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Internal friction was mcasurcd on polycrystalline Zr02 containing 4, 7, 10, 13, 16, and 
20 mole l?crc~nt CaO. In the range 10 ~o 20 percent a symmetrical internal friction peak 
occurs with Its maxImum at about 300 C at 1 kHz; below 10 percent a nonsy mmetrica l 
peak occurs at somewhat higher tempera ture which may be associated with t he presence 
of two phases. The symmetrical peak in as-sintered specimens has the same dependence on 
Ca~ content as t hat rcportcd for electrica l resistivity at 1000 °C a nd is probably caused by 
motIOn of oxygen vacancies . Annealing at 1000 °C for 1000 hours causcs reduction of t he 
peak hei~ht but. w!tl: a different composition dependence from that reported for a nnealing 
of ele?tncal l:es lstlvlty. The results suggcst t hat oxygen vacancies in cal cia stabilized 
ZlrCOllla eXIst III several states of binding but that detailed models a re likely to be complex. 

1. Introduction 

qeramics high in 1'.1'02 ar e of considerable techno­
logical importance; a n extensi\Te bibliography on 
structural a nd physical proper ties of zirconia has 
r~cent~y b een publish ed [1).1 M any applications of 
zU'coma r~ly upon the presence of additi \reS to pro­
duce par tlal 01' co mplete stabilization in t he cubic 
phase and so a \Toid difficulties caused in pure Zr02 
by th e tran sformation which occurs in the ranO'e 1200 
to 1000 °C from the high temperature tet~agooal 
pha~e to . 3: .low . temperature monoclinic phase. 
Van olls addltlves have been tried , but CaO appears 
to be the most successful and widely s tudied. The 
phase diagr am of t he Zr02- CaO system r emains a 
subj ect of discussion ' i t is o'eneraliy aOTeed that a b' 'b b Cll lC phase exis ts for compositions neighboring 15 
pCl'ce!lt CaO (mole percent rather than weight per­
c.en~ IS l.~sed througho ut this paper). The reported 
hmits of the one phase r egion vary considerably; 
Carter and R oth [2] take them to be 10 and 20 per­
ce-?t. Below th e lower limi t a mLxture of two phases 
eXlsts. 

The cubi? phase is usually r egarded as a fluorite 
structure wlth ZrH and Ca2+ distributed at random 
o:,er the cati.on sites and with enollgh oxygen \Tacan­
Cles to provlde charge compensation distributed at 
random over the oxygen sites. This model is in 
accord with x-ray diffraction evidence and the hio'h 
diffusion. rat~ for ?xygen but is generally thought to 
be o\Terslmplified III not allowing for th e association 
0.1' ordering of defects or e\Ten the possibility of addi­
tIOnal phases not yet detected . The variation of 
electrical resis tivity with composition and heat 
treatment has been interpreted as indicatino' orderin o' 
of vaca~cies [3, ?]. ~eL.ltron diffraction p~tterns [2] 
are conslstent With thls lllterpretation. 

* P~esell t ~dd rcss: P h ~si c~ Dopartlll.ent. Iowa state Uni versity, Ames, Iowa 
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~omogeneo us s tress or electric field acting upon a 
pomt d efect can, under certain condi tions, cause 
~'eorientatior~ of the defect. and produce a correspond­
lIlg mechamcal or electn cal relaxation. lVleasLU'e­
ments or tbe in ternal friction peak or dielectric loss 
pe~k can t hen be used to study the variation of 
pomt defect concentration wit h co mposition and h eat 
treatment. 

An internal friction peak was found by D ew [4] in 
co mmercial zirconia partially s tabilized with CaO 
!1nd it.s ex;istence was confirmed in two subsequent 
lt1 V~stlgatIO~s [5, 6]. All workers u sed polycrys­
t~lhne speClmens. Interpretation of this p eak is 
d lfficult because the specimens probably contained 
so me of th e tetragonal phase as well as the cubic 
phase. D ew suggested plastic deform ation as a 
possible cause; C hang suggested the motion of twin 
boundaries; a nd Wach t ma n et al. suo'o'ested the 

. ,. . '00 
motIOn o · oxygen vacanCles . 

A dielectric relaxation process which occurs in th e 
same frequency and temperature range as th e internal 
f~-ictio n peak h as been found by Carter [7] in both 
s1l1gle crystal a nd polycrystalline zirconia stabilized 
with 14.2 percent CaO. This relaxation process 
appears to involve motion of oXYO'en vacancies 
because its dependence on heat treat~ent parallels 
that of the electrical conductivity at 1000 °C which 
is known to take place by oxygen vacancy motion. 
The observed dielectric relaxation probably arises 
from the series combination of two reo'ions with 
different oxygen mobility either on an at~mic scale 
.(such as a vacancy constrained to the sites neighbor­
lllg a relatively immobile point defect) or on a some­
what larger scale (such as a small reo'ion of a second 
phase or a surface layer under the clectrode). The 
composition of Carter's specimen places i t within the 
si,ngle, cubic phase area of convention al phase 
diagrams, but Carter and Roth present neutron 
diffraction and x-ray diffraction ' evidence that 
annealing at 1000 °C results in the formations of 
s n~all ~:)I'dered regions of a preprecipitate which are 
epitaxially related to the host lattice. 
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Investigation of the composition and heat treat­
ment dependence of the internal friction peak has 
been undertaken to test the similarity of its behavior 
with the electrical conductivity and dielectric 
relaxation. 

2. Specimens 

Single crystals suitable for internal friction meas­
urements were not available. Polycrystalline speci­
m ens were prepared from Zr02 powder containing 
0.15 percent Si02, 0.02 percent Hf02, and 0.03 percent 
MgO as the maj or impurities: mixtures were m ade 
up using CaO powder produced by calcining "chemi­
cally pure" calcium carbonate at 1000 °C . Speci­
mens were cold pressed in a steel bar-mold, iso­
statically pressed, and sintered for 1 hI' at 1800 °0 
in a gas fired furn ace. The porosity and grain size 
of the resulting b ars are given in table 1; the dimen­
sions were ab out 6 by 0.5 by 0.25 in. 

Additive Porosity 
Grain 
Size 

TABLE 1 

F req u en cy Tempera· 
at peak ture at 

peak 

Peak 
height , 

0-1 

Apparent 
activation 

energy 
- ----- ---1----1--------1----

% CaO 
4 
4" 

10 
10" 

13 
13' 

16 
16" 

20 

NlicTons 
19 

29 

0.18 28 

.28 22 

. 24 32 

.27 24 

elsee 
1115 
397 

1362 
366 

1983 
628 

1883 
486 

]913 
582 

°C 
455 

427 

315 
297 

319 
290 

305 
290 

10- 2 

1.7 

1. 8 
1. 8 

1. 2 
1. 0 

2.2 
2. 1 

1.5 
1.6 

1.1 

keal/rnole b 

42± 7 

29±7 

43±9 

8 SpeciInen thin ned to reduce resonance frequen cy. 
b kcal = 4184 joules. Standard errors are based on peak temperatures obtained 

by curve fitting through twenty pOints. 

3 . Experimental Procedure 

The variation of internal friction with temper­
ature w as determined by Forster's m ethod in which 
a b ar is suspended horizontally from two fiberglass 
threads tied near the nodes of flexural vibration. 
One thread was driven by a magnetic record-cutting 
head and the other was attached to a piezoelectric 
pickup. The driving frequency was varied until 
the resonance frequency, ii , was found and measured 
on a crystal controlled coun ter. The frequen cies f2 
and i 3 (on either side of il) at which the amplitucie 
of vibration is half that at resonance were also meas­
ured. The internal friction was calculated from [8] 

(1) 

~1easurements of Q-l as a function of temperature 
up to 650 °0 were first made on as-sintered specimens 
of all the compositions m ade (ZrOz containing 4, 7, 
10, 13 , 16, and 20% OaO) . All of the specimens were 

then thinned over the central third of their length by 
diamond grinding to lower the resonance frequency 
and all were then remeasured except for the 20 per­
cent OaO specimen which was broken in grinding. 
The activation energy, E , was calculated from [8) 

(2) 

where T pl is the absolu te temperature at which the 
quantity TQ-l was largest and},,! is th e corrrespond­
ing resonance frequency; T"2 and i,,2 are the corre­
sponding quantities for the same specimen after 
thinning. 

Three additional un thinned specimens (containing 
10, 13 , and 16 percent CaO) were then held at 
1000 °0 in air for 1000 hI' and subseq uen tly measured : 
we refer to these as annealed specimens. 

4 . Results 

The curves of internal friction as a function of 
temperature are shown in figure 1; for each composi­
tion the lower solid curve (shown dashed for the 4 % 
specimen because of scatter) refers to the thinned 
specimen. Results obtained on the annealed speci­
mens after the 1000 hI' heat treatment are shown by 
dot-dash curves . A marked contrast is evident 
between the results for the 4 and 7 percent specimens, 
on the one h and, and the specimens completely 
stabilized in the cubic phase, on the other hand. 

The partially stabilized specimens show an un­
symmetrical p eak with a shoulder on the high 
temperature side. Grinding these specimens ap­
parently produced internal cracking leading to wide 
scat~er in results, particularly for the 4 percent 
speCImen. 

The peaks for specimens in the 10 through 20 per­
cent range of compositions are symmetrical, but are 
much too broad to result from a relaxation process 
with a single relaxation time. For comparison, the 
curve calculated for a single relaxation time process 
(D ebye type process) has been drawn under the 
lower curve for the specimen con taining 13 percent 
CaO. The height of the Debye peak was chosen 
equal to the experimental peak and the activation 
energy calculated from eq (2) was used. The 
experimental curve is about three times as wide as 
the D ebye cm ve. The variation of peak height with 
composition for the as-sintered specimens (greatest 
at 13%, decreasing toward 10% or toward 20%) 
parallels the variation of electrical conductivity 
found for comparable specimens [2 , 3]. The heat 
treatment at 1000 °C has somewhat similar results on 
electrical conductivity at 1000 °0 and on internal 
friction in that both properties decrease for certain 
compositions and remain unchanged for others. The 
composition dependence is differ ent, however. Oar­
tel' and Roth repor t that the electrical conductivity 
of Zr02 containing 14 percent OaO remains un­
ch anged with time at 1000 °C but the conductivity 
of compositions less than 13 or more than 16 percent 
decreases. In contras t, the internal fric tion peak 
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FIGURE 1. Internal fl'iction of Zr02 containing stated amounts 
of CaO. 

The dot-dash curveR were determined after 1000 hr at 1000 °0 in air. The other 
curves were obtained on ns-sintered specill1.ens; where more than one such curve is 
given the lower one was obtained aftcr machining the specimen to lower its reso­
nance Ireq uency. 

height for the specimen containing 10 percent CaO 
was not changed but the peak for the specimen with 
13 percent CaO was decreased and that for the speci­
men with 16 percent CaO was reduced even more. 

5. Discussion 

The unsymmetrical peak occurring in partially 
stabilized Zr02 might be associated with Chang's 
mechanicism of twin boundary motion in tetragonal 
grains, but the symmetrical peak occurring in the 
range of 10 to 20 percent CaO can not be associated 
with tetragonal grains. The similarity of peak 
height dependence and electrical conductivity de­
pendence on CaO content suggests that the sym­
metrical peak is associated with oxygen vacancy 
motion. 

The concentration of oxygen vacancies and of 
CaH ions is so high that many complex groupings 
probably occur. We discuss three defect models that 
might be appropriate at very low concentrations 
in order to illustrate certain qualitative features 
which may be valid even at high concentrations. 

First, consider a single oxygen vacancy in an 
otherwise perfect fluorite structure (see fig. 2). 
This vacancy would move under electric field but 
not under homogeneous stress [9]. It would con­
tribute to the frequency independent part of the 
electrical conductivity but would not con tribu te 
to in ternal friction or dielectric relaxation. 

Second, consider an oxygen vacancy neighboring 
a CaH ion at (0, 0, 0) and constrained by electro­
static attraction to the eight nearest neighbor 
oxygen sites at (±X, ±%, ±%). Either homo­
geneous stress or electric field will cause a preferred 
distribution so that this oxygen vacancy will make 
no contribution to the frequency independent 
electrical conductivity but will contribute both to 

I ;' i • / ' 
I.-'---- -~ 1 
I I ! 1 ' 
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• 1 '1 iii I ' 

I i -------1-. • 
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FIGURE 2. Th e fluorite stnlcture. 
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internal friction and to dielectric relaxation. Each 
should be characterized by a single relaxation time. 
This type of defect is thought to be responsible for 
a dielectric relaxation process and internal friction 
peak observed in Th02 containing small amounts of 
CaO [10]. 

Third, consider two oxygen vacancies at (X, 
X, X) and (7'4, X, - X) neighboring two Ca2+ ions at 
(0, 0, 0) and (X, %, 0). Two defects of the second 
type should have electrostatic attraction of the 
dipole-dipole type tending to cause this defect to 
form. The oxygen vacancies in this defect will make 
no contribution to the frequency independent part 
of the electrical conductivity, to dielectric relaxation, 
or to in ternal friction. 

It is tempting to interpret the as-sintered speci­
mens as having defects of all three types with 
quenched in concentrations corresponding to thermal 
equilibrium at some temperature above 1000 DC at 
which the Ca2+ ion motion was frozen out during 
furnace cooling. Subsequent long time heat treat­
ment at 1000 DC would cause slow diffusion of CaH 

and produce a slow increase in the concentration of 
defects of the third type accompanied by a decrease 
in the concentrations of the first and second type. 
This would account for the observed decrease of 
measured properties for some concentrations with 
1000 DC heat treatment. We can hardly expect, 
however, to take such a model literally at concen­
trations so high that one cation in five is CaH and 
the model cannot account for several features of the 
data. This model predicts a single relaxation time 
for the internal friction peak in contras t to the broad 
peak observed. The model gives no indication why 
some compositions (10% CaO for the internal fric­
tion peak and 14% CaO for the electrical conductivity) 
are unaffected by heat treatment at 1000 DC. N ever­
theless, the model is probably correct in attributing 
the 1000 DC annealing effect to Ca2+ diffusion and the 
accompanying changes in the binding of oxygen 
vacancies. The model is also probably correct in 
assuming some defect similar to type three in which 
the oxygen vacancies are too tightly bound to move, 
but some features of defects of the first and second 
type might be combined. An oxygen vacancy mak­
ing successive jumps in the same direction may en­
counter several sites with an equal number of CaH 

neighbors before coming to one which has fewer Ca2+ 
neighbors and so requires some energy of dissociation. 

The jump involving dissociation would be rate limit­
ing for the electrical conductivity while motion back 
and forth along the equally favored sites would cor­
respond to dielectric relaxation. The initially 
equally favored sites may become inequivalent under 
stress if permitted by symmetry [9] and so cause an 
internal friction peak. Various arrangemen ts of 
CaH ions can be visualized which fit these conditions 
so that the existence of a distribution of relaxation 
times is not surprising. 

It does not appear fruitful to attempt more detailed 
interpretation. Measurements of orientation de­
pendence of internal friction might be helpful if 
suitable single crystals become available, but progress 
in understanding probably depends primarily on 
diffraction studies of single crystals of various 
compositions. 
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