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Cubic yttria-stabilized zirconias (YSZs) (15 mol % Y203) doped with 2 wt % CuO and 
0.3 wt % Fe203, respectively, have been compared with undoped YSZ. The lattice constants 
were found to increase in the sequence: ays z < aysz/Fe < aysz/cu. Vickers microhardness of 
polycrystalline YSZ/Fe exceeds that of polycrystalline YSZ/Cu, whereas the hardness of the 
single crystalline materials YSZ/Fe and YSZ/Cu are nearly identical and consistently lower 
than the polycrystalline values. Raman and infrared spectra reveal a breakdown of the 
selection rules, i.e. these techniques probe the local, non-cubic arrangement of oxygen 
vacancies. The findings are discussed in terms of a substitutional versus an interstitial-doping 
model. 

1. Introduct ion  
Cubic stabilized zirconia containing various transition 
metal oxides have been studied in several laboratories 
[1-13]. There is relatively little known, however, 
concerning the introduction of copper into zirconia, 
e.g. [10, 13-15]. It was the purpose of the present 
investigation to study copper- and iron-doping of 
YSZ. Precise lattice constant determinations, ionic 
conductivity data, Raman and infrared spectra and 
microhardness data are presented for copper- and 
iron-doped YSZ. Comparisons are made with single- 
crystal data as well as data for "undoped" YSZ of the 
same yttria content. The dopant level of copper and 
iron used in this work (0.3-2 wt %) is on the same level 
as chromophore additions in zirconia-based synthetic 
jewels. Also, the addition of grain-growth inhibitors 
(alumina) or grain-boundary clean-up agents (i.e. SrO) 
lies in this range [-13]. 

100 MPa. The discs were sintered in air with a 1 h 
holding time at 1950 K. 

The single crystals were made by direct inductive 
melting of the oxides using the "cold crucible" tech- 
nique [16]. 

The experimental densities, do, of the samples were 
determined in a modified Amsler apparatus construct- 
ed on the principle of uplift of samples immersed in 
mercury, The mercury does not enter the open pores 
owing to a capillary depression. The densities listed in 
Table I represent arithmetical means from five parallel 
measurements. The porosity (open and closed), p, was 
calcula'ted from the theoretical X-ray density (assum- 
ing an interstitial doping mechanism). 

The polished discs were examined in an electron 
probe microanalyser, type Jeol JXA-840 A, in order to 
determine the elemental distribution of zirconium, 
yttrium, copper and iron. 

2. Experimental procedure 
2.1. Preparation of samples 
Samples of YSZ ceramics doped with 2 wt % CuO 
and 0.3 wt% Fe203 were prepared from powder 
forms ,of the corresponding oxides. The mixtures were 
homogenized by ball milling for 2 h and then heated 
to 1640 K. The calcined products were reground by 
ball milling for 24 h, then pressed into disc form at 

2.2. Crystal structure and microstructure 
The lattice parameters were evaluated from indexed 
powder diffraction data on a Philips PW 1050 diffrac- 
tometer using CuK~ radiation, s-alumina (1:1) was 
used as an internal standard. The quantitative analysis 
of the microstructure was done on an SEM Tesla BS 
300 microscope at an acceleration voltage of 25 keV. 
The intercept length method was used for quantitative 
measurements [17]. 
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TABLE I Crystal data for pure and iron- and copper-doped YSZ. a, cubic lattice parameter; V, unit cell volume; molar mass (Z = 4) 
calculated for the interstitial model, cf. Section 4; theoretical density flom X-ray data Dx; Do, observed density for polycrystatline material; 
p porosity. 

Sample a (nm) V (10-3 nm 3) Mw (gmo1-1) Dx (gcm -3) Do (gcm -3) p (%) 

Pure YSZ 15 tool %Y203 0.515 72(3) 137.16 482.104 5.835 5.521 5.4 
+ 0.3 wt % Fe20 3 0.51632(15) 137.64 483.55 5.833 5.240 10.2 
+ 2.0 wt % CuO 0.516 79(3) 138,02 491.746 5.915 5.131 13.3 

2.3. Ionic c o n d u c t i v i t y  
The platinum paste electrodes were applied to the 
entire circular faces of the discs. The samples were 
heated to 900~ for 3 h in order to remove the 
binders. The samples were placed between platinum- 
foil current collectors. The temperature was measured 
with a Ni/CrNi thermocouple, uncertainty 1 ~ below 
500~ and 3 ~ above. The impedance was deter- 
mined in air, at 40-50 different frequencies between 
0.1 Hz and 1 MHz by a solartron 1174 FRA. The 
detailed method of analysing the admittance data is 
described elsewhere [18]. 

2.4. Microhardness 
The microhardness was determined by means of in- 
dentation of a Vickers pyramid. The indentation was 
performed on a module of the metallographic micro- 
scope Neophot-21. The load, P, on the indentor was 
varied from 0.05-1 N. This permitted evaluation of 
the microhardness, H, at different depths, h, from the 
sample surface (0.2-0.4 lam), The investigation was 
made on the plane perpendicular to the crystal-growth 
axis. 

2.5. Raman and infrared spectra at room 
temperature 

The infrared reflectance measurements with the near 
normal incidence angle were carried out on a 
Perkin-Elmer 9836 Spectrophotometer in the range 
180-900cm 1 and were compared with the front- 
aluminized mirror. 

The unpolarized Raman spectra were measured on 
the (unoriented) samples. The 488 nm line of an Ar + 
laser was used as the excitation; the power of the beam 
at the sample was 350 roW. The scattered light was 
analysed by a Jeol JRS S-I Spectrometer equipped 
with a double grating monochromator.  All measure- 
ments were made using a right-angle geometry. 

3. Results 
3.1. Lattice parameter and formation of 

sol id so lut ion 
The following formula was used for the evaluation of 
the lattice parameter, a, of the cubic structure from the 
known diffraction angles, 0, and the indices h, k, l of 
the selected pairs of diffraction lines i, j 

h 
a - (h~ + k~ +/2) ' /2cos0, 

2 sin A~j 

- + + l )'/2cos0j (1) 

where Aij = 01 - 0j. This method of evaluation, based 
on differences of the Azj values minimizes the errors 
caused by imperfect centring of the samples (zero- 
point error) or by absorption of X-ray radiation. The 
lattice parameters (upper curves in Fig. la and b) 
calculated in this way prove to be independent of the 
diffraction angle. The selective standard deviation, sa, 
of the value a, was calculated according to the relation 

s.  = (s2) ~/2 (2) 
where 

,2 = I/.(Z.,)'] (3) 

and the summations run over n number of data. 
The crystallographic data summarized in Table ! 

show that CuO and FeaO 3 dissolve in the cubic 
fluorite structure. No additional phases were ident- 
ified in the powder diffraction patterns. The lattice 
parameters, a, of the doped samples increase (com- 
pared to YSZ) with the amount of oxide added. 

The average grain size of undoped YSZ was found 
to be 7.7 tam. The CuO-doped YSZ had a mean grain 
size of 13.3 lam, while that of Fe203-doped YSZ was 
12.5 gm. The investigated ceramic samples have a log- 
normal grain-size distribution. No influence of the 
kind of additive was thus observed. The quite large 
grain sizes were a result of the high sintering temper- 
ature (1950K). The elemental distribution inves- 
tigated by means of the microprobe confirmed the 
conclusion of the X-ray study regarding the absence of 
any secondary phase at the grain boundaries. Accord- 
ing to the micrographs, both additives are homogen- 
eously distributed. 

3.2. Ionic c o n d u c t i v i t y  
The a.c.-admittance technique has been demonstrated 
to be a powerful tool for characterization of solid 
electrolytes, such as YSZ [18, 19]. The bulk, grain- 
boundary, and electrode processes can often be separ- 
ated in a single experiment. A typical example of the 
admittance data obtained in the presented study is 
shown in Fig. 2a. Each data set is characterized by two 
semicircles, which then allow determination of three 
resistances and two capacitive elements. The bulk and 
grain-boundary conductivities could be resolved in 
the range 250-916 ~ In order to obtain reasonable fit 
to the low-frequency electrode part of the response, we 
invoked a CPA element (instead of a simple capacitor) 
[18] in parallel with the electrode resistance, see Fig. 2. 
An example of fitted values to two data sets obtained 
at approximately the same temperature for the YSZ/ 
Cu and YSZ/Fe samples is given in Table II. As can be 
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Figure 1 Comparison of lattice parameter, a, calculated from Equation 1 (upper curves) with the uncorrected a-value, for (a) YSZ + CuO, (b) 
YSZ + Fe20 s. 
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seen, the i r on -doped  sample  has a bet ter  ionic  con- 
duct ivi ty  (and also e lec t rode  per formance)  than  the 
c o p p e r - d o p e d  one. The  ac t iva t ion  energies and  pre- 
exponent ia l  pa rame te r s  accord ing  to the general  

21 5 4  

expression ~ = % e x p ( - A E , / k T )  are given in 
Table  III.  In  the invest igated t empera tu re  range the 
conduc t iv i ty  is ent irely ionic for bo th  samples  s tudied 
in air. This is in a g o o d  agreement  with t r anspo r t  



TABLE II Fitted circuit parameters to the {[R(RC)(RQ)]C} TABLE I l I  Constants in Arrheniusequation for the investigated 
model YSZ materials 

Sample 

YSZ + Fe20 3 YSZ + CuO 

Temp. (~ 759.9 763.4 
Rb.lk (f2) 31.2 44.9 
Rg b (f~) 14.6 32.4 
Cg b (nF) 73.1 62.9 
Rel~ct,od ~ (f~) 30.8 92.7 
CPAele~t,ode ("f~") 6.15 x 10 ~ 4.4 x 10 '~ 
Exponent in CPA - 0.9805 - 0.7840 
Length/area (cm- ~) 0.1952 0.1402 

number  measurements  carr ied  out  under  the same 
condi t ions  [2]. In  o rder  to c o m p a r e  the effects of  
d o p a n t  add i t i on  on the electr ical  conduct iv i ty  of  the 
present  YSZ (highly y t t r ia -doped) ,  we have included 
da t a  for pure  YSZ in Table  I I I  a n d  Fig. 3. 

The ionic  conduc t iv i ty  of  YSZ as a funct ion of y t t r ia  
content  is a ssumed  to a t ta in  its m a x i m u m  value 
a r o u n d  8 mol  % Y203.  The c rea t ion  of more  oxygen 
vacancies by add i t i on  of more  yt t r ia  or  o ther  lower 
valent  oxides beyond  the 8 m o l %  level will, therefore, 
b e  expected to lead to a decrease in the oxygen ion 
conduct ivi ty .  This is a combined  effect of an increase 
of the ac t iva t ion  energy and  increased assoc ia t ion  of 
vacancies with d o p a n t  ions at  higher  defect concent ra -  
tions. The  pure  YSZ da t a  in Fig. 3 refer to a smal ler  

YSZ YSZ YSZ 
+ Fe + CuO (reference) 

Bulk AE (eV) 1.24 1.208 
+ 0.018 4- 0.038 

logl0(ao) 3.691 3.513 
(S cm - 1) 

Grain AE (eV) 1.329 1.332 
Boundary _+ 0.065 __ 0.037 

loglo(Cro) 4.569 4.232 
(S cm - 1) 
AE (eV) Total 

Number of 
temperatures 

loglo(O'o) 
(S cm- 1) 

1.267 1.222 1.252 
+ 0.012 + 0.035 + 0.03 

3.674 3.326 3.349 

19 22 

gra in  size (7.7/am) than  the doped  samples  - the 
somewha t  higher  g r a i n - b o u n d a r y  con t r ibu t ion  to the 
resistance therefore gives a sl ightly smal ler  conduct iv-  
ity than  for the d o p e d  YSZ. By and  large, however,  we 
observe tha t  the conduct iv i ty  decreases with increas-  
ing a m o u n t  of  added  oxide. I t  has been suggested that  
if the a d d e d  oxide is uni formly  d is t r ibuted  t h roug hou t  
the sample  volume,  the relat ive change  in bulk  and 
g r a i n - b o u n d a r y  conduct iv i ty  should  be the same 1-20]. 
Owing to the use of only  one concen t ra t ion  for each 
type  of  d o p a n t  we are  no t  able to test this hypothesis .  
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If all the added oxide was forming a grain-boundary 
phase, the impact on the conductivity would be usu- 
ally negative. An increase of the conductivity due to 
cleaning of grain boundaries by addition of a non- 
soluble oxide (e.g. SrO) has also been observed [133, 
The grain-boundary capacities for YSZ/Fe and YSZ/ 
Cu were nearly temperature independent. At approx- 
imately 760~ they amount to 7 3 - 8 7 n F  and 
62-65 nF, respectively. These values scale with the 
inverse of the thickness of the two samples, as expected 
for ideal capacitors (the samples had the same area 
and grain size). The activation energy for grain- 
boundary conduction is higher than for bulk conduc- 
tion. This is a general trend also observed for YSZs 
with lower yttria-dopant levels. Our data for YSZ/Fe 
agree well with the data of Matsui and Takigawa [5]. 
The ratio Rgb/R b for YSZ/Fe varies from 1 at low 
temperature to ~ 0,1 at high temperature. The corre- 
sponding values for t h e  YSZ/Cu sample span the 
range from 1.7 at low temperature to 0.33 at high 
temperature. 

3.3 .  M i c r o h a r d n e s s  o f  s i n g l e  c r y s t a l s  a n d  
c e r a m i c s  o f  t h e  s a m e  c o m p o s i t i o n  

It is well known that the Vickers microhardness is 
load-dependent at low indentation loads, the hardness 
decreasing with increasing indentation to a constant 
level at high loads. The hardness was calculated using 
the standard equation for the Vickers pyramid geo- 
metry 

H = 1 . 8 5 5 4 P / d  2 (4) 

where P is the indentation load and d is the indent 
diagonal. 

Only a limited number of indentation studies has 
been reported on cubic zirconia. The anisotropy in the 
microhardness of single crystals has been determined 
by several investigators [21, 22]. The change of the 
microhardness with load for the present samples is 
shown in Fig. 4a and b, in which polycrystalline 
samples are compared with single crystals with the 
same dopant. The microhardness of the single crystals 
is nearly the same near the surface (P = 0.05 N) and in 
the bulk (P = 1 N), independent of whether they are 
copper- or iron-doped. On the other hand, the micro- 
hardness of the ceramics varies much more with the 
load (see Fig. 4a and b, curves 2). The YSZ/Fe is 
approximately 1.3 harder than their corresponding 
single-crystal materials of the same composition. The 
reproducibility of indent dimension in different re- 
gions of the samples was good, the scatter in H values 
being no more than 5% 6%. The indentation is within 
a single grain at loads lower than 0.5 N. At higher 
loads, two to four grains are involved in the indent. 

In conclusion, the ceramics were, as expected, hard- 
er than the single crystals of the same composition - 
the surface hardness was up to three to four times 
higher for the ceramics than for the single crystals; 
both additives cause hardening compared to pure 
YSZ [-23]. The iron-doping gives harder material than 
the copper-doping, though iron was present in a 
smaller amount. 
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3 . 4 .  R a m a n  a n d  i n f r a r e d  s p e c t r a  
Raman and infrared spectroscopy are often used in 
order to confirm the structural modifications, phase 
transitions and regions of mixed structures [-24-33]. 
The crystal structure of YSZ is of the fluorite type 
(Z = 4). The zirconium ion "sublattice" has a perfect 
fc c structure, where Zr 4 + ions are randomly substitu- 
ted by y3 + ions. The oxygen ion sublattice is primitive 
cubic. A certain number of oxygen sites are vacant in 
order to maintain electroneutrality. This anion dis- 
order means that the individual unit cells of YSZ do 
not have any translation symmetry. This destroys the 
wave vector k = 0 selection rule for Raman scattering 
(and similarly for infrared absorption) in such a way 
that the Raman spectra reflect the frequency distribu- 
tion of the density of the state of phonons [29, 32, 34, 
35]. The irreducible representations of the Raman 
modes have previously been determined by polariza- 
tion measurements and factor g r o u p  analysis of dis- 
ordered YSZs [26, 27, 30, 33, 36]. Only one, triply 
degenerated sharp band of Fzg symmetry is expected 
for an ideal fcc structure, but for the disordered 
structures, several additional broader Raman bands 
were observed. Furthermore, the F2g mode is broad- 
ened (up to 200 cm-  1 half-width), compared to what is 
observed for perfect fcc structures. Ishigame and Yo- 
shida [30] have shown that the additional bands and 
their broadening, have their origin in a defect-induced 
first-order Raman effect. They also performed the 
lattice dynamics calculations in the rigid-ion approx- 
imation, where they took into account the defect space 
consisting of the vacancy and the nearest six (dis- 
placed) oxygen ions, but neglecting the surrounding 
four metal ions. This calculation showed a good agree- 
ment between the calculated frequency distribution 
and the measured Raman spectra. The conclusion of 
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Khigame and Yoshida's was that the Raman spectrum 
is mainly determined by the imperfect oxygen sub- 
lattice. 

The Raman spectra of the present YSZ (spectrum 
A), YSZ/Cu (spectrum B) and YSZ/Fe (spectrum C) 
are shown in Fig. 5. The defect-induced Raman spec- 
tra show several low-frequency ( < 600 cm-  t) features 
apart from the Fzg mode at around 600 cm-1. The 
infrared reflectance spectra are broader, see Fig. 6, but 
reveal an overlap of several absorption modes below 
600 cm- t. The appearance of a peak/shoulder around 
600 cm-a is indicative of the breakdown of the selec- 
tion rule for centro-symmetric systems (assuming that 
it is the same vibration as the F2g mode in Raman and 
not a coincidental frequency overlap). 

4 .  D i s c u s s i o n  

The lower valent oxides such as CuO and Fe20 3 can 
dissolve in YSZ, as clearly indicated by our X-ray 
data. 

The foreign metal ions should be smaller or com- 
parable in size to the ionic radius of Zr 4+. This 
is clearly obeyed for Cu 2 + as well as Fe 3 +. The ionic 
radii, according to Shannon [37] are: rcu(ii) 
= 0.073 nm, rw(m) = 0.078 nm and rzr0v ) = 0.084 nm 

(all for coordination number 8). The dopant ions can 
choose a zirconium ion site (substitutional doping) 
or an interstitial site. The two defect reactions are 
represented below in Kr6ger-Vink notation. 

Substitutional doping (increase in number of unit 
cells) 

CuO = C u ~ r + V o . . + O ~  (5) 

F%O3 = 2Fear + Vo.. + 3 0 ;  (6) 

Interstitial doping (constant number of unit cells) 

C u O + V o . .  = C u i + O *  (7) 

Fe20  3 + 3 V o . .  = 2 F e i " + 3 0 ~  (8) 

The influence of doping via one mechanism or the 
other on the lattice parameter can be estimated as 
follows. 

Substitutional model: the introduction of substitu- 
tional ions of small radii, as in Reactions 5 and 6, will 
probably have little effect on the lattice constant, 
which is largely determined by the larger oxygen ions. 
Reactions 5 and 6 indicate a (small) relative increase in 
vacancy concentration compared with undoped YSZ 
with the same yttria content. The lattice parameter 
versus tool % yttria relation determined by Ingel and 
Lewis [38] indicates expansion of the lattice with 
increasing vacancy concentration. The overall effect 
will be an expansion of the lattice. Because we are far 
beyond the maximum in conductivity in the 
Z rO2-Y20  3 system, the ionic conductivity will de- 
crease if the system chooses the substitutional doping 
scheme. 

Interstitial model: the formation of interstitial ions, 
as in Reactions 7 and 8 will give rise to expansion of 
the lattice; however, the removal of oxygen vacancies 
will have the opposite effect. The conductivity ar- 
gument predicts a higher conductivity if interstitial 
substitution takes place. If our observations and argu- 
ments are correct, we are thereby forced to assume 
that the substitutional doping takes place. 
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