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The phase diagram in the subsolidus for the system Dy 2 03 -Z r02  has been established. 
The areas of existence of the high temperature solid solutions based on ZrO 2 and 
Dy203 were determined using the precision lattice parameter method. At low temper- 
ature, long-range ordering occured in the Dy2 03-rich region (> 50 mol % Dy~O3) and 
two hexagonal compounds of an MTO11.s- and M7011-type were found. The first of 
these compounds is formed at about 55 mol % Dy 2 03 and possesses a very narrow 
homogeneity range. At approximately 1750 ~ C this compound undergoes a trans- 
formation into cubic solid solutions of fluorite and C-type. The second is formed within 
the Dy~ 03 concentration range between ~ 65 and 90 mol % DY2 03. Above 1700 ~ C 
the hexagonal compound Dy6ZrOll undergoes a transformation into a cubic solid 
solution of C-type. 

1. Introduction 
The first reported phase diagram for the zirconia- 
dysprosia system was that by Perez y Jorba [1]. 
A significant feature of his results is the existence 
of a miscibility gap in the type C region suggested 
by the coexistence of two type C phases. A com- 
plex picture of phase transformations was revealed 
for this system, but since it was not wholly con- 
sistent his results should be treated with care. At 
high temperatures, a continuous transition be- 
tween flourite and C-type solid solution was also 
reported. This result was confirmed by Rouanet 
[2] who determined the liquidus and found a 
eutectic point at ~ 80 mol % Dy20a.  

In both works above the ZrO2 -rich portion was 
not studied with the required precision. Therefore, 
the purposed of this paper is to investigate the 
doubtful regions such as the ZrO2-rich portion, to 
determine the extent of the zirconia and dysprosia 
solid solutions and the existence and stability of 
the ordered phases. 

2. Experimental technique 
The zirconia and dysprosia raw materials were 
99.8% and 99.9% pure, respectively. Mixed oxides 
were prepared by grinding the components to- 
gether in an agate mortar, pressed into small pellets, 
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and fired at 1300~ for several hours before 
further treatment. The samples were subsequently 
sintered above 1800 ~ C or melted in a solar furnace. 
After they were fired, the samples were reground 
and portions from each were again pressed and 
heat-treated (up to 1765 ~ C) in air, using a super- 
kanthal furnace up to 1550 ~ C and a molybdenum- 
wound furnace with protected windings or a special 
gas furnace above 1550 ~ C. A few high-temperature 
treatments at ~ 2000~ were conducted in a 
flowing At -5% H2 atmoshpere, cooling the pellets 
as rapidly as possible (10 rain from 2000~ C to 
500 ~ C). 

Temperature was controlled within -+ 5~ by 
conventional electronic controllers. Up to 1750 ~ C 
the pellets were enclosed in Pt-foil and bound with 
N-wire to the hot junction of the Pt -6% R h / P t -  
30% Rh thermocouple used. Above 1750 ~ C, the 
temperature was measured with an optical pyro- 
meter calibrated at the melting point of alumina, 
and the precision of the temperature measurements 
was no better than -+ 20 ~ C. The samples were held 
at the required temperature for long enough to 
establish equilibrium and then air-quenched by 
rapid withdrawal from the furnace and allowed to 
cool to room temperature before being examined 
by X-ray diffraction. The heating times were 3h 
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at 2000 ~ C, 10 h at 1765 ~ C, 385 h at 1450~ C 
and 2 to 6 months at 800 ~ to 1150 ~ C. 

The phases present in the quenched samples 
were identified by X-ray diffraction and the phase 
boundaries of the cubic field were determined from 
precision lattice parameter measurements. The scan 
rate was �88 20 min-1 in the direction of increasing 
20. Only high-angle peaks (20 > 60 ~ were used to 
calculate precise lattice parameters, A lattice para- 
meter was calculated from each line and these data 
were plotted as a function of �89 (cos20/sin0 + 
cos ~ 0/0) to obtain the corrected value of the lattice 
parameter ao. The experimental limits of each 
lattice parameter were determined by the deviation 
of  the experimental points from the calculated 
least squares curve. 

High-temperature X-ray diffraction analyses 
were conducted in air (room temperature to 1500 ~ 
C) on specimens containing from 0 to 10 tool % 
Dy20a.  The heating element was made of ductile 
P t40  Rh. A thin film of vaseline was applied to 
the  heater and a few milligrams of ground material 
were deposited. The specimen-coated heater was 
then aligned in a diffractometer and the wax burned 
off. For phase identification, only the low 20 
angles containing (1 1 1) and (200) peaks were 

scanned. Temperatures were measured to -+ 2~ 
with a Pt -6% Rh/Pt-30% Rh thermocouple welded 
to the heater. 

Thermal expansion data between room tem- 
perature and 1300 ~ C were obtained with a high- 
temperature dilatometer, using A1203 as the 
reference material. 

3. Results and discussion 
Studies of the phase equilibria were carried out at 
temperatures ranging from 1150 to ~ 2000 ~ C. 
The results of the X-ray analysis are given in 
Table I. 

The results of the high-temperature X-ray dif- 
fraction and the thermal expansion studies are 
summarized in Fig. 1. Some typical thermal ex- 
pansion curves of zirconia-dysprosia specimens 
are shown in Fig. 2. Since the temperature of the 
zirconia inversion on cooling is better difined than 
that on heating, it was taken as representative. The 
variation of the temperature of the ZrO2 trans- 
formation with Dy20a content on cooling is shown 
in Fig. 3. These data show that the tetragonal- 
monoclinic transformation temperature (990~ 
for ZrO2) decreases steadily with addition of 
Dy203 up to 4 m o t % D y 2 0 3  and then remains 

T A B L E I Results of measurements on ZrO 2 -Dy20 a compositions 

Compositions 
(mol % Dy 2 0 a 

Quenching temperature C C) . . . . .  

1150 1450 1765 > 2000 

8 
9 

10 
15 
20 
30 
35 
40 
45 
50 
55 
57 
60 
65 
70 
75 
80 
85 
90 
95 

100 

Monoclinic solid solution 

Ms* + Fs* Ms* 
Mss + F m Ms* 
Fs* Fs* 
Fss Fs* 
Fm Fm 
Fs* Fm 
Fss Fs* 
Fss Fs* 
Fs* Fs* 
Fs* Fs* 
Fs* + hexagonal H 2 Fs* 

Monoclinic ZrO 2 
of ZrO 2 (Ms*) + cubic s.s. of fluorite type (Fs*) 

Ms* + Fm 
+ Fs* 
+ Fs* 

Ms* + Fs* 
Fs* 
Fs* 
Fs* 
Fss 
Fss 
Fss 
Fs* 
Fs* 
Fss 
Fs* 
Fs* + Cs* 
Fs* + Cs* 
Fss + Cs* 
Fs* + Cs* 
Cs* 
C,~ 
C~ 
Cm 
Cs* 
Cs* 

Hexagonalcompound MTO,,.s-type(H 2 ) 
H 2 + hexagon~ H3s . H 2 + H3s . 
H 2 + H 3 s  . H 2 +H~s* 
H 2 + H3 s H2 + H3s . 
HexagonalHa~ H3s* 
Hexagonaleompound MTOn-type(H 3 ) 
H ~  H~s* 
H,~ H3s* 
Has* H3s* 
Cs* Cs* 

Cubicdysprosia 

Us* 
Fs* 
Fm 
Fm 
Fm 
Fs* 
Fm 
Fs* 
Fs* 
Fm 
Fs* 
Fs* 
Fs* + Cs* 
Fs* + Cs* 
Fs* + Cm 
Fs* + Cm 
Fs* + C= 
F~ + C~ 
C~ 
Cs* 
Cs* 
MonoclinicB 
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Figure 1 Zirconia-rich region of the tentative zirconia- 
dysprosia system. Filled circles and squares show results 
obtained by high-temperature X-ray diffraction; open 
triangles those found on quenched samples at room tem- 
perature; and filled triangles those obtained by dilato- 
metric measurements. 

constant. This result indicates that, at temperatures 
above the tetragonal monoclinic phase trans- 
formation of the pure ZrO2, the tetragonal ZrO~ 
solid solution fie~d extends from 0 to 4 mot % 
Dy203 . Taking i~to account this feature, the 
boundary of the tetragonal solid solution is shown 
at 4 mol % Dy2 O3 at 500 ~ C. The invariant trans- 
formation temperatures for 4 and 6 mol % Dy20a 
in the thermal expansion data (Fig. 3) and the 
varying amounts of co-existing phase with tempera- 
ture (from the high-temperature X-ray diffraction 
data) support the contention that a eutectoid 
transformation (tetragonal ZrO2 solid solution 
monoclinic ZrO2 solid solution + cubic ZrOz solid 
solution) occurs in th~s vicinity, Our results are in 
good agreement with the decrease in the trans- 
formation temperature also recorded by the dil- 
at�9 method by Fehrembacher et  al. [31, 
who found that on cooling a composition ZrO~-  
5 mol % Dy2 03 the transformation temperature 
was 500 ~ C. A similar eutectoid reaction was 
confirmed by Srivastana et  al. [4] in the system 
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Figure 2 Linear thermal expansion curves for zirconia-dysprosia compositions. 
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Figure 3 Effect o f  dysprosia on  t e t r agona l -monoc l in i c  
t ransformat ion  tempera ture  o f  zireonia on  cooling. 

ZrO2-Y203 and by Duran [5] in the system 
ZrO2 -Er2 03. 

At room temperature the solubility of Dy2 O3 
in monoclinic ZrO2 is ~ 1.5 mol %. Samples with 
more dysprosia were two-phase, one monoclinic 
ZrO2 solid solution and the other cubic ZrO2 
solid solution. This mixture was present between 
1.5 and ~ 9.5 mol % Dy2 03. Beyond 9.5 mol % 
Dy203, a single-phase of fluorite structure is 
present, the left-hand boundary of the fluorite 
domain is easily detected by the disappearance of 
the (1 1 1) and (1 1 1) monoclinic ZrO2 sol id 
solution peaks. By determining the lattice para- 
meters of  the fluorite phase the lower limit was 
found to be ~ 8 . 5 m o l % D y  203 at 500 ~ 7 
tool % at 1200 ~ C, 6.3 mol % at 1450 ~ C, 5 tool 
% at 1765 ~ C and ~ 2 mol % at ~ 2000 ~ C (Fig. 
1). The boundary is extended to 2370~ C to in- 
clude cubic zirconia [6]. 

Samples containing >10 mol % Dy203 which 
had been melted in a solar furnace and cooled 
rapidly in water gave a single phase of fluorite 
structure or C-type. They constitute evidence for a 
continuous transition between the two at high 
temperatures, in agreement with the results of 
Perez y Jorba [1] and Rouanet [2]. However, 
when these samples were annealed at ~ 1800 ~ C, 
segregation into two phases occured, and it is pos- 
sible that the single-phase quenched melt is meta- 
stable with respect to a diphasic equilibrium. Ef- 
fectively, several compositions in the range 50 to 
70 mol % Dye_ O3 which were heat treated above 
2000~ C showed separation into fluorite and C- 
type phases, but the parameters of these phases 
varied with overall sample composition, which in- 
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Figure 4 Room-tempera ture  lattice parameters  o f  
z i rconia -dyspros ia  composi t ions  quenched  f rom 1765 
and 2000 ~ C. 

dicates clearly that equilibrium was not retained 
on quenching. This may indicate small compo- 
sition changes or sample inhomogeneity arising 
from preferential evaporation so that the results 
at very high temperatures should be treated with 
care. 

At ~ 2000 ~ C the samples containing < 50 mol 
% Dy2 03 were single phase with a cubic structure. 
The sohd solution is of the fluorite-type and con- 
stitutes the so-called stabilized zirconia. These solid 
solutions are oxygen-deficient with respect to the 
fluorite composition MO2 and this discrepancy is 
accommodated by the presence of vacant sites in 
the oxygen sublattice. 

Between 50 and ~ 70 tool %Dy 2 03, the samples 
quenched from 2000 ~ C had two phases, one cubic 
with the fluorite structure and the other cubic with 
the C-type structure. This miscibility gap is well 
established, since when the two.phase field was 
entered, the composition of the fluorite phase re- 
mained constant, and the lattice parameter also re- 
mained constant. At the left-hand side, the limits 
of the two-phase field were defined as 53 mol % 
Dy2 03 at 1765 ~ C and 59% Dy2 03 at "- 2000 ~ C. 
Fig. 4 shows a plot of  lattice parameters versus 
composition for the system ZrO2-Dy203.  The 
results presented here are in good agreement with 
those reported by Thornber et  al. [7] for the 
similar systems based on ZrO2 -Ln2 03. 

Below 1800 ~ C, one of the goals of  the present 
work was to define the stability and composition 
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of the ordered phases in the system. Sintered and 
melted samples containing from 30 to 50 mol % 
Dy2 03 were subjected to long-term anneals in the 
temperature range 800 to 1800 ~ C. After 4 months 
at 1150 ~ C the only phase present was the fluorite- 
type solid solution in both kinds of the samples. 
In the hope of producing the ordered f-Dy4Zr3 O12 
phase, sintered and melted samples containing 40 
mol % Dy2 03 were annealed up to 6 months be- 
tween 800 and 1150 ~ C. After this heat treatment, 
the ordered f-Dy4Zr3012 phase was not seen. 
This result indicates that if the formation of the 
ordered f-phase required ordering of the oxygen 
sublattice only, then presumably such a phase 
would have formed. However, taking into account 
the large size variation between the cation radii 
of the Dy 3§ (0.93 A) and Zr 4* (0.79 fit), it is pro- 
bable that its formation would require complete 
metal ordering and, if this is so, the low metal dif- 
fusion rate is a large diffculty in obtaining com- 
plete reaction at low temperatures. Although no 
evidence was found for the ordered f-phase by X- 
ray diffraction, it is possible that by utilizing other 
techniques, such as electron diffraction or HRTM, 
the ordered f-phase can be observed. This study is 
now in progress. 

Compositions containing > 50 tool % Dy2 O3 
show a complex picture of phase transformation in 
the system. Between 55 and 60 mol % Dy203 
hexagonal phase of the MTO11.s-type was found. 
This compound is isostructural with the hexagonal 

phase H 2 previously found by Perez y Jorba [1] in 
the ZrO2 -Ln2 03 (Ln = Gd, Dy and Yb) systems. 
Fig. 5 shows the X-ray diffraction powder diagram 
for 55 mol%Dy203 .  The lattice parameters 
measured on compositions at both sides of the 
ideal M7O11.s composition remained constant. 
Therefore, it suggests that the hexagonal compound 
MTOll.S (55 mol %Dy2Oa) may be a line in this 
system or, at least, has a very narrow homogeneity 
range. It exists over the temperature range 800 to 
1750 ~ C; above this temperature it decomposes 
into cubic phase of the fluorite and C-types. Some 
differences exist with respect to the similar ZrO2-  
Dy2Oa [1]. In this system the hexagonal com- 
pound (45 tool % ZRO2-55 tool % Dy203) was 
found to be stable between 1450 and 1700 ~ C; 
above this temperature it decomposes into a 
cubic phase of the fluorite-type, and below 1450 ~ 
C it decomposes into two cubic phases of the C- 
type. In the present work, no evidence was found 
for the co-existence of two C-type phases. A com- 
position containing 55 tool % Dy2Oa, annealed at 
1400 ~ C for 500 h was a well-defined hexagonal 
phase of the MTOll.s-type, and this structure was 
also present below this temperature. It should be 
mentioned that occasionaly and under certain con- 
ditions (for example, in some melted samples an- 
nealed several days at 1150 ~ C)two C-type phases 
co-existed. This feature, according with the results 
of Scott [8] on the ZrO2-Y203 system, can be 
explained as a metastable situation which occurs 
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in samples initially treated at high temperatures, 
taking into account the different solubility of 
zirconia in dysprosia with temperature. 

Sintered and melted samples containing 65 to 
9 0 m o l % D y 2 0 3  and annealed below 1700~ 
were another hexagonal phase of the M7Oll-type. 
This phase is isostructural with the hexagonal com- 
pound Ha previously formed in the ZrO 2 -Gd2 Oa, 
ZrOz-Dy203 and ZrO2-Yb203 systems [1]. 
Fig. 6 shows the X-ray diffraction pOwder diagram 
for this phase. In agreement with the data of 
Spiridinov et  al. [9], this hexagonal phase re- 
presents a compound with the composition 
Dy6ZrOll (close to the composition 75 tool% 
Dy2Oa); its unit cell contains six molecules of  
compound, i.e. Dy42 066 = 36 Dy a§ 6Zr 4§ 6602-, 
18 n and its region of homogeneity extends from 
"" 65 to 90 m01% Dy~ O3 at 1150 ~ C. The phase 
exists over the temperature range 800 to 1700 ~ C, 
and above this temperature it is reversibly trans- 50 
formed into a C-type cubic solid solution probably 
by an order-disorder transition. Table II shows 55 
the results obtained in samples annealed for 4 
months at 1150 ~ C in the concentration range 50 
to 90 mol % DyzOa. 57 

It should be mentioned that in the work of 
Thornber et  al. [7], no evidence was found for the 60 
existence of these hexagonal phases at high Ln2 O3 
content. However, no detailed studies of the 65 
order-disorder transition of these compounds is 
known. Therefore, until the detailed structure of 
M7OH-type compounds is determined, it is not 70 
possible to reach definitive conclusions about 
this. 75 

At > 2000 ~ C the diagram is drawn as simply 
as possible in accordance with phase rules, so that 80 
it will not conflict with the liquidus curve of 
Rouanet [2] for the system ZrO2-DY2 O3. How- 90 
ever, taking into account the decrease in the solu- 
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Figure 6 X-ray diffraction pattern of zireonia- 
dysprosia (70 mol% Dy203) composition 
quenched from 1550 ~ C. 

bility of zirconia in dysprosia as the temperature 
increases, the subsolidus boundaries were correlated 
with the liquidus measurements of Rouanet [2] as 
a means of incorporating the diphasic domain 
(fluorite-type + C-type solid solutions) which ap- 
pears to extend to the solidus (Fig. 7). 

4. Conclus ions  
Phase relationships have been established for this 
binary system in the 0 to 100 mol % Dy203 com- 
position range. Additional work will be necassary 
to determine unequivocally the complete diagram 

T A B L E II Phases and lattice parameters in samples 
annealed for 4 months at 1150 ~ C 

Composition Phases Parameters (A) 
(mol % Dy 2 03 ) 

Fluorite solid 
solution + H 2 a = 5.2591 
(very diffuse) 

.2 {;-  9.8793 
I8.2277 

{ /:- 
H 3 (very diffuse) 18.2248 

H2 18.2257 
H3 

H (very diffuse) 
H 3 solid solution 

18.5042 

H 3 solid solution {a = 18.56619"8909 

H3 { a -  9.9288 
18.5838 

{;-- 
H3 18.6503 

H 3 (diffuse) a = 10.6210 
C-Type 
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100 
DY 2 03 

and the exact location of phase boundaries, but 
the tentative diagram proposed here is in accord 
with the phase rules and incorporates the following 
results. 

(1) The solubility of Dy203 in monoclinic 
ZrO2 is ~ 1.5 mol % at room temperature. The 
lower boundary of the tetragonal zirconia solid 
solution region of the phase diagram was defined 
taking into account the tetragonal-monoclinic 
inversion temperature of zirconia. Therefore, the 
boundary line up to 4 tool % Dy203 was traced 
from the dilatometric measurements and high- 
temperature X-ray diffraction studies (Figs. 1 and 
3). The existence of a two-phase region, monoclinic 
+ cubic zirconia solid solution, between ~ 1.5 
and ~ 9.5 mol % I)y2 03 below 500 ~ C leads to 
the assumption that there is a eutectoid reaction 
between monoclinic and cubic zirconia. 

(2) An extensive cubic solid solution region ex- 
tends from ~ 9 . 5  to 47mol%Dy203  at room 
temperature and from ~ 2 to 59 mol % Dy2 03 at 

2000 ~ C. By using the precision lattice parameter 
method (Fig. 4) the width of this field was deter- 
mined at 1150, 1450, 1765 and ~ 2000 ~ C. 

(3) There is also a two-phase region of fluorite 
and C-type solid solutions from 53 to 67 tool % 
Dy203 at 1765~ and from 59 to 73mo1% 
Dy2 03 at ~ 2000 ~ C. Within this area two hex- 
agonal compounds were present in the system at 
low temperatures (< 1765 ~ C): one of the MTO~l.s- 
type (55mol%Dy203)  and the other of the 
M7Oll -type (75 tool % Dy203). 

(4) At high Dy2 03 content (> 65 tool %) there 
is a single-phase of the C-type solid solution above 
1765 ~ C. This region becomes somewhat broader 
at room temperature. 

(5) The tentative phase diagram of the system 
ZrO2 -Dy2 03 (Fig. 7) utilizes the data of Rouarmt 
[2] for the liquidus and for the region containing 
fluorite solid solution (F=) and hexagonal Dy2 03 
( H = )  
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