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  1. Introduction 

 Elastic properties of Gd-doped ceria, one of the most exten-
sively studied oxygen ion conductors, [  1–3  ]  deviate strongly 
from linear behavior below 250  ° C, [  4–6  ]  and, as was recently 
reported, exhibit giant electrostriction at room temperature. [  7  ]  
Growing interest in miniature fuel cells operating at moderate 
temperatures, [  2  ,  8–11  ]  as well as the potential application of the 

giant electrostriction effect for actuators, 
poses a number of questions with respect 
to the possible roles of the oxygen vacan-
cies and dopants, both isovalent and alio-
valent, on the mechanical properties. The 
dependence of the elastic modulus on the 
concentration of dopants in ceria remains 
a matter of both theoretical and experi-
mental debate. [  12–19  ]  

 Nanoindentation has developed into 
an established technique for investi-
gating both quasi-static and dynamic 
elastic modulus, as well as hardness, at 
nanoscale volumes and depths. The tech-
nique involves pressing a hard and stiff 
indenter tip of calibrated shape into a 
surface with force and displacement con-
trol in the nano-Newton and nanometer 
range, respectively. Under certain limiting 
assumptions, [  20  ,  21  ]  hardness and modulus 
are obtained directly from the load versus 
displacement curves. Furthermore, creep 
behavior can be investigated by moni-
toring displacement relaxation during 
a period of fi xed load. Nanoindentation 

measurements [  22  ,  23  ]  showed that the unrelaxed elastic modulus 
of bulk Ce 1– x  Gd  x  O 2– x /2  ( x   = 0 − 0.2) ceramics is independent of 
Gd content, when observed on a time scale of  ≈ 20 s. It was 
also shown that Ce 1– x  Gd  x  O 2– x /2  ceramics exhibit primary (ini-
tial) creep during the load–hold stage of the measurements 
due to the time-dependent diffusion and motion of atoms and/
or movement of dislocations in the stress fi eld. Creep at room 
temperature is rather unusual in a ceramic material with a 
melting point above 2600 K and with cations in a high oxidation 
state, which makes the creep in ceria particularly interesting. 
Characteristic of primary creep, the displacement,  Δ  u , is given 
by  �u = A 3

√
t   , where  t  is the time which has elapsed from the 

beginning of the load–hold phase; and  A  is the creep rate con-
stant.  A  reaches a maximum at  ≈ 3 mol% Gd and decreases lin-
early in the range 5–20 mol%. In these measurements, creep 
cannot be attributed to grain boundaries and/or movement of 
dislocations. The indentation depth ( < 900 nm), as described 
in previous work, [  22  ]  was smaller than the grain size ( > 1.5  μ m) 
and movement of dislocations in ceramics at low temperatures 
is highly unlikely. We have attributed the presence of creep to 
the large concentration of point defects in Ce 1– x  Gd  x  O 2– x /2 , the 
structural consequences of which have been extensively studied 
by extended X-ray absorption fi ne structure spectroscopy 
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increase of lattice parameter with Pr 3 +  -content ( Figure    1   a). [  37  ,  38  ]  
We must therefore conclude that, although all samples were 
sintered for 5 h in air at 1400  ° C with heating/cooling rates of 
5  ° C min  − 1  (see the Experimental Section), this treatment was 
not suffi cient for the oxidation of Pr to take place. The large 
majority of Pr remained in oxidation state  + 3. Annealing of 
the Pr-doped sample in air at 400, 450, and 370  ° C for 12 h, 
and subsequent cooling at 5  ° C min  − 1 , does not cause complete 
oxidation. However, after annealing in oxygen for at least 12 h 
at 380  ° C, the lattice parameter of the Pr-doped ceramics dis-
played a small decrease with Pr-concentration (Figure  1 a). This 
is evidence for the oxidation of Pr to the  + 4 state, in agreement 
with previous XRD studies of chemical expansion/contraction 
by Tuller and coauthors, [  37  ,  38  ]  and XAFS data from previous 
work. [  39  ]   

 According to scanning electron microscopy (SEM) images 
(Figure  1 b), the grain size of all ceramics was  ≈ 3  μ m with 
pores occupying  < 1% of the image area. The latter observa-
tion corroborates the results of the Archimedes technique, 
showing that sample densities are  ≥ 95% of theoretical density. 
Porosity reduces the actual amount of material stressed by the 
indentor; but in our case, the average porosity is so low that 
resulting variations in the measured mechanical response 
should not be larger than the inherent measurement uncer-
tainty. The nano indentation measurements ( Figure    2  ) were 
performed with both “slow” 0.15 mN s  − 1  and “fast” 15 mN s  − 1  
load application until a maximum load of 150 mN, followed by 
an 8 s (fast) or 30 s (slow) hold stage and then load release at 
the same rates (see the Experimental Section). The differences 
between the elastic modulus measured in the “slow” and “fast” 
modes are considerable, with the latter providing far more sta-
tistically signifi cant results. For the case of the Pr 3 +   dopant, 
the average elastic modulus obtained in the fast mode is 
219  ±  11 GPa approximately independent of Pr content for  x   =  
0–0.2 ( Figure    3  ). These results are very similar to those obtained 
for Ce 1– x  Gd  x  O 2– x /2  (216  ±  12 GPa) [  22  ]  for  x   =  0–0.2. Introducing 
Pr 4 +   and Lu 3 +   into pure ceria increases the elastic modulus, 
which reaches a maximum at 5 mol% and 3 mol% for Pr 4 +   and 
Lu 3 +   respectively. The elastic modulus becomes approximately 

(EXAFS), [  24–26  ]  synchrotron X-ray diffraction, [  27  ]  and neutron 
diffraction. [  28  ,  29  ]  It was shown that the origin of both the ine-
lastic behavior and the giant electrostriction may be related to 
the rearrangement of O 7  − Ce Ce  − V O  (V O  are oxygen vacancies) 
complexes, which are labile in response to applied stress. [  7  ,  25  ,  26  ]  
The fl uorite lattice is viewed as distorting locally, in particular 
along the Ce Ce  − V O  direction, in a mode similar to that found 
for the double fl uorite phase of Gd-rich ceria. [  30  ]  At room tem-
perature, X-ray diffraction (XRD) peaks characteristic of double 
fl uorite symmetry appear already at 25 mol% Gd. [  27  ,  31  ,  32  ]  

 In the present study, we have extended the nanoindenta-
tion measurements to Ce 1– x   M x  O 2–  δ   ,  M   =  Pr 3 +  , Pr 4 +  , Lu 3 +  , where 
 x   =  0–0.2 and   δ    =  0 (Pr 4 +  ) or  x /2 (Pr 3 +   or Lu 3 +  ). These measure-
ments allow the comparison of materials with a large concentra-
tion of oxygen vacancies that are mobile at high temperatures, 
( M   =  Pr 3 +  , Gd 3 +  ) with materials without vacancies ( M   =  Pr 4 +  ) 
and materials with a large concentration of immobile vacancies 
( M   =  Lu 3 +  ). The choice of dopants was guided by the ionic radii. 
The crystal radius of Pr 3 +   (126.6 pm) is much larger that of the 
host Ce 4 +   (111 pm), whereas Pr 4 +   and Lu 3 +  , despite the differ-
ence in their charge, have crystal radii close to that of Ce 4 +  : 110 
pm and 117.7 pm, respectively. [  33  ]  Our data demonstrate 1) that 
the dopant radius, rather than the oxygen vacancy concentra-
tion, is a primary determinant of the elastic modulus; 2) that 
the rearrangement of point defects is the major cause of creep 
at room temperature; and 3) that nanoindentation is a practical 
technique for identifying materials with labile point defects, [  26  ]  
which may potentially indicate practical functionality such 
as high ionic conductivity, [  1  ,  34  ,  35  ]  large electrostriction, [  7  ]  and 
inelasticity. [  36  ]    

 2. Results and Discussion 

 The XRD patterns of Ce 1– x  Lu  x  O 2– x /2 ,  Ce1−x Prx O2−x/2   , 
Ce 1– x  Gd  x  O 2– x /2 , and  Ce1−x Prx O2    ( x   =  0.0-0.2) could be indexed 
according to fl uorite symmetry ( Fm  − 3 m ) (see Supporting Infor-
mation). The data for Gd-doped ceria can be found elsewhere. [  22  ]  
The as-prepared samples doped with Pr 3 +   display a linear 

     Figure  1 .     a) Fluorite unit cell parameter of Ce 1– x  Lu  x  O 2– x /2 ,  Ce1−xPr xO2−x /2  , Ce 1– x  Gd  x  O 2– x /2 , and  Ce1−xPr xO2   ( x   = 0.0–0.2) ceramics used for this study. 
The data for Gd-doped ceria can be found in the literature. [  22  ]  b) SEM image of the cross section of Ce 0.9 Lu 0.1 O 1.95  illustrating typical grain size and 
structure. The crisscross lines are polishing marks. Less than one percent of the image area is occupied by pores, which implies that their contribution 
to the total volume is negligible. Inset: SEM image of a typical indenter mark.  
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Notably, both materials are good oxygen ion conductors at ele-
vated temperatures. [  1  ,  34  ]  On the other hand, the ionic radii of 
Pr 3 +   and Lu 3 +   are very close to that of the host Ce 4 +  . Doping 
with these ions causes an increase in both the elastic modulus 
and nano-hardness values and a decrease in the creep rate, all 
with respect to the parameters of pure ceria. In light of the fact 
that the high temperature mobility of vacancies in doped ceria 
decreases with decreasing ionic radius of the dopant, [  1  ,  37  ]  it is 
perhaps not surprising that the elastic properties of Pr 4 +  - and 
Lu 3 +  -doped ceria are similar to one another. Pr 4 +  -doped ceria 
has almost no oxygen vacancies, whereas Lu 3 +  -doped ceramics 
contain as many vacancies as Pr 3 +  - and Gd 3 +  -doped ceria, but 
with low mobility. It is clear that vacancy concentration alone 
cannot govern the dependence of the elastic modulus on doping 
up to 20 mol%. Instead, the radius of the dopant appears to be 
an important determining factor. 

 Analysis of the creep data provides additional insight into the 
role of the point defects and the nature of their interactions. As 
noted above, grain boundaries in doped ceria do not contribute 
to the room temperature creep measured by the nanoindenta-
tion technique. The  ≈ 10 GPa applied stress (150 mN on a 3  μ m 
diameter grain) is  ≈ 10% of the shear modulus (less than 5% of 
the elastic modulus), and the maximum indentation depth is 
less than half the average grain size. Under these conditions, 
material transfer by diffusion at a grain boundary cannot pro-
duce the  ≈ 10 nm displacement observed within 8 s. [  38  ]  We note 
that in doped ceria, cation diffusion only becomes measureable 
above 1000 K with typical creep time on the order of hours for 
strain of a few tenths of a percent. [  40–42  ]  This leaves only dislo-
cation movement and rearrangement of the labile O 7  − Ce Ce  − V O  
complexes as possible sources of creep. However, dislocation 
movement, if it occurs, should be strongly impeded by disloca-
tion pinning on the part of the dopants; the larger the difference 
between the crystal radius of the dopant and that of the host, the 
lower the creep. [  43  ,  44  ]  The fact that 3 mol% of the large dopants, 
Pr 3 +   and Gd 3 +  , produces an increase in the creep rate while 
the same doping level with Pr 4 +   and Lu 3 +   suppresses creep, in 

independent of dopant concentration, with average value within 
the range of 10–20 mol%: 247  ±  12 GPa and 254  ±  10 GPa for 
Pr 4 +   and Lu 3 +  , respectively (Figure  3 ). The nano-hardness (ratio 
of maximum load to contact area) values for all samples are 
consistently higher for the fast-mode measurements (Figure  3 ). 
However, nano-hardness for the Pr 3 +   dopant (Ce 1– x  Pr  x  O 2– x /2 ) 
increases monotonically with increasing dopant concentration, 
whereas the nano-hardness for Pr 4 +   and Lu 3 +   dopants displays a 
weak, irregular dependence on dopant concentration within the 
range  x   =  0.05 − 0.2.   

 All ceramics exhibited primary creep under constant load 
of 150 mN. During the creep process, the time dependence of 
the displacement was determined to be:  (u − u0) = A 3

√
(t − t0)    

(Figure  2 a inset), where ( u–u  o ) is the displacement and ( t–t  o ) is 
the time elapsed from the onset of load–hold. The magnitude 
of the creep rate constant,  A , depends strongly on the nature 
of the dopant. For the case of Pr 3 +   (and Gd 3 +  ) [  22  ]  the creep rate 
reaches a maximum at 3 mol% and decreases linearly with 
dopant concentration between 10–20 mol% ( Figure    4  ). One 
should note that in this range the creep rate of Pr 3 +   and Gd 3 +   
doped ceria are similar. Even small amounts of Pr 4 +   or Lu 3 +   
in ceria suppress creep. For 5–20 mol% Pr 4 +   (Figure  4 ), the 
creep rate is essentially independent of the dopant concentra-
tion and is 30–40% lower than that of pure ceria. Remarkably, 
despite the fact that the Lu 3 +   doped ceria samples contain the 
same concentration of vacancies as Pr 3 +  - and Gd 3 +  -doped ceria 
samples, the creep rate in the presence of Lu 3 +   is the lowest of 
the three. Suppression of creep is constant between 3–10 mol% 
Lu 3 +  , after which the creep decreases with a slope similar to 
that of the Pr 3 +  - or Gd 3 +  -doped samples.  

 Comparing the mechanical properties of Pr 3 +  -, Pr 4 +  -, and 
Lu 3 +  -doped ceria with those of Gd 3 +  -doped ceria, [  22  ]  we iden-
tify two trends. Pr 3 +  - and Gd 3 +  -doped ceramics display similar 
values for the elastic modulus and similar creep behavior 
despite the fact that the crystal radii of Pr 3 +   and Gd 3 +   are quite 
different, 126.6 pm and 119.3 pm, respectively. However, both 
radii are considerably larger than that of the host Ce 4 +   (111 pm). 

     Figure  2 .     a) Representative displacement–time and load–time dependence for “fast” nano indentation loading of a ceria pellet with 15 mol% Pr 4 +  . 
Inset: log–log plot of displacement vs time during the hold phase, indicating that the displacement is proportional to  3

√
t  . b) Typical load–displacement 

(depth) curve.  
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spite of the close size match with Ce 4 +  , is not consistent with 
the dislocation movement hypothesis. Moreover, there are two 
regions (3–10% for Lu 3 +   and 10–20% for Pr 4 +  ) within which the 
creep rate is lower than that of ceria and independent of the 
dopant concentration. These data clearly demonstrate that dis-
location movement cannot be the only source of creep at room 

temperature, if it is present at all. [  40–44  ]  These facts agree well 
with the expectation that, in general, dislocation movement in 
ceramics should be very slow at room temperature. [  45  ]  

 We therefore conclude that the initial increase in the creep 
rate observed for 3 mol% Gd 3 +  - and Pr 3   +  -doped ceria comes 
from the rearrangement of the O 7  − Ce Ce  − V O  complexes which 

     Figure  3 .     Elastic modulus and nano-hardness derived from the nanoindentation measurements for Pr- and Lu-doped ceria. The data for Gd-doped 
ceria can be found in the literature. [  22  ]   
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separated by  ≈ 2.5 fl uorite unit cells in each of the three orthog-
onal directions) correlation among the vacancy sites may be 
initiated. If we argue that correlations among vacancies pro-
duce decreased lability of O 7  − Me Ce  − V O  complexes, and if there 
is no other contributing factor, then, at  x   ≥  0.1, creep should 
begin to decrease, as is indeed observed for Gd 3 +  -, Pr 3 +  -, and 
Lu 3 +  -doped ceria.   

 3. Conclusions 

 The results of this study indicate that the size of the dopant, 
rather than the concentration of vacancies, is a primary deter-
minant of the elastic modulus of doped ceria, even when 5% of 
oxygen sites are vacant. The creep rate in Gd 3 +  - and Pr 3 +  -doped 
ceria is largely promoted by the lability of the O 7  − Ce Ce  − V O  
complexes and reaches a maximum at 3 mol% where the 
defect interaction is minimal. Increase in the concentration 
of vacancies causes a decrease in the creep rate. Considering 
the broad, practical applications of ceramic materials with fl u-
orite structure in general, and the importance of doped ceria 
for miniature fuel cells in particular, we therefore suggest that 
elastic modulus and creep rate can be controlled by careful 
selection of dopant radius and concentration. In this regard, 
nanoindentation is clearly a useful technique for identifying 
materials with labile point defects, [  26  ]  which may point to prac-
tical functionality such as high ionic conductivity, large elec-
trostriction, and inelasticity.   

 4. Experimental Section 
 Ce 1– x   M x  O 2– x /2  ( M   =  Pr 3 +   or Lu 3 +  ) powders with  x   = 0, 0.03, 0.05, 0.10, 
0.15, and 0.20, were synthesized via a precipitation method, in which a 
0.7  M  aqueous solution of (NH 4 ) 2 CO 3  was added drop-wise to an aqueous 
solution (0.3  M ) containing the required amounts of the corresponding 
metal nitrate-hexahydrate  M (NO 3 ) 3  · 6H 2 O ( M   =  Pr or Lu) (Aldrich, 99.9% 
purity). The mixture was kept at 80  ° C under continuous stirring for 1 h. 
Then, the precipitates were centrifuged out, triple-rinsed with water and 
with pure ethanol. The resulting powders were dried at 120  ° C for 12 h, 
ground and annealed in air at 700  ° C for 2 h. Cylindrical pellets of 6 mm 
diameter and 1.2 mm thickness were consolidated from the powders via 
cold isostatic press at 276 MPa, followed by sintering in air at 1400  ° C 
for 5 h, with heating and cooling rates of 5  ° C min  − 1 . The density of all 
pellets exceeded 95%, as verifi ed by the Archimedes method. The pellets 
were embedded in metallographic hard resin (EpoKwick, Buehler). Rough 
polishing was performed with 0.5  μ m grain size alumina for more than 
5 h ( > 5  μ m removed) followed by fi ne (50 nm grain size) alumina polish. 
The resin-embedded pellets were rinsed with industrial detergent in an 
ultra-sonic bath for 30 min to remove alumina residue. Examination of the 
samples in a scanning electron microscope (SEM, Leo Supra) indicated 
that the grain size exceeded 3  μ m for all samples. Dopant content in the 
pellets was confi rmed by energy dispersive X-ray fl uorescence analysis 
(EDS). In order to obtain a Pr 4 +  -doped sample, the Pr 3 +  -doped sample 
was annealed in oxygen for 12 h at 380  ° C. The powder XRD patterns 
were acquired with a Rigaku Ultima III 2theta-theta diffractometer in 
Bragg-Brentano confi guration. All ceramics displayed diffraction patterns 
consistent with the fl uorite phase. The unit cell parameter ( a ) was 
calculated using Jade 9 software (MDI, CA) with maximum 2  θ    =  120 ° . 

 Nanoindentation measurements were performed at room 
temperature with an Agilent-XP nanoindenter with a Berkovich (three-
sided pyramidal diamond) indenter. To minimize surface effects, 
all measurements were performed with indentation depth between 

are known to be labile below 200  ° C. [  7  ,  26  ,  46  ]  This rearrangement 
has been shown to be the origin of both the chemical strain 
effect [  22  ,  24  ,  30  ]  and the marked electrostrictive behavior [  7  ]  of poly-
crystalline thin fi lms of 20% Gd-doped ceria. With the former, 
in response to mechanical constraint, strains of 0.2–0.4% as 
well as dual elastic moduli-relaxed and unrelaxed have been 
measured, while for the latter, electromechanical activity has 
been observed at the excitation frequency of 143 Hz. [  7  ]  Our 
more recent, but as yet unpublished, data suggest continuing 
electromechanical response even at 6 kHz. Therefore, the 
labile point defect complexes appear to possess the necessary 
characteristics to explain room temperature creep occurring on 
a time scale of a few seconds. At dopant concentrations above 
3 mol%, the creep is suppressed, likely due to the defect inter-
action which is accompanied, in the case of the Gd-doped ceria, 
by the transition to the double fl uorite phase (see additional 
analysis below). The fact that for the ceramics with the two 
small dopants, Pr 4 +   and Lu 3 +  , the creep rate constant is lower 
than that of ceria and only weakly dependent on dopant con-
centration, supports the notion that the appearance of inelastic 
behavior is due to labile, independent point defect complexes. 

 According to Rietveld analysis of synchrotron XRD data of 
Gd 3 +  -doped ceria, [  27  ]  oxygen vacancies begin to be correlated 
for  x   ≥  0.1. Consistent with this fi nding, we note that at  x   =  
0.1, the formation enthalpy of the CeO 2 –GdO 1.5  solid solution 
and the ionic conductivity both reach a maximum. [  35  ]  For  x   ≥  
0.1, Artini et al. [  27  ]  describe the XRD pattern in terms of the 
double fl uorite unit cell, where there are 16 O2 positions per 
unit cell. Occupancy of the O2 position (and not the O1 posi-
tion) decreases linearly with increased doping. The M2–O2 
bond lengths do not change, whereas the two M1–O2 bond 
lengths per unit cell do change. At doping levels below  x   =  0.1, 
there is no correlation between vacancies, the fl uorite struc-
ture is maintained on average and vacancies occupy the oxygen 
positions in a random manner. At 3 mol% doping, 0.75% of 
the oxygen sites are empty. This is equivalent to 1 vacancy per 
128 oxygen positions, which is equivalent to 16 fl uorite unit 
cells or 2.5 unit cells in each of three orthogonal directions. So, 
on the basis of the XRD results, it would seem that when the 
vacancy concentration increases by a factor of  ≈ 3 (i.e., vacancies 

     Figure  4 .     Creep rate constant for Gd-, Lu-, and Pr-doped ceria. The data 
for Gd-doped ceria can be found elsewhere. [  22  ]   
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800 and 900 nm. The upper limit for the indentation depth was chosen 
to ensure that it would not exceed approximately half the average grain 
size. Maximum load of 150 mN was applied using a trapezoidal load–
hold–unload cycle (see Figure  2 a) at a constant loading/unloading rate: 
15 mN s  − 1  (“fast” mode) and 0.15 mN s  − 1  (“slow” mode). [  23  ]  At the 
end of the loading part of the cycle, the load is held constant for a fi xed 
time, 8 s (fast) or 30 s (slow), while the change in displacement due 
to creep was monitored. Finally, the load was reduced at the same rate 
as used for loading. The elastic modulus and the nano-hardness were 
determined using Oliver and Pharr analysis, based on the measured 
values of the initial slope of the load release curve and the indenter 
contact area. [  20  ,  21  ]  The creep observed during the load hold phase is not 
expected to infl uence these values because the rate decreases rapidly 
enough that, at the end of the load–hold period, the displacement is 
smaller than the drift. The loading and unloading curves were smooth; 
there were no “pop-ins”, [  47  ]  such as are often observed in the presence 
of cracks or pores at the submicron level, or instabilities (Figure  2 b). The 
requirements for low porosity as well as polishing of high quality were 
found to be essential for measurement reproducibility. [  19  ,  22  ]  Drift rates 
were measured at 90% unloading in separate experiments and found 
to be less than 0.1 nm s  − 1 , which is low enough not to signifi cantly 
infl uence the results. The infl uence of any instrumental settling time 
was also found to be not signifi cant. Each sample was measured twelve 
times at both loading rates. Elastic modulus, hardness and creep rate 
were deduced from each curve. Statistically signifi cant measurements 
(at least eight in each case) were then averaged.   
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