quenched samples were identified at room temper- 
ature. An X-ray diffraction (XRD) spectrometer using 
Ni-filtered CuK radiation was used with a 20 scan- 
ning speed of 2 ~ rain-1. Lattice parameters were de- 
termined at room temperature using a 20 scanning 
speed of 0.25 ~ min-t  and Si (a = 0.54301 nm) as an 
internal standard. Sixteen peaks in the forward reflec- 
tion region were used in the lattice parameter deter- 
minations, i.e. 111, 20 0, 220, 31 1, 2 22, 40 0, 33 1, 
420, 422, 511, 333, 440, 53 1,600, 620 and 523. 
The precision of the parameter measurements was 
estimated to be + 0.0005 nm for compositions con- 
taining either the tetragonal, cubic or the tetragonal 
+ cubic phases. The phase boundaries of the mono- 
clinic and cubic zirconia fields were determined using 
both the disappearing phase method, and the precise 
lattice parameter measurements. 

2.3. Thermal expansion measurements 
In order to establish with precision the equilibrium 
temperature between tetragonal and monoclinic zir- 
conia phases, the thermal expansion of solid-state 
reacted samples were measured with a high-temper- 
ature dilatometer between room temperature and 
1200 ~ with heating and cooling rates of 5 ~ min-1 
and using AlzO3 as a reference material. 

2.4. Microstructural studies 
The phase boundaries of the tetragonal and tetragonal 
+ cubic phase fields were also determined from the 
microstructure observations using SEM. After 
sintering the samples were polished, thermal-etched, 
and then the microstructures were observed. These 
thermal-etched samples were successively annealed at 
lower temperatures, and the microstructure was ob- 
served again. Thus the first formation of cubic zirconia 
grains, and the disappearance of the tetragonal ones, 
in a composition theoretically located in the tetra- 
gonal + cubic zirconia field, would be better detected 
by microscopic observations. It is well known that 
very low concentration of a phase could not be detec- 
ted accurately by using XRD analysis. 

3. Results and discussion 
3.1. The tetragonal-monocl, inic 

transformation of zirconia 
Since tetragonal-monoclinic transformation of low 
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Yb203-doped zirconia takes place with a large vol- 
ume change, the temperature for such a trans- 
formation, Ms, could be determined by measuring the 
change in length occurring in a previously sintered 
sample during heating and cooling. On the other 
hand, as the monoclinic-tetragonal transformation is 
a progressive process, then the contraction which 
occurs on heating takes place in an extended temper- 
ature interval, and therefore it is very difficult to 
measure with precision the transformation temper- 
ature, As. In contrast, the expansive reverse trans- 
formation on cooling was well defined in a very short 
temperature range, and thus it could be measured with 
great precision. Typical thermal expansion curves are 
shown in Fig. 1, and the variation of the trans- 
formation temperature, M~, on cooling as a function 
of the Yb203 content is shown in Fig. 2. It can be 
observed that the addition of Yb20 3 lowers both the 
transformation temperature and the hysteresis of zir- 
conia, and these changes are more pronounced in 
those samples probably lying at room temperature in 
the monoclinic zirconia single-phase field. Thus M s 
decreased sharply up to about t.6 tool % Yb203 and 
then slowly diminished up to about 2.4 tool % Yb203. 
For higher Yb20 a concentrations the transformation 
temperature remained constant, and no trans- 
formation occurred above 5 tool %. 

As it will be seen below, 1.6 tool % Yb203 is ap- 
proximately the solubility limit for Yb203 in mono- 
clinic zirconia at the eutectoid temperature, and 2.4 
mol % Yb203 is near the composition of the eutectoid 
point. Between 1.6 and 2.4 mot % Yb203 a two-phase 
field, monoclinic + tetragonal zirconia solid solutions, 
seems to exist above the eutectoid temperature. Be- 
yond 2.4 tool% Yb20 a two phases, tetragonal or 
monoclinic+cubic zirconia solid solutions, are 
coexisting above or below the eutectoid temperature, 
respectively. This fact and the constant transformation 
temperature (400 4- 20 ~ for 3 and 3.5 tool % YbzOa 
support the idea of the existence of a eutectoid reac- 
tion, located at about 2.4 mol % YbaO 3, in which the 
tetragonal zirconia solid solution decomposes into 
monoclinic + cubic zirconia solid solutions. A similar 
reaction was reported by Stubican [12] but at 520 ~ 

Since, as reported by Yashima et at. [13] in the case 
of the ZrO2-Er/O 3 system, the equilibrium temper- 
atures between tetragonal and monoclinic zirconia 
solid solutions can be better represented by Tto - m  = ( A  s 

+ Ms)/2,  these Tot -m calculated temperatures have 
also been included in Fig. 2. As for the M; variation, a 
curve consisting of a slanted and a horizontal line was 
found. Yashima et al. [13] found only a slanted curve, 
and estimated that such a curve represents the rela- 
tionship between the stabilizer concentration and the 
M~ temperature. They did not find any transformation 
above room temperature in compositions containing 
more than 2 tool % Er/O3. On the assumption of the 
existence of a eutectoid reaction in this region of all 
ZrOz-Re203 (Re = rare-earth element) systems [14], 
the reported results of Yashima et al. [13] could 
correspond to a non-equilibrium state and, therefore, 
they should not be considered as a true phase equilib- 
rium diagram but like a metastable phase relationship 
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Figure 2 (�9 Cooling transformation temperature (Ms) and (V) 
calculated equilibrium temperature (To ~-m) variation with YbzO3 
concentration. 

in the system. Their melted and rapidly quenched 
samples could have metastably retained the tetragonal 
phase at room temperature and, depending on its 
tetragonality (c/a axial ratio) and the cooling rate, they 
could have failed to find any transformation in their 
thermal expansion experiments. 

3.2. Zirconia solid solut ion domains 
The room-temperature XRD patterns of the sintered 
furnace-cooled samples showed the presence of a uni- 
que phase, monoclinic zirconia solid solution, from 0 
to about 0.8 too l% ytterbia. Beyond that ytterbia 
concentration, cubic zirconia solid solution appears 
and a mixture of these two phases exists between 0.8 
and 8 tool % ytterbia. For higher ytterbia concentra- 
tion a single-phase fluorite-type structure is present. 
Therefore, it can be established that at room temper- 
ature the solubility limit of ytterbia in monoclinic 
zirconia is lower than 1 mol%,  and the left-hand 
boundary of the zirconia cubic solid solution field is at 
about 8 tool % ytterbia. 

It must be mentioned that in both sintered air-blast 
quenched and plasma-melted water-quenched sam- 
ples containing less than 1.6 mol % ytterbia the tetra- 
gonal zirconia phase was not retained at room 
temperature. This would indicate that these composi- 
tions could, on cooling, be lying in the monoclinic 
zirconia single-phase field. If this is so, then the solu- 
bility of ytterbia in monoclinic zirconia above room 
temperature could be higher than that established 
above. Thus the higher limit of the monoclinic zir- 
conia phase was extended up to 1.4 tool % ytterbia at 
the eutectoid temperature. 

Above the pure zirconia transformation temper- 
ature the annealed and rapidly quenched samples 
containing less than 1.6 mol % ytterbia consisted of 
monoclinic zirconia phase or a mixture of monoclinic 
and a small amount of metastably retained tetragonal 
zirconia. In that ytterbia concentration range, the 
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tetragonality (c/a axial ratio) must be too high, so that 
the tetragonal zirconia phase could not be retained at 
room temperature. Between 1.8 and 3 tool % ytterbia 
a clear tetragonal zirconia single phase was retained at 
room temperature, and an axial ratio of 1.014 for the 
3 m o l% ytterbia composition could be measured. 
Beyond that ytterbia concentration, the splitting of the 
tetragonal X-ray reflections evidenced the appearance 
of the cubic zirconia phase. The coexistence of these 
two phases made it difficult to determine the right- 
hand boundary of the tetragonal zirconia single-phase 
field with precision. To overcome such a problem, 
sintered samples containing from 1.8 to 8 tool % ytter- 
bia were polished, thermal-etched and the micro- 
structures observed by SEM. The polished samples 
were then annealed at different temperatures below 
1680 ~ and the microstructures were observed again. 
As an example, Fig. 3 shows the evolution of the 
microstructure from a tetragonal single-phase to a 
cubic one for samples annealed at 1600 ~ for 24 h. In 
this way, the right-hand boundary of the tetragonal 
zirconia single-phase field was found to be 3, 2.5 and 
2.3 mol % ytterbia at 1100, 1400 and 1600 ~ respect- 
ively. 

As it can be seen in Fig. 4, the lower limit of the 
cubic zirconia single-phase field was determined quite 
accurately at 840, 1290, 1640 and ~1700~ by 
measuring the lattice parameters of the cubic zirconia 
solid solution at room temperature, and it was estab- 
lished to be at 7, 6, 5 and 4.8 tool % ytterbia, respect- 
ively. These values are somewhat lower than those 
reported by Stubican [12] for ytterbia-fully stabilized 
zirconia at different temperatures. This was probably 
due to his use of incompletely reacted samples. 

3.3. Ordering studies 
Owing to the similarity with the zirconia-yttria sys- 
tem, only the composition of 40 mol % ytterbia was 
chosen to study ordering phenomena. Thus the 
sample sintered at 1650 ~ for 2 h was a well-defined 
cubic zirconia solid solution with a lattice parameter 
of a = 0.5165 _+ 0.0005 nm. After annealing at about 
1000~ for 2 4 months an ordered compound, 
Zr3Ybr was found. This compound is isostruc- 
tural with those of the M7012 type and the measured 
lattice parameters were a = 0.9641 • 0.0005 nm and 
c = 0.8978 • 0.0005 nm. Its thermal stability was 
studied by heating the ordered phase to increasing 
temperatures, and it was found that at 1630 • 10 ~ it 
decomposes in a few hours into cubic zirconia by an 
order-disorder reaction. This result is in closed agree- 
ment with that reported by Stubican [12], 1637_+13 ~ 
No other ordered compounds, if any, were studied in 
this system. 

3.4, Phase relations in the ZrO2-rich region 
of the zirconia-yt terbia system 

According to the experiments described above, and on 
the basis of the results obtained, we can construct a 
tentative phase diagram for temperatures below about 
1700~ (see Fig. 5) as follows: 



Figure 3 SEM micrographs of sintered ZrOz doped with (a) 1.8, (b) 2.4, (c) 5 and (d) 7 mol % Yb20 3 annealed at 1600~ for 24 h. 

(a) At room temperature the solubility limit of 
ytterbia in monoclinic zirconia is less than 1 mol %, 
and about 8 mol% ytterbia are necessary to fully 
stabilize zirconia in the cubic phase. 

(b) Above the pure zirconia transformation temper- 
ature a tetragonal zirconia single-phase field between 
0 and 3 mol % ytterbia exists. This tetragonal zirconia 
solid solution transforms by a eutectoid reaction, 
located at 400 + 20 ~ and about 2.3 tool % ytterbia, 
into monoclinic + cubic zirconia solid solutions (Figs 
1 and 2). The existence of these two phases at room 
temperature, between 0.8 and 8 mol % ytterbia, sup- 

ports the idea of the presence of such a eutectoid 
reaction. The left-hand boundary of the tetragonal 
zirconia single-phase field was determined taking into 
account the tetragonal-monoclinic transformation 
temperatures, M s. The right-hand boundary was de- 
fined by studying the microstructure of the annealed 
and quenched samples at 1100, 1400 and 1600~ 
(Fig. 3). 

(c) A two-phase field exists between the tetragonal 
and the cubic zirconia solid solutions. This two-phase 
field extends from 3 to 6 tool % ytterbia at 840 ~ and 
from 2 to 4.8 tool % ytterbia at about 1700 ~ 
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Figure 4 Variation of lattice parameters of flu�9 zirconia 
structure with Yb203 content at temperatures below 1700 ~ 

(d) An extensive cubic zirconia single-phase field 
exists beyond 8 tool % ytterbia at room temperature 
and 4.8 r e �9  ytterbia at about 1700~ The left- 
hand boundary of this field was determined at 840, 
1290, 1640 and about 1700 ~ by using the precision 
lattice parameter method (Fig. 4). 

(e). The existence of an ordered phase, Z r Jb4012 ,  
of the M7012 type has been confirmed. The formation 
of this compound from sintered samples is a very 
sluggish process but it decomposes in a few hours at 
1630 4- 10 ~ into cubic zirconia solid solution by an 
order-disorder reaction. 

Summarizing, a complex picture of phase trans- 
formation was found in the zircon�9 region of the 
zirconia-ytterbia system and a tentative phase dia- 
gram which is in agreement with the Gibbs phase rule 
was proposed. There are two important regions: one is 
that of metastable tetragonal zirconia solid solution, 
and the other corresponds to fully stabilized cubic 
zircon�9 with potential technological interest for 
structural ceramic materials and high-performance 
electrolytes, respectively. 
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Figure 5 Proposed phase equilibrium diagram in the ZrOz-rich 
region of the ZrO2-Yb20 3 system. (Ts~) tetragonal solid solution; 
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