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Young's, shear and bulkmoduli of Ce1-xSmxO2-x/2 (x ≤ 0.55)were studied using ultrasonic time offlight and nano-
indentation techniques. Sound velocity measurements, corrected for sample porosity, demonstrate decrease in
the unrelaxed ceramic moduli with increasing Sm-content. Room temperature creep under indenter load-hold,
as well as time-dependent material stiffness, reveal a transition from prominent anelasticity in the fluorite
phase to prominent elasticity in the double fluorite phase. This supports rearrangement of elastic dipoles
under anisotropic stress, which occursmore readilywhenoxygen vacancies are not ordered on the crystal lattice,
as the source of ceria anelastic behavior.
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The family of trivalent cation-doped ceria ceramics comprises some
of the best and most extensively studied medium temperature
(400–800 °C) oxygen ion conductors [1–5], finding application in both
solid oxide fuel cells and oxygen sensors. The components in these de-
vices experience both anisotropic and isotropic stress from a variety of
sources (thermal, chemical, weight bearing) [6]. However,while the un-
usually high ionic conductivity of samarium doped ceria (SmDC) has
been well characterized [1–5,7], its mechanical properties are still sub-
ject to active experimental and theoretical research [5,6,8–24]. This is
due to the fact that how, and to what extent, the mechanical properties
of ceria ceramics depend on composition, i.e. the concentration of point
lattice defects and their distribution, is far from being well understood.

A unique feature of themechanical properties of trivalent rare-earth
doped ceria, in comparison to other ceramics, is room temperature an-
elasticity. In describing the behavior of an anelastic material, the time
dependence of the response to stress, particularly anisotropic stress, is
an essential parameter. This behavior is attributed to the rearrangement
of local, symmetry-lowering distortions in the lattice, which for ceria,
are primarily associated with oxygen vacancies [11,12,25–30]. On time
scales ≤2 s, rearrangement of point defects is too slow to affect mechan-
ical properties and consequently, unrelaxed moduli are observed. In
fact, relaxation times may range from a few seconds to a few weeks,
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depending on the morphology, thermal history and chemistry of the
material. In the fully relaxed state, the biaxial elastic modulus of
doped ceria thin films has been observed to be as much as a factor of
ten lower than that observed for the unrelaxedmodulus [5,11,12,25,26].

The unrelaxedmoduli of doped ceria have beenmeasured by a num-
ber of researchers using a variety of techniques [5,10,11,13,31–34].
Those moduli which are derived from sound velocity measurements
in dense ceramics, such as the impulse excitation technique [8] and ul-
trasonic pulse-echo time of flight (USTOF) [5,10], demonstrate that
moduli decrease with dopant concentration. As an example, in Gd-
doped ceria, Young's and shear moduli decrease 0.48 ± 0.03% per mol
% Gd for x b 0.3, which is the upper dopant limit of the stability of the
fluorite (Fm3m) phase. In the double fluorite (Ia3) phase x ≥ 0.3, the
normalized Young's and shear moduli of Gd-doped ceria ceramics are
larger than the value extrapolated from the linear dependence observed
in the fluorite phase. However, all the data for the bulkmodulus, includ-
ing that for x = 0.3, follow a linear decrease.

On the other hand, nanoindentation-based measurements of the
Young's modulus are performed on a time scale of a few tens of sec-
onds [4,9,11,12,34,35]. This is slow enough for ceria anelasticity to
become evident, and therefore, the outcome of such measurements
depends on the loading/unloading rates. Faster loading has been ob-
served to produce more consistent results than slower loading
[11,12]. Nevertheless, the reproducibility of such measurements
usually does not exceed ±5%, thereby masking the relatively weak
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Fig. 1. Longitudinal (left, black) and shear (right, blue) sound wave velocity in Sm doped
ceria as derived from ultrasound pulse echo time of flight (USTOF) measurements. Inset:
pellet porosity as a function of Sm content. Theoretical density was calculated using the
XRD measured lattice parameter (Fig. S1) and the known contents of the unit cell; pellet
density was measured using the Archimedes method as described in the text. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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dependence on dopant concentration. Aliovalent doped ceria also
shows noticeable room temperature creep [11,12], the magnitude
of which depends on the type and concentration of the dopant.

In the presentwork, mechanical properties of aliovalent-doped ceria
ceramics with 5–55mol% Smwere investigated using USTOF and nano-
indentation techniques. At high Sm concentrations, the term ‘doping’
may not be appropriate to describe the solid solution of SmO1.5/CeO2.
However, as this is the commonly used terminology in the ceramic
and solid state literature, it will be used for both high and low concen-
tration samples described in this report. The ionic radius of Sm3+ is sim-
ilar to that of Gd3+ (122 pm and 119 pm, respectively). However, the
transition from fluorite to double fluorite symmetry is only detected
by X-ray diffraction for concentrations above 35 mol% Sm (Fig. S1),
while for Gd doped ceria, this transition occurs above 20 mol% dopant.
With 40 mol% Sm3+ [7,14], the XRD pattern may be indexed as double
fluorite, in which both cations and anions occupy two inequivalent lat-
tice sites and oxygen vacancies are no longer randomly distributed.
With the extended concentration range x = 0.05–0.55, there are suffi-
cient data to observe the mechanical behavior of the ceramic pellets in
both phases.

Ceramic pellets of Ce1−xSmxO2−x/2 (0.05 ≤ x ≤ 0.55, at 0.05 incre-
ments) were synthesized from 99.99% purity powders of Sm2O3 and
CeO2 via conventional solid-state reactions as described previously [7].
The powders were ball-milled, dried and calcined at 1450 °C for 10 h.
Up to 2% w/w binder (PVA dissolved in deionized water) was added
to the powders and disk-shaped pellets (height N 1 mm, diameter
~8 mm) were formed in dies by uniaxial pressing. The pellets were
then subjected to isostatic pressing at 250 MPa for 3 min and sintered
at 1600 °C for 10 h (0.05 ≤ x ≤ 0.25) or 1690 °C for 5 h (0.30 ≤ x ≤
0.55), respectively. All samples were reoxygenated prior to mechanical
measurement by heating at 500 °C for 5 h in a pure oxygen environ-
ment. The average grain sizes, as determined from SEM images using
the linear intercept method with correction factor 1.56 [36,37], range
from 10 to 25 μm without obvious dependence on Sm concentration
(Fig. S2). X-ray diffraction (XRD) patterns of the pellets were acquired
with a Rigaku Ultima III θ–θ diffractometer in Bragg–Brentano configu-
ration. The unit cell parameter (a)was calculated using Jade 10 software
(MDI, CA). Porosity (p) is defined as (1-ρm/ρth) where the XRD-
determined unit cell volume and known content was used to calculate
the theoretical lattice density, ρth. The experimental density, ρm, of the
sintered pellets was measured with the Archimedes technique using
deionized water (18 MΩ · cm) as working liquid. The presence of
very small amounts of residual PVA ash in the ceramic pellets did not af-
fect mechanical behavior.

Shear (transverse, VS) and longitudinal, (VL) sound velocities were
determined with accuracy better than 0.25% from pellet height, mea-
sured with uncertainty ≤0.15% and the ultrasound time of flight (TOF),
τ, as described in [38] and in Supplementary (Eqs. (S1)–(S2)). The TOF
was measured using an appropriate transducer coupled directly to the
pellets with high viscosity commercial honey without external force.
Correction for porosity b6 vol% was performed as described previously
[10]. The two models, static and dynamic, are detailed in the Supple-
mentary file (Eqs. (S3)–(S4)).

Nanoindentation measurements were carried out at room tempera-
ture using an Agilent-XP instrument with diamond Berkovich-tip in-
denter. To minimize effects of surface inhomogeneity, all measurements
were performed with indentation depth ≥ 700 nm and at ≥10 locations
on each sample. To ensure that the upper indentation limit is much
smaller than the average grain size, indentation depth did not exceed
1100 nm (Supplementary, Fig. S2). Measurements were performed
using a protocol described previously [11,12] with a trapezoidal load–
hold–unload cycle. The “fast” loading rate was 15 mN/s to maximum
load 150 mN and the “slow” loading, as well as unloading, rates were
0.15 mN/s to 150 mN load. Load-hold time was either 8 s (fast) or 30 s
(slow) atmaximum loadbefore retracting the indenter. Thematerial stiff-
ness (S) was determined from the initial slope of the unloading phase of
the cycle using Oliver - Pharr analysis for elastic solids [39,40]. Young's
modulus is linearly proportional to S. In contrast to Gd, Pr3+ and Lu-
doped ceria [11,12], for which 15mN/s unloading rate produced useful
data, for Sm-doped ceria, fast unloading rates N5 mN/s produced a nega-
tive slope upon indenter retraction, rendering the results unsuitable for
modulus calculation. Loading and unloading curves selected for calcula-
tions were smooth without “pop-ins” or instabilities. Thermal drift rates
measured in separate experiments at 90% unloading were b0.1 nm/s
and did not significantly influence the results.

XRD patterns of Ce1−xSmxO2−x/2 pellets (Fig. S1) demonstrate that
ceramicswith x b 0.35 are in the fluorite phase while for x N 0.4, appear-
ance of additional peaks clearly indicates transformation into thedouble
fluorite phase. The intensity of these peaks increases for x N 0.4. The lat-
tice parameters measured are close to previously reported values
[3,7,14,27]. Porosity of the pellet samples, calculated as described
above (Fig. 1, inset), was within the acceptable limit (b6 vol%) except
for Sm concentrations between x = 0.3–0.45. Interestingly, concentra-
tions forwhichhigh porosity is observed coincidewith the transition re-
gion between the fluorite and the double fluorite phases, which has
been termed the ‘hybrid’ region [14] based on Rietveld analysis of Sm-
doped ceria powders. For sintered pellets, coarsening appears to be
much more rapid than densification in the ‘hybrid’ region, suggesting
high mobility of grain boundaries [41].

The uncorrected elastic moduli deduced from the longitudinal (VL)
and shear (VS) sound velocities (Fig. 1), and Eqs. (S1) and (S2) do not
show consistent dependence on Sm concentration. However, after
correcting for porosity (Eqs. (S3)–(S4)), a monotonic decrease is clearly
visible. In the intermediate concentration range 0.3 ≤ x ≤ 0.45, high po-
rosity prevents accurate determination of the elastic moduli (Fig. 2,
shaded regions) and Poisson's ratio (Fig. S4, shaded region). In the fluo-
rite phase (x ≤ 0.25) all moduli decreasewith Sm content (Fig. 2). This is
not unexpected, as increased Sm concentration leads to lattice expan-
sion and reduction in the number of chemical bonds due to vacancy for-
mation [27,31,42]. The rate of decrease of the Young's, shear and bulk
moduli, normalized to those of the undoped pellet, is ~ 0.5% per mol%
Sm (Fig. 2d, Table 1), similar to that observed for Gd-doped ceria in
the fluorite phase [10]. In the double fluorite phase, x N 0.45, unrelaxed
moduli decreasewith increase in Sm content at a rate of 0.27%permol%.
This result likely reflects the significantly weaker increase in lattice con-
stant with increased Sm concentration in the double fluorite phase (Fig.
S1c). USTOF data for the unrelaxed elastic moduli of Gd3+doped ceria
ceramics are not yet available.

Fig. 3a shows indenter displacement and applied load observed for a
10 mol% Sm-doped ceramic pellet as a function of time with 15 mN/s
loading rate and 5 mN/s unloading rate. Young's moduli, derived ac-
cording to standard Oliver-Pharr protocol from the initial slope of



Fig. 2.Uncorrected and porosity-corrected (a) Young's, (b) shear and (c) bulkmoduli as calculated from USTOFmeasurements (Fig. S1). Black squares – uncorrected values; red circles –
static correction according to [43]; and blue triangles - dynamic correction according to Ledbetter, [44,45] (d) Normalized (to dopant-free values) Young's, shear and bulk moduli,
following porosity correction [44,45]. The linear slopes, in % per mol% Sm, for the normalized Young's, shear and bulk moduli are presented in Table 1. Shaded areas indicate samples
with porosity N6%, forwhich correction cannot be reliablymade. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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unloading curves (Fig. 3b), show large differences between “slow”
(0.15mN/s) and “fast” (5mN/s) unloading rates (Fig. 4a). This obvious
dependence on time is characteristic of viscoelastic (e.g., anelastic)
solids; the Young's modulus and surface hardness (H) determined by
NI can be artificially high. However, by applyingmodified analytical pro-
cedures [46,47], it is possible to extract the elastic contribution to the
material stiffness S and contact depth hc and thereby, amore accurate re-
laxed Young's modulus and surface hardness (Fig. S5) may be obtained.
Most importantly, with this correction, the “fast” nanoindentation mea-
surements are clearly able to show that the anelastic properties of Sm
doped ceria become significantly weaker as dopant concentration in-
creases (Fig. 4b). As the elastic contribution increases, the “fast” and
“slow” NI measurements of the Young's modulus begin to overlap
(Fig. 4a), and both approach the unrelaxed modulus measured with
USTOF (Fig. 4a). However, NI error bars are still too large to enable detec-
tion of the dependence of the Young's modulus on Sm concentration
with the same level of confidence as the USTOF technique. NI data for
Gd-doped ceria [11] are only available in the fluorite phase.

With ‘fast’ loading, room temperature creep (i.e., continueddisplace-
ment at constant load, a marker for viscoelastic behavior) is clearly vis-
ible on the load-hold segment of the nanoindentation curves (viz.,
Fig. 3a,b). As in the case of Gd-doped ceria [11,12] and (Nb,Y)-stabilized
Bi2O3 [10], displacement, η, follows time dependence typical of primary
creep [48]:

η−η0 ¼ A �
ffiffiffiffiffiffiffiffiffiffiffi
t−t03

p
ð1Þ

where η0 is displacement at the beginning of the hold stage at time t0
(inset) and A is the creep constant [15]. The creep constant remains un-
changed, to within experimental uncertainty, for x b 0.10; at higher Sm
concentrations, it decreases until a plateau is reached for x N 0.25
Table 1
Rates of decrease of Young's, shear and bulk moduli in Sm doped ceria.

Normalized slope
x b 0.3

Normalized slope
x N 0.5

Young's modulus −0.53 ± 0.03 −0.27 ± 0.01
Shear modulus −0.49 ± 0.05 −0.28 ± 0.01
Bulk modulus −0.49 ± 0.04 −0.27 ± 0.02

Slopes are in units of % per mol% dopant.
(Fig. 4c). Therefore, both the creep constant and the Young's modulus,
as measured by NI, provide a self-consistent picture of a measurably
more elastic mechanical behavior in the more heavily Sm-doped ceria
ceramics (Fig. 4b).
Fig. 3. (a) Indenter displacement (left, black) and load on sample (right, blue) during a fast
nanoindentation measurement on a 10mol% Sm doped ceria pellet at room temperature;
the primary creep observed in the hold phase (dashed rectangle in (a)), and a graph inset
of thematching power law fit of 1/3 (red line, fit to Eq. (1)). Creep is also observed in load-
displacement curves (b) as an increase in displacement at maximum load. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)



Fig. 4. (a) Young's modulus as a function of Sm content calculated according to standard Oliver-Pharr protocol from the fast (5mN/s; blue triangle) and slow (0.15mN/s; red circle) nano-
indentation load-release curves. Moduli calculated from porosity-corrected sound velocitymeasurements are given for comparison (□). The shaded region denotes sampleswith porosity
that is too high to be reliably corrected. The dashed vertical line indicates the first XRD observation of thefluorite→ doublefluorite transition (Fig. S1). (b) The elastic component of the NI-
determined Young's modulus for 5 mN/s unloading rate, calculated according to the treatment for visco-elastic materials presented in [46,47]. Clearly, the anelasticity of the ceramic
samples decreases as the concentration of Sm3+ and oxygen vacancies increases. (c) Room temperature creep constant (A) calculated from the ‘fast’ NI measurements for Sm- or Gd-
doped [11] ceria ceramics as a function of dopant-content. The loading rates for both are 15 mN/s and load-hold, 8 s. Error bars are standard deviation of ≥10 measurements at
different locations on the surface of the same pellet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The structural interpretation of this behavior is similar to that
given earlier [11,12]: i.e., room temperature creep results from
stress-induced rearrangement of local strain fields associated with
oxygen vacancies VO [19,27,49,50]. In Gd-doped ceria, x b 0.2, in
the absence of external stress or electric field, modeling has shown
that the randomly distributed dipolar strain fields do not have a pre-
ferred direction [49]. The distorted 8-atom complexes, containing
7O-CeCe–Vo, are able to rearrange on a time scale of a few tens of sec-
onds in response to anisotropic stress induced by, e.g., nanoindenta-
tion [11,12] or an electric field [49]. If the time scale of the applied
load is shorter than the time necessary for the [20,25,26] complexes
to rearrange, then during the “load-hold” stage of the cycle, contin-
ued rearrangement produces room temperature creep. If loading is
slow enough for the complexes to rearrange, then room temperature
creep is diminished. In the double fluorite phase, oxygen vacancy or-
dering apparently stiffens the lattice, thereby reducing the mobility
of the local dipolar strain fields, and consequently producing more
prominently elastic material properties: little or no rearrangement
is possible.

Unrelaxed Young's, shear and bulk moduli of Ce1-xSmxO2-x/2,
0.05 ≤ x ≤ 0.55, derived from ultrasound pulse echo measurement
of longitudinal and transverse sound velocity, decrease with in-
crease in samarium content. The lower moduli are due in part to
lattice expansion as well as to the decrease in the number of chem-
ical bonds resulting from oxygen vacancy formation. The impor-
tance of loading/unloading rates during nanoindentation points to
the influence of viscoelastic perturbation to the determination of
Young's modulus using the Oliver- Pharr protocol. The measure-
ments of relaxed\unrelaxed moduli reported here may indeed pro-
vide more realistic constraints for atomistic modeling of the
anelasticity and mechanical properties of ceria, the understanding
of which remains far from complete [51,52]. Correcting Young's
modulus and hardness values according to literature treatments
of viscoelastic materials, shows that anelasticity plays a larger
role in the fluorite phase where the oxygen vacancies are more ran-
domly distributed on the lattice than in the double fluorite phase
where ordering begins to take place: i.e. oxygen vacancy ordering
stiffens the lattice.
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