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Abstract

High density Lag 33SisO,6 polycrystals were fabricated by conventional and spark plasmasintering starting from
nanopowders synthesized by freeze-drying. The materials exhibit a homogeneous microstructure formed by
equiaxed grains with averagesizes of 1.1 umand 0.2 um-diameter depending on the sintering route. Compres-
sivemechanical tests were performed in air at constant strain rate between 900 and 1300°C. Agradual brittle-
to-ductile transition was found with increasing temperature and/or decreasing strain rate. Grain boundary
sliding is the main deformation mechanism in the ductile region, characterized by a stress exponent n = 1 for
the conventionalsintered (large-grained) material and n = 2 for the spark plasma sintered (fine-grained) ma-
terial; in both cases, the activation energy for creep was 360 kJ/mol. Effective cation diffusivities have been
derived from mechanical data by comparison with appropriate models. The creep properties of lanthanum

silicates are reported here for the first time.
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1 Introduction

The high operating temperatures of Solid Oxide Fuel Cells (SOFCs) are responsible for high costs and the un-
satisfactory durability and reliability of these devices [1, 2]. SOFC components are indeed subjected to harsh
environments and severe thermo-mechanical stresses which induce progressive degradation of SOFCs in op-
eration [3-5]. Currently, thereis a growing research effort which aims at understanding the different degrada-
tion mechanisms affecting SOFCs [6]. At elevated temperatures, physical-chemical alterations [3-5, 7-9],
thermo-elastic mismatches [10, 11], creep deformations [12] and uneven temperature distribution [13, 14]
are undesirable phenomena which can take placein the system risking the mechanical integrity and the overall

performance of the stack [10, 12, 13, 15].

An intensesearch is nowadays underway for SOFC materials with the objective of lowering the operating tem-
perature and improving their operability [16-18]. In this context, lanthanum silicates are of great interest [19-
22], exhibiting conductivities higherthan those of the well-known oxide ionicconductor yttria-stabilised zirco-
nia at intermediatetemperatures [19, 22, 23]. Most of investigationson rare-earth silicates apatites have been
devoted to characterizing and optimizing their microstructuraland electro-chemical properties [21, 22, 24-28],
since very few electrode materials were found to be compatible with such an electrolyte [29, 30]. However,
the creep properties of these materials have not been investigated yet, despite their relevance in the material

selection and design of devices.

The aim of the present work was thus to evaluate the influence of strain rate, stress, temperature and grain
size on the high-temperature mechanical behaviour of lanthanum silicate (LSO) electrolytes fabricated by two
different routes, conventional sintering (CS-LSO) and spark plasma sintering (SPS-LSO). The mechanical prop-
erties were evaluated by means of creep experiments performed in air at constant cross-head speed in the
temperature range between 900 and 1300 °C. The experimental data were correlated with microstructural
observations performed by scanning and transmission electron microscopy to identify the atomistic mecha-
nisms of plasticdeformation and the origin of failure in these materials at high temperatures. In this study, the
importance of grain slidingin the deformation processes is underlined, which may help to define the range of
temperatures at which stress relaxation might be more easily controlled in order to reduce the internal resid-
ual stresses. Additionally, the use of lanthanum silicate is currently hindered by the serious challenge that
densification entails in the preparation of these materials [24, 25]. In this regard, this study has allowed to
obtain valuable information on the transport processes of the slowest moving species in the oxyapatites, not
known at present, which is essential for different mass transport-related processes, such as densification and
grain growth. Therefore, the present data may help to devise optimum processing schedule, understand the

state of stresses in SOFC components and improve the durability and reliability of these devices.



2 Experimental details

2.1 Sample preparation

Lag 33 Sis0,6 Nanopowders were obtained by freeze-drying following the procedure described in Refs. [24] and
[25]. Commercial precursor powders of lanthanum acetate sesquioxide La(CH;C0OOQ);-1.5H,0 and TetraEthOx-
ySilane (TEQS, Si(OC,Hs)) were used as starting precursors. A mixture containing the commercial reagents,
acetic acid and ultra-pure water was prepared. The resulting solution was sprayed into a liquid nitrogen bath
to form frozen droplets, which were transferred into the freeze-dryer chamber, where the dehydration pro-
cess was carried out undervacuum. Thefinal product was an amorphous precursor which was further calcined
in air at 1000 °Cduring 4 h. For conventional sintering, the nanopowder was shaped into pellets by uniaxial
pre-pressing at 100 MPa followed by isostatic pressing at 750 MPa for 10 min, and then sintered in air at
1500 °C during 12 h. For spark-plasma sintering, the nanopowder was progressively heated in a graphite
mold/die in a Dr. Sinter SPS furnace (Plateforme Frittage Flash, Thiais, France) up to 600 °C at a rate of
200 °C/min andthen up to 1250 °Cat 50 °C/min with a 5 min-soaking time, undera constant pressure of 100
MPa. The resulting pellets were finally submitted to a conventionalthermaltreatmentat 800 °C in air for 24 h
to burn all residual carbon species. The final density of the samples, determined using Archimedes’ method,
was 97.1% of the theoretical value of Lag33SisO26 (5300 kg/m?3) for CS-LSO and 99.6% for SPS-LSO. X-Ray dif-
fraction analyses performed on both apatites confirmed the presence of the single Lags;SisO,¢ hexagonal
phase (spacegroup P65/m, PDF-2002 XRD pattern) with lattice parameters a = 9.724(5) Aand ¢ = 7.186/(4) A,
inagreement with previous results in Lag 33Sis0,¢ ceramics sintered at temperatures between 1500and 1600°C

[25, 31-33].
2.2 Mechanical characterization

Compressive deformation tests were performed on specimens of 5 x3 x 3 mm?2in size which were cut from
the sintered pellets with a low-speed diamond saw. Mechanical tests were carried out at temperatures be-
tween 900 and 1300 °C (0.51—-0.69 homologous temperature) in air at constant cross-head speeds between

5and 50 pm/min (correspondingtoinitial strain rates £, 0f 1.7x10°and 1.7x10* s, respectively). Auniversal

machine with alumina rams was used to perform the tests, with a minimum detectable strain rate of
5x107stand aninaccuracy of £ 10%. Airatmosphere was chosen because a previous study on the mechanical
response of these oxyapatites under different environments (air, argon and hydrogen) [34] showed the ab-
sence of mechanical/chemical changes. The specimens were sandwiched between pads of SiC to reduce as
much as possiblethe friction with the alumina punching dies of the deformation machine. Therecorded data,
load versustime, were plotted as o - € curves, where o is the true stress and € is the true strain. Unless prem-
ature failure occurred, mechanical tests were discontinued after reaching a total true strain of 50% forsubse-
guent microstructural observations. The mechanical data were analysed using the standard high-temperature

power law for steady-state deformation [35] :



. Q
= Ao"dPexp(- — (1)
€ = Ao"dPexp( =T )

where € is the steady-statestrainrate, A is a parameter depending on the deformation mechanism, d is the
grain size, n is the stress exponent, p is the grain size exponent, Q is the activation energy for flow, R is the gas

constant and T is the temperature.

Two independent methods were used to evaluate n and Q: (i) by comparing the flow stresses measured on
different specimens deformed isothermally at various strain rates (n) or temperatures (Q) (conventional
method); and (ii) by strain rates (n) ortemperatures (Q) changes performed duringa testonthe same sample
(differential method). In both cases, steady-state conditions have to be fulfilled in order to get meaningful

values of the creep parameters.
2.3 Microstructural characterization

The microstructural characterization of as-prepared and deformed polycrystals was performed using a high-
resolution FEI Teneo scanning electron microscope (SEM) and a FEl Talos transmission electron microscope
(TEM) (Microscopy Service, CITIUS, University of Seville). To reveal grain boundaries, longitudinal sections were
cut from the samples, mechanically polished and then thermally etched in air at 1200 °C for 3 hours. The
relevant morphological parameters, grain size d, form factor F and orientation angle 6 were measured from
SEM micrographs using a semiautomaticimage analyzer averaging over more than 500 grains on each material.
The grain size has been taken as the equivalent planar diameter d = (4(grain area)/n) /?; the form factoris a
dimensionless parameter which gives quantitative information of the grain shape F = 4n(grain area)/(grain
perimeter)?, ranging from 0 fora segmentto 1 for acircle; and the orientation angle 0is defined as the orien-
tation of the largest diameter of the grain relative to a direction of reference. TEM samples were prepared

following conventional techniques of mechanical grinding, dimpling and ion-milling of sliced sections.

3 Results and discussion
3.1 Microstructure of as-fabricated CS-LSO and SPS-LSO

Fig. 1 shows representative SEM micrographs of polished and thermally etched cross-sections of the as-fabri-
cated materials. Both LSO-CS and LSO-SPS compounds exhibit a homogeneous microstructure formed by equi-
axed grains with very little porosity, in agreement with density measurements. The grain size distributionsin
both materials are consistent with a lognormal law, as usually found in ceramic compounds, but with very

different average grain sizes,d = 1.1 + 0.6 um in CS-LSO (Fig. 2a)and d =0.2 £ 0.1 um in SPS-LSO (Fig. 2b).



Regarding the form factor F, both materials show equiaxed grains with F= 0.8 + 0.1 (Fig. 2c), indicating the

absence of preferential directions.

Fig. 1. SEM micrographs of as-prepared conventionally sintered (a,b) and spark plasma sintered (c,d)
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Fig. 2. Grain size distributions of (a) conventionally sintered and (b) spark plasma sintered Lag33SisO,6. Note
the different horizontal scale. (c) Form factor distributions of both materials.



The internal microstructure of the grains was investigated by TEM (Fig. 3). In both materials, the grains are
free of dislocations and other defects, with clean and straight grain boundaries and well-defined triple points.

No evidence of secondary phases along grain boundaries or in pockets was observed.

Fig. 3. TEM images of conventionally sintered (a,b) and spark plasma sintered (c,d) Lag33SisO,s. Grains are
free of defects, without secondary phases along grain boundaries and triple points.

3.2 High temperature mechanical behaviour

Fig. 4 shows typical curves of the variation of the true stress o with true strain € for different deformation
conditions of temperature T and initial strain rate €, for CS-LSO apatites. The material displays a gradual tran-
sition from brittle-to-ductile regime as the temperature increases (Fig. 4a) and/or the strain rate decreases
(Fig. 4b). Atthe lowest temperature studied, 1020 °C, the samplefailed catastrophically at a stress level of 725
MPawithout undergoing any plastic deformation. As the temperature increases, for a fixed initial strain rate,

there is a progressive transition to a semibrittle behaviour, characterized by a negative slopeof the o - € curve

6



(stress softening) dueto material degradation. Such a behaviouris observed at 1140 °Cand in the final part of
the curve at 1200 °C (Fig. 4a). At both temperatures, however, the material reached deformations aslarge as
50% without macroscopic fracture. Finally, extended steady states of deformation (secondary creep regime)
were attained at higher temperatures, characterized by a continuousincrease in stress with straindue to the
increase in specimen section and true strain rate during compression. A similar ductile-brittle transition was
found whenincreasingthe initial strain rate at a fixed temperature, as shown in Fig. 4b; flow softening can be

observed at € > 40% in the sample deformed at the highest strain rate.

800 1 350
x a) s = N b) T =1300°C
7001 ¢=36x10 s | 200! = |
1020°C |
600| ¥ 1090°C 1.9x10™%s"
250 i
— ——1140°C | —_
1] ]
o 500t 1200°C o .
E 1250 °C 1 E 200+ 7.8x107s i
p 400, ——1300°C 1 @
2 1 2150} 1
® 300 . 7] 3.6x107s”
5 ] 3 100
= 200 1 E — ,
100// i 50
0 L | L | L | L | L | L | L | L | L | L | L ] 0 1 1 1 1 1 L 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
True strain (%) True strain (%)

Fig. 4. True stress o - true strain € curves for CS-LSO deformed in compression: (a) at an initial strain rate of
3.6x107° st as function of temperature; and (b) at 1300 °C as function of initial strain rate. Marks “x” indicate
macroscopic specimen failure.

Fig. 5 shows representative o - € curves for SPS-LSO apatites obtained at different conditions of temperature
and strain rate. The mechanical response of this material is qualitatively similar to that of CS-LSO, though
shifted at temperatures about 200 °Cbelow, owingto the differencein grain size. For a fixed initial strain rate
of 3.6x10° s%, well-defined steady states of deformation were established at temperatures of 1020 °C and
above. Andfora fixed temperature of 1140 °C, secondary creep regimes were readily attained at all the strain

rate studied. In such conditions, theslope of the o - € curvesincreases continuously with increasing €, (Figs.

4b and 5b), as expected in constant cross-head speed tests.
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Fig. 5. True stress o - true strain € curves for SPS-LSO deformed in compression: (a) at an initial strain rate of
3.6x107° st as function of temperature; and (b) at 1140 °C as function of initial strain rate. Marks “x” indicate
macroscopic specimen failure.

The macroscopic aspect of the strained samples correlates well with the shape of the corresponding stress -
strain curves. In the ductile region, the specimens deformed very homogeneously without signs of macro-
scopic damage. In such conditions, SEM observations in both materials (Fig. 5a and c) reveal that the grains
retained their equiaxed shape, with a form factor essentially unaffected by the deformation process, with an
average value of F=0.80%0.10. Someconcurrent grain growth took place during testing at the highest tem-
peratures studied, particularly in the finer-grained SPS-LSO material: final grain sizesof 0.4+ 0.1and0.5+0.2
um were measured after 50% strain at 1140and 1200 °C, respectively. Grain coarsening was minimal for CS-
LSO; for instance, a final grain size d =1.4 £ 0.5 um was measured after 50% strain at the highest temperature

and lowest strain rate studied.

Inthe semi-brittle regime, cracks parallel to theloading direction begin to develop on the specimens, resulting
in the flow softening observed in the corresponding stress - strain curves. In such conditions, however, the
material was able totolerate the macroscopicflaws without cracking. These cracks eventually end up fractur-
ing the sample at the worst testing conditions of strain rate and temperature. SEM observations of fracture
surfaces in both materials have shown a mixed failure mode (Fig. 6), with preferential occurrence of trans-

granular fracture in the larger-grained regions.



Fig. 6. SEM micrographs of (a,b) CS-LSO and (c,d) SPS-LSO samples deformed at an initial strain rate of
3.6x107 st and different conditions of temperature: (a,c) in steady state up to £=50% at 1300 °C (CS-LSO)
and 1090 °C (SPS-LSO); (b,d) fractured at 1090 °C (CS-LSO) and 920 °C (SPS-LSO). Stress axis vertical.

TEM observations of specimens deformed in the ductile regime (Fig. 7) have shownthe absence of dislocations
and other defects inside grains, which still exhibit straight boundaries and well-defined triple junctions after
50% strain, as in the as-fabricated materials. This result indicates that dislocations do not play any role in the

high-temperature plastic deformation of both large and fine-grained oxyapatites.

Fig. 7. TEM images of (a) CS-LSO and (b) SPS-LSO samples deformed in steady state at an initial strain rate of
3.6x10° s and 1300 °C (CS-LSO) and 1140 °C (SPS-LSO).



3.3 Creep parameters

The stress exponent n and activation energy Q (Eq. ( 1)) were experimentally determined in the steady-state

regime. The stress exponent n was estimated directly from the isothermal ¢ - € curves obtained at different

strain rates at a strain level of 10% (conventional method, Fig. 8), yielding average valuesof n=1.1+ 0.1 for

CS-LSO and n=2.0+ 0.1 for SPS-LSO materials. The same n values were also estimated from fast strain rate

changes duringisothermal tests (differential method), as shown in Fig. 9 for CS-LSO deformed at 1250 °Cand

forSPS-LSO deformed at 1075 °C, with strain rate changes between 3.6x10° and 1.8x10° s . The comparison

of the flow stresses before and after the strain rate changes yields average values ofn=1.1+0.1 (8 determi-

nations)andn =1.9+ 0.1 (10 determinations), respectively, in excellent agreement with the values deduced

from conventional tests.
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Fig. 8. Variation of strain rate with stress for CS-LSO at 1300 °C (closed symbols) and SPS-LSO at 1140 °C
(open symbols), yielding stress exponents n of 1.1 + 0.1 and 2.0 + 0.1, respectively. Data for fine-grained

3YTZP with n = 2 [36], the reference material for superplastic ceramics, and for large-grained 8YSCZ with

n=

1 [37] are also shown (dashed lines).
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Fig. 9. True stress o - true strain € curves for (a) CS-LSO deformed at 1250 °C and (b) SPS-LSO deformed at
1075 °C, showing several strain rate changes to determine the stress exponent.

o

A stress exponent of 1is characteristic of a diffusion-controlled grain boundary sliding mechanism, wherethe
grains slide against each other to accommodate the macroscopic deformation of the specimen by mass
transport without participation of dislocations [35, 38, 39]. The retention of the equiaxed grain shape after
large strains (Fig. 6a) and the absence of dislocation activity (Fig. 7a) also support such a mechanism in con-
ventionally sintered LSO. A stress exponent close to 1 has been reported previously in a large number of ce-
ramic materials with grain sizes above 1 um: NiO [40], UO, [41], cubicyttria-stabilized zirconia YSZ [42], yttrium
aluminum garnet YAG [43], YBCO [44], SrTiO; [45], LaggSro,GagssMgq. 1503 [46], SrCogsFey,05 [47], BaTiO; [48]
and BaCe;.Y,05(x=0.05-0.20) [49].

Onthe other hand, a stress exponent n of 2 has been systematically reported in the superplasticbehaviour of
many metals and metallic alloys with d <10 pm [39] as well asin submicrometer-grained ceramics (d <1 um),
such as 3 mo% yttria-stabilized tetragonal zirconia 3YTZP [36], alumina [50], Al,O3/3YTZP composites [51],
three-phasealumina/zirconia/mullite [52], and yttrium- and ytterbium-doped barium cerates [53, 54]. In these

materials, it is well documented that grain boundary sliding also plays the key role in the deformation process,

11



without modifications of grain shape despite the very large strains attained, as foundin the present work for

the fine-grained SPS-LSO material.

For the sake of comparison, data for 8 mol% yttria-stabilized cubic zirconia 8YSCZ with n = 1 (extrapolated
from 1400 °C [37]) and 3 mol% yttria-stabilized tetragonal zirconia with n = 2 [36] (the most widely studied
superplastic ceramic) are also included in Fig. 8 along with the data for the apatites. It can be seen that the
creep strength of the oxyapatitesis very similar to that of the corresponding zirconia with the same grain size,

the difference being less than a factor of 2.

Followingidentical procedures, the creep activation energy Q was estimated from both the conventionaland
differential methods. Inthe former, Q was estimated from a plot of the flow stresses measured at 10% strain
at different temperatures fora fixed initial strain rate (Fig. 10), yielding the same average value of Q =360+
40 kJ/molforboth materials. This result suggests that the same diffusion mechanism, eitherinto the lattice or
along the grain boundaries, is the ultimate rate-controlling step in both large- and fine-grained oxyapatites,

the deformation itself occurring by grain boundary sliding.
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Fig. 10. Variation of flow stress with reciprocal temperature for CS-LSO (closed symbols) and SPS-LSO (open
symbols) at an initial strain rate of 3.6x107° s.. Both sets of data lead to the same Q value (the difference in
slopes is due to the different stress exponent).

The same Q value of 360 + 40 kJ/mol has been measured by the differential method in CS-LSO (8 determina-
tions) and SPS-LSO (8 determinations) materials, as shown in Fig. 11, where several determinations of Q by
temperature changes at a fixed initial strain rate of 3.6x10° s are displayed for CS-LSO and SPS-LSO. In both
cases, thefirsttemperature change led to energies of 360 and 365 kJ/mol, respectively, in excellent agreement

with the Q values deduced previously fromthe o - 1/T curves (Fig. 10). However, the second jump (between

12



1300and 1250 °CforCS-LSO and between 1140and 1050°Cfor SPS-LSO)yielded higher Q values, particularly
in thefiner-grained material, indicating that the specimens became harderthan expected because concurrent
grain coarseningtook place during the second sections of the differential curves carried out at higher temper-
atures, 1300 °C for CS-LSO and 1140 °C for SPS-LSO. It should be noted that, at difference with the stress
exponent n determination where the strain rate changes are performed without unloading the sample, the
deformation was stopped before each temperature changeand then resumed after establishingthe new ther-
modynamic equilibrium. The comparison with theisothermal tests performed at the same temperatures than
the jumps (shownin Fig. 11 forthedifferent conditions of temperature) shows clearly such an effect of grain
coarsening on flow stresses: whilethe stress levels in the first and second sections of the curves superimposed
reasonably well, the third sections exhibit stresses higher than expected because of concurrent grain growth
during deformation, as experimentally measured (see Section 3.2). Using Eq. (1), it can be easily calculated
that an increase in grain size of 15-20% (depending on the value of the grain size exponent p in Eq. (1)) ac-
counts for the difference in the values of Q for up- and down-temperature changes, the effect being much

more pronounced for higher n values.
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Fig. 11. True stress o - true strain € curves for (a) CS-LSO and (b) SPS-LSO deformed at an initial strain rate of
3.6x107° st showing several determinations of Q by temperature changes. The corresponding conventional
isothermal curves are also shown.

Fig. 11 also shows that steady states of deformation are readily obtained after each temperature change,
indicating that the establishment or modification of a dislocation substructure is not necessary for attaining
the stationary creep regime. This feature attests the previousidea that diffusionis the rate-controlling mech-
anism. Theactivation energy for flow Q=360 kJ/mol=3.7 eV can bethus associated with the activation energy
fordiffusion of the slowest moving species along the fastest path [40, 55]. In oxyapatite, the oxygen diffusion
energy was reported tobe of 0.7 eVin the (a, b) plane and 0.35 eV along the c-axis [56]. However, there is no
information about cation diffusivities in LSO, although it is expected that cations are much slower than oxygen

owingto the very high oxide ion conductivity of this material. The activation energy of 360 kJ/molfound in this
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work is significantly higher than the oxygen diffusion energy and would thus mainly represent the activation

energy for cation diffusion.

3.4 High-temperature deformation mechanisms in fine- and large-grained LSO apatites

In previous sections it has been shown that conventionally sintered apatites withd=1.1 um show a nvalue of
1 and a creep activation energy Q of 360 kJ/mol, while spark-plasma sintered apatites with d = 0.2 um exhibit
a stress exponent n of 2 and the sameactivation energy. In both materials, microstructural observations have
shown the absence of dislocation activity as well as the lack of any modification inthe shape of the grains with
the deformation process. Taking all these results together, it can be concluded that diffusion-accommodated
grain boundary slidingis the main deformation mechanism in both oxyapatites, the rate of deformation being

controlled by the same diffusion process.

A value of n =1 is typical of a Newtonian viscous creep behaviour, where the deformation rate is controlled
by matter transport without dislocation activity [35, 39], the deformation being provided by mass transport
itself (Nabarro-Herring and Coble models) or by grain boundary sliding (Asbby-Verrall model [38]). This last
model has permitted to explain successfully the mechanical behaviourand microstructural features observed
in different ceramic materials with grain sizes between 1 and 10 um: UO,,n=1.5,d=2-10um [41]; NiO, n =
1.4,d=9 um [40]; Y,05-stabilized cubicZrO,,n=1.3,d=2-6 um [42]; YBa,Cu30;,, n=1.0,d =10 um [44]; and
yttrium aluminium garnet (YAG), n =1.0,d=2-5um [43]. In particular, this modelaccounts forthe absence of
changes in the form factor of the grains which retain their equiaxed shape even after very large strains and
the absence of significant creep transients before the establishment of the steady-state regime, as found in

the present materials. The steady-state strain rate in the Ashby-Verrall model is given by [38]:

g 2800 (Dat s ngj (2)
k,Td’ d

where Q is the molecular volume, kg is the Boltzmann constant, § is the grain boundary thickness and D" and
De® are the diffusion coefficients for lattice and grain boundary diffusion, respectively. Incompounds, Dis an
effective diffusion coefficient, usually referred as the “molecular” diffusion coefficient, which takes into ac-
countthe diffusivities of the different species in the crystal along the various diffusion paths. To maintain the
electrical neutrality of the crystal, D is usually controlled by the slower moving species along the fastest path
[40, 55]. Because both diffusion processes, lattice and grain boundary, areindependent and take place simul-

taneously, the total strain rate is the sum of the strain rates contributed by each process.

15



The increase in stress exponent fromn = 1 to n = 2 when decreasing grain size below about1 pmwas firstly
reported in yttria-stabilized zirconia polycrystals with grain sizes ranging from 0.3to 17 um [36]. Thereis cur-
rently nosimple explanation forthis effect, because the atomisticorigin of the valuen = 2 itself foundin fine-
grained superplastic materials is not clearly known and is still a matter of debate [36, 39, 55, 57, 58]. Many
different models [39] have been developed to explain superplasticity, based in different relaxation processes
of the stresses generated by the sliding of the grains on each other: dislocation motion, diffusional flow, inter-
face-reaction-controlled diffusion, grain boundary migration, etc., none of them being able to explain success-
fully the body of experimental data in superplastic materials. The transition in n has been recently explained
[58] in terms of a balance between the in-plane shear forces necessary for grain sliding and the local forces
responsible for the accommodation process (grain reshaping). Most of the models predict a dependence of
the steady-state plastic flow with the diffusion of the slowest movingionic species either along grain bounda-
ries or through the interior of the grains, usually associating p = 2 with D = D" and p = 3 with D = D# [35,

39].Thechange in stress exponent from 1 to 2 in the present materials has prevented the determination of p.

Unfortunately, thereis no information available about cation diffusivities in oxyapatites, despite their im-
portancein processesinvolving masstransportas creep, sintering and grain growth. Therefore, the validity of
theoretical models for creep where diffusion is the ultimate strain rate-controlling step [35, 39]) cannot be
directly checked by itself. An alternative approach has been then used in this study: the effective diffusivities
in volume D" and along grain boundaries D& have been deduced and compared from individual creep data
points by using appropriate deformation models with n =1 in the case of the large-grained apatite (Eg. 3) and
with n = 2 for the fine-grained material. In this last case, due to the profusion of theoretical models and to
avoid assumingany particular accommodation mechanism, the effective diffusivities have been derived from
the phenomenological relationships developed by Sherby et al. [39] for superplasticmetals corresponding to
grain boundary sliding controlled by either lattice diffusion (n=2, p = 2) or grain boundary diffusion(n=2,p

=3):

where b is the Burgers vector and G is the shear modulus. The first equation has been shownto account for
the superplasticdeformation of fine-grained yttria-stabilized tetragonal zirconia [36] and the second equation

for fine fine-grained YBa,Cus0;., superconductor [59].
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Fig. 12 shows the effective diffusivities D and D& deduced from Eq. (2) forlarge-grained CS-LSO apatite and
from Eq. (3) for fine-grained SPS-LSO apatite, assuming that the strain rate is controlled by either lattice or
grain-boundary diffusion; amolecular volume Q = b3, with b =5 A, a grain boundary thickness 8= 1 nm and
a temperature-dependent shear modulus G measured by resonant ultrasound spectroscopy [34] have been
used in the calculations. It can be seen that there is an excellent agreement between the grain boundary dif-
fusivities deduced from thetwo independentsteady-state creep rate equations, onewith n = 1in large-grained
LSO andthe otherwith n = 2 in fine-grained LSO. On the contrary, there is a difference of two orders of mag-
nitude between the lattice diffusivities deduced from the two models. This agreement, with no adjustable
parameters, lends credibility to the assumption that plastic flow is accommodated by grain boundary cation
diffusion in lanthanum silicate oxyapatites, with an activation energy of 360 kJ/mol. To the best of our
knowledge, it is the first time where such a comparison has been made in a material using two independent

deformation models.
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Fig. 12. Effective diffusivities in volume and along grain boundaries deduced from creep data in large-grained

CS-LSO(AV, Eqg. (2)) andin fine-grained SPS-LSO (Sh, (Eq. (3)). The agreement between the two independent
models for grain boundary diffusion is remarkable.

4 Conclusion

High-density lanthanum silicate (LSO) ceramics with composition Lag33SigO, Were fabricated from nanocrys-
talline powders synthesized by freeze-drying by using two routes: conventionally sintering (CS)in airat 1500 °C
for12 h andspark plasma sintering (SPS) inair at 1250 °Cfor5 min. The apatites exhibit homogeneous micro-
structures formed by equiaxed grains with average sizes of 1.1 um and 0.2 um for CS-LSO and SPS-LSO, re-

spectively. High-temperature mechanical tests have been performed in air at constant initial strain rate be-
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tween 900 and 1300 °C. A brittle-to-ductile transition was found with increasing temperature and/or decreas-
ing strain rate in both materials, the transition temperature being about 200 2C lower for SPS-LSO owing to
the smaller grain size. In the ductile regime, the compounds exhibit extended steady states of deformation
characterized by a stress exponent n of 1 for CS-LSO and 2 for SPS-LSO, both materials displaying the same
creep activation energy of 360 kJ/mol. Thevalues of n, along with the absence of dislocation activity and mod-
ificationsin grain shape after strain, indicate that deformationis achieved primarily by grain boundary sliding.
A comparison of the effective diffusivities derived from mechanical data by using appropriate independent
deformation models withn =1 and n = 2 suggests that grain boundary cation diffusion is the rate-controlling
mechanism in oxyapatites regardless of grain size. When temperature decreases or strain rate increases, dif-
fusion cannot longer accommodatethe grain sliding, and cavitation takes place; in such conditions, however,
the material is able to tolerate macroscopiccracks without fracture due to extensive grain boundary decohe-

sion around the cracks. We report here for the first time the creep properties of lanthanum silicates.
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