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Elastic properties of partially-stabilized Hf02 
compositions 
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The effect of metastable tetragonal Hf02 on the elastic properties of partially 
stabilized Hf02 doped with Er 203, Y203 or Eu203 was studied using a sonic 
resonance technique. The elastic moduli were monitored at elevated temperatures 
to follow the effect of the tetragonal-monoclinic phase transformation. 
Elastic moduli were also determined as a function of porosity and found to follow 
linear relations. The non-linear modulus versus temperature relations from room 
temperature to 500 ~ C are explained in terms of the oxygen vacancies present in the 
fluorite type phase. 

1. Introduction 
The objective of this study was to investigate the 
elastic properties of partially-stabilized HfO2 using 
Er203, Y203, and Eu203 as the stabilizing 
oxides. Room temperature as well as elevated 
temperature elasticity data were measured to de- 
termine the effects of phase growth and trans- 
formation on Young's modulus. 

HfO2 exhibits phase behaviour which is very 
similar to ZrO2. Both show a low temperature 
structure which is monoclinic and a higher tem- 
perature structure which is tetragonal [1]. This 
transformation is a reversible destructive one in- 
volving a change in volume of about 3% with the 
tetragonal phase being more dense. The prospect 
of utilizing this phase change to improve material 
properties in ZrO; has received much attention 
[2 -4 ] .  The incorporation of a metastable ZrO2 
tetragonal phase has been accomplished, and the 
results indicate that the incorporation of a meta- 
stable tetragonal phase helps to arrest crack 
growth adding material toughness. Maintaining this 
metastable tetragonal phase has been shown to be 
dependent on a critical maximum particle size 
ranging from 0.3/am to 1/am [5] for ZrO2. 

Previous studies have been conducted on the 
elastic properties of pure monoclinic HfO2 [6] 
and fully stabilized HfO2 compositions [7]. Dole 
and Hunter [6] investigated microcracking in 
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monoclinic HfO2 and found that due to the ani- 
sotropy in the thermal expansion of the mono- 
clinic phase, microcracking occurred and had a de- 
grading effect on the elastic behaviour of HfO2 
when the grain size exceeded a critical size of 
2 to 3/am. Both Young's and shear modulus were 
found to follow Spriggs relation of exponential 
dependence on porosity. However, in fully 
stabilized HfO2 compositions, no microcracking 
was found and Young's and shear moduli showed 
a linear dependence upon porosity. 

2. Experimental procedure 
The Hf02 used in the study was obtained from 
Teledyne Wah Chang Albany. The HfO2 was con- 
verted to HfOC12, put into solution and purified 
by ion exchange. The Er203, Eu203, and Y203 
were all obtained from the Ames laboratory Rare 
Earth Separation Group and were dissolved in 
dilute nitric acid. 

The exact compositions to be used were deter- 
mined by microprobe analysis of the two phases 
present in the temperature region of interest. The 
partially-stabilized HfO2 compositions, 4.4 tool% 
Er203 doped HfO2, 4.1 mol% Eu203 doped 
HfO2 and 7.6 tool% Y203 doped HfO2 were all 
prepared by co-precipitation techniques. The acid 
solutions of Er(NO3)3, Eu(NO3)3 or Y(NO3)3 
were mixed with Hf(NO3)4 to give the proper 

0022-2461/79/102284-05 $02.50]0 �9 1979 Chapman and Hall Ltd. 



concentration, and the hydroxide precipitated out 
with dilute ammonium hydroxide. The hydroxide 
precipitate was washed with water initially and 
this was followed by a series of  acetone and 
toluene washes to give an active fast drying 
powder [8]. The hydroxide powder was ground 
to -- 325 mesh and calcined at 960 ~ C for 3 h to 
yield the oxide. Rectangular shaped specimens 
were formed by dry pressing followed by isostatic 
pressing. The specimens were fired in air between 
1900 ~ C and 2000 ~ C for 1 h in a gas-fired ZrO~ 
muffle tube furnace*. At these temperatures 
the specimens were in a single phase fluorite region 
of the phase diagram. They quenched to room 
temperature to retain as large a fraction of this 
high temperature fluorite phase as possible. 

Following firing, the bars were machined flat 
with parallel surfaces, and bulk densities were 
determined from the mass and surface dimensions. 
X-ray diffraction measurements showed some vari- 
ation in the phase composition within this region. 
The primary phase was fluorite with varying 
amounts of the monoclinic and/or tetragonal 
phases present. 

The elastic moduli were measured using a sonic 
resonance technique. Both Young's and shear 
moduli were measured when the specimen 
geometry permitted, but where the torsional 
frequency could not be measured the Young's 
modulus was determined assuming a Poisson ratio 
of 0.25. Room temperature measurements were 
made using cotton strings. Elevated temperature 
measurements were made using graphite strings to 
suspend the specimen in a manually controlled 
vacuum carbon rod resistance furnance. Thermal 
expansion measurements were made in air using a 
standard dilatometer and LVDT detector system. 

3. Resul ts  and  discussion 
Young's (E) and shear (G) moduli at room 
temperature are plotted as functions of volume 
fraction porosity (P) in Fig. 1. A least-squares 
fit of  the data using a linear relation was made. 

E = 253.3 [1-2.6P] (GNm -2) 

and 

G = 101.9 [1-2.6P1 ( a N m  2) 

The extrapolated zero porosity values of the 
moduli are Eo = 36.7 x 106 p.s.i. (253.3 GNm -2) 
and Go = 14.77 x 106 p.s.i. (101.9 GNm-2) .  

* Lemont Scientific, Lemont, PA, USA. 
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Figure 1 Young's and shear moduli as a function of 
volume fraction porosity. 

Using these values, Poisson's ratio was calculated 
to be 0.243. The scatter in the room temperature 
modulus values was found to be a characteristic of 
the two-phase partially stablized region where the 
amount of  phases present varies from nearly pure 
fluorite to a mixture of  fluorite and monoclinic. 
Fig. 1 shows that all three stabilizers (Er203, 
Eu2 03, Y2 O3) show the same linear dependence 
on porosity. 

A comparison of the room temperature 
modulus values can be made with that found in 
pure HfO2 [6], and in fully stabilized HfO2 [7]. 
These lines are also shown in Fig. 1. 

For pure monoclinic HfO2 

E = 283.6exp [-4.17P] (GNm -2) 

For 80% HFO2-20% Er2 03 

E = 245.9 [1-2.17P] (GNm -2) 

The value found for HfO2 was measured on mono- 
clinic HfO2 and was found to obey Sprigg's 
exponential relation, whereas, HfO2 stabilized in 
the fluorite phase obeys a linear relation. The 
value at zero porosity fell between the pure mono- 
clinic HfO2 and the fully stabilized HfO2 values, 
but the porosity dependence was linear as in the 
fully stabilized HfOB. 

Thermal expansion was measured on a 4.4% 
Er2 O3-HFO2 specimen from room temperature to 
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1200~ The average linear thermal expansion 
coefficient over this temperature range was 8.5 • 
10 -6 ~ ' which falls between that found in 
pure HfO2 (6.3x 1 0 - 6 ~  -1)  and that found in 
20 tool% Er203-HfO2 (9.8 x 10 -6~ c - l ) .  

Fig. 2 shows representative profiles of the 
temperature dependence of Young's modulus for 
Y 2 0 3 - ,  E u 2 0 3 - ,  and Er203-HfO2 compo- 
sitions. The temperature dependence of the 
heating curve of the partially-stabilized HfO2 was 
found to follow the general shape of that found in 
fully-stabilized HfO2. They all exhibit an initial 
sharp decrease followed by a relatively tempera- 
ture insensitive region, and at high temperatures 
the modulus decreases again, which corresponds to 
the onset of grain boundary sliding. For 
Y 2 0 3 - H f Q ,  the initial change in slope occurs 
around 500~ in Eu2Oa-HfO2 the change 
occurs around 800 ~ C, and in Er203-HfO 2 the 
change occurs around I000 ~ C. 

In this partially-stabilized HfO2 system where 
two and three phases, cubic fluorite, monoclinic, 
and/or tetragonal, exist simultaneously, the change 
in slope of the modulus temperature plot might be 
attributed to a variety of phase changes. This was 
apparently not the case in the heating portion of 
the curve which showed the same initial rapid 
decrease in modulus under a variety of conditions. 
The break in the slope did occur at different 
temperatures and varied with the amount and type 
of stabilizer present in HfO2. Wachtman and 1.am 
[10] have found this same non-linear modulus 
response to temperature in partially-stabilized 
ZrO2. In a further investigation of this system, 
Wachtman and Corwin [11 ] measured the internal 
friction and found a peak in damping around 
300~ Based on these measurements, they 
concluded that this behaviour was due to the 
effects of the oxygen vacancies introduced into 
the structure with the addition of a stabilizer. In 
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Figure 2 Young's modulus as a 
function of temperature. 



particular, the peak in internal friction values was 
the result of a relaxation process of  the oxygen 
vacancies in the fluorite lattice. This same 
behaviour was also found in the ThO2-CaO 
system [12], where the movement of the anion 
vacancies present is affected by temperature and 
applied stress yielding the non-linear response of 
modulus to temperature. 

Dole e t  al. [7] observed the same tem- 
perature phenomenon in fully stabilized HfO2 
and have proposed a similar relaxation concept 
and association-dissociation relation of the anion 
vacancies as the mechanism affecting the normal 
linear modulus behaviour. This study of partially- 
stabilized HfO2 compositions shows the same 
interactions taking place by the non-linear 
response of the modulus upon heating. This would 
be expected although not to the degree found in 
fully-stabilized HfO2 where the defect concen- 
tration would be considerably higher. 

The anneal temperature was chosen to fall 
within the two phase region - fluorite and 
tetragonal. The growth and amount of  the more 
dense tetragonal phase could be controlled by the 
anneal time and could be monitored by an increase 
in modulus during this time. The growth of  the 
tetragonal phase and the resultant increase i n  
modulus is noted in both the 30 rain and 45 min 
anneal times. The amount and size of  tetragonal 
particles at this point influences both the modulus 
behaviour on cooling and the final room 
temperature modulus value. 

The cooling curve varies considerably 
depending on the heat treatment given between 
1500 and 1600 ~ C. Each of the three curves shown 
represents a different annealing time and quite 
striking differences occur on cooling. In Fig. 2, 
where there was a 15rain anneal at 1600 ~ C, the 
cooling curve follows the heating curve fairly 
closely back to room temperature with only a 
small improvement in the room temperature value. 
A 30 min anneal as shown in Fig. 2 results in the 
cooling curve being significantly above the heating 
curve with a higher room temperature modulus 
and Fig. 2 also shows the curve that results from a 
45min anneal at 1550~ to 1600~ With the 
longer anneal time of 45 rain, a cross-over occurs 
in the modulus values upon cooling in the 
temperature region between 900 and 1000 ~ C. 

The phase diagrams of the E r 2 0 3 - H f Q  [9] 
and Y203-HfO2 [9] systems show that the 
composition used will produce a tetragonal phase 

around 1600 ~ C. The monoclinic-tetragonal phase 
changes could be monitored by measuring the 
Young's modulus while annealing around 1600 ~ C 
for various time intervals. Fig. 2 reflects this phase 
growth associated with the monoclinic ~ 
tetragonal transformation. The growth of the more 
dense tetragonal phase at 1550 to 1600~ is 
reflected by an increase in the overall modulus 
during the anneal, and in addition structural 
changes and the transformation back to mono- 
clinic are also shown. 

Both the 15rain anneal and the 30min anneal 
gave successively greater improvement in Young's 
modulus at room temperature. However, this was 
not the case after a 45 min anneal where the room 
temperature value on cooling was lower than the 
starting value. As shown in partially-stabilized 
ZrO2, a critical particle size exists which is 
necessary for metastable tetragonal phase to be 
present at room temperature. As the anneal time 
was increased from 30 to 45 rain, the tetragonal 
phase transformed to the stable monoclinic phase 
on cooling and X-ray analysis confirmed the loss 
of the tetragonal phase. The volume change assoc- 
iated with this transformation would cause local- 
ized cracking from microcracking. Th~s is shown in 
the cross-over occurring in 45 rain anneal with the 
resulting decrease in modulus with cooling, instead 
of the normal increase. 

Acknowledgement 
This work was supported by the U.S. Department 
of Energy, Division of Basic Energy Sciences, 
under contract no. W-7405-eng-82. 

References 
1. C .T .  LYNCH, in "High Tempera ture  Oxides,  Part 1I: 

Oxides o f  rare earths,  t i tan ium,  zirconium, hafn ium,  
n iob ium and t an t a lum" ,  edited by A. M. Alper (Aca- 
demic Press, New York, 1970) pp. 1 9 3 - 2 1 6 .  

2. R. C. GARV1E, R. H. HANNINK and R. T. 
PASCOE, Nature 258 (1975) 703. 

3. G. K. BANSAL and A. H. HEUER, J. Amer Ceram. 
Soc. 58 (1975) 235. 

4. T. K. GUPTA, J. H. BECHTOLD, R. C. KUGNICKI,  
L. H. CADOFF and B. R. ROSSING, J. Mater Sci. 
12 (1977) 2421. 

5. R .W.  RICE, J. Amer Ceram. Soe. 60 (1977) 280. 
6. S. L. DOLE, O. HUNTER,  Jr and C. J. WOOGE, 

ibid. 60 (1977) 488.  
7. S. L. DOLE, O. HUNTER,  Jr and F. W. 

CALDERWOOD, ibid. 61 (1978) 486.  
8. S. L. DOLE, R. W. SCHEIDECKER, L. E. SHIERS, 

M. F. BERARD and O. HUNTER,  Jr, J. Mater Sci. 
Eng. 32 (1978) 277. 

2 2 8 7  



9. D.R. WILDER, J. D. BUCKLEY, D. W. STACY, and 
J. K. JOHNSTONE, Coll. Int. du Cen. Nat. de la 
Recherche Scien tifique 205 (1971 ) 335. 

I0. J. B. WACHTMAN, Jr and D. G. LAM, Jr, Jr. Amer. 
Ceram. Soc. 42 (1959) 254. 

11. J. B. WACHTMAN, Jr and W. C. CORWlN, J. Res. 
Nat. Bur. Stand. 69 A (1965) 457. 

12. J. B. WACHTMAN, Jr, Phys. Rev. 131 (1963) 517. 

Received 20 October and accepted 20 November 1978. 

2288 


