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Abstract

The fracture strength, fracture toughness and apparent Young’s modulus ofia#fafics in the temperature region 25—-80@&re reported.

The fracture strength of the material was observed to increase froat 282MPa at room temperature to 23538 MPa at 800C. The room
temperature fracture toughness was=2.8.1 MPan¥’2. The fracture toughness decreased to2.0.1 MPant/? at 600°C, followed by an

increase to 3.1 0.3 MPan¥? at 800°C. The temperature dependence of the fracture toughness correlates well with the crystallographic
strain, |(a — ¢)|/(a + ¢), and ferroelastic toughening of LaFg@aterials is inferred. Non-elastic stress—strain behaviour of the LaFeO
materials due to ferroelasticity was confirmed by cyclic compression experiments, and residual strain was observed in the material after
unloading.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction nessKic, is generally in the range 2.0-2.8 MP&//!517
. ~ The bend strength and fracture toughness of orthorhombic

LaFeQy has an orthorhombic crystal structure with perovskites tends to be constant or increase with tem-
only three valent iron and is an antiferromagnetic insu- perature, followed by a decrease above the orthorhombic
lator at room temperatufe? Substitution of Sr for La  to rhombohedral phase transition temperaf§ré® The
increases the electronic and oxygen ionic conductivity and room temperature four-point bending strength of rhom-
Lay—,SryFeG;_s materials thus have potential applications hohedral and cubic perovskites has been reported in the
as gas sensors, oxygen permeable membranes, electrodgeange 100-160 MP#22 The strength of rhombohedral
in solid oxide fuel cells and oxidation catalyS®:! In such  and cubic perovskites generally decreases with increasing
high-temperature electrochemical devices, the mechanicaltemperaturé>2222 put the opposite behaviour has also been
properties of the ceramic components are particularly im- observed* The fracture toughness of cubic and rhombohe-
portant for estimating reliability. Among the mechanical dral perovskites tends to be lowé¢¢ = 1.3—2.2 MPa r#/?
properties of interest are fracture strength, Young's modu- at room temperaturé}?® than for orthorhombic materials
lus, creep resistance and fracture toughness. Differences inand generally decreases or remains approximately constant
thermal expansion coefficients of the constituent materials with increasing temperatur@.17-25
or chemical expansion of materials in an oxygen potential  Monolithic ceramics are usually brittle and show elas-
gradient introduce compressive or tensile stresses that canic behaviour when stress is applied. Some ceramics show
potentially lead to failure of the de_viéé._ 1_4 non-elastic behaviour and have been termed ferroelastic

So far only limited information is available on the tem- by analogy with the stress—strain relationship with polar-
perature dependency of the mechanical properties of per-ization of a ferroelectric material in an electric field and
ovskite materials. Typical values for the room temperature the magnetization of a ferromagnetic material in magnetic
four-point bending strength of orthorhombic perovskites lie fields26 Ferroelastic behaviour has been observed in both
in the range 100-140 MP&,'® whereas the fracture tough-  rhombohedral and orthorhombic perovski&g%27=30,

Single crystal orthorhombic LaFeUs ferroelastic at room
« Corresponding author. Telz47 73 59 40 84. temperaturé’ The crystal structure trgllllg;orms to rhom-
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behaviour is also expected above the orthorhombic to rhom-were measured at ambient temperature and at8a&ing a
bohedral phase transition by analogy with other rhombohe- fully articulating 40/20 span SiC bend fixture (MTS Model
dral perovskites. In this context it is important to note that 642.85) and a heating rate of 200/h. Specimen dimensions
the crystallographic origin of the ferroelasticity in the mate- were approximately 3mmx 4mm x 45mm and 10bars
rials mentioned above is fundamentally different from well were tested at each temperature. All fracture surfaces were
known ferroelastic behaviour of tetragonal PZT materials, examined by SEM (Hitatchi S3500N) to reveal the fracture
which are also ferroelectrité origin. Deflection of the specimen during loading was mea-
The aim of this work was to obtain information on the sured with a MTS Model 632.70—03 Bend Bar Extensometer
mechanical properties of the LaFg@s a function of tem-  with three pushrods (Model 602.81). The two outer pushrods
perature, and to relate these properties to structural properwere spaced to correspond with the location of the upper two
ties. Finally, the mechanical properties are discussed withrollers of the bend fixture. The deflection of the specimen
respect to ferroelasticity. was measured as the deflection of the centre pushrod with
respect to the outer rods. The fracture toughnkss) (was
determined in air at ambient, 400, 600 and 83y the sin-

2. Experimental procedure gle edge notched beam (SENB) method and using the same
bend fixture as above. The test bar dimensions were 3<mm
2.1. Sample preparation 4mm x 45mm, all machined to Mil. Spec. 1942. The test

bar dimensions were not corrected for thermal expansion.

LaFeQ powder was prepared by spray drying of a The depth of the notches was 0.8 mm or 1.2mm and the
glycine/nitrate (G/N) solution. Approximately 1 M solutions  width was 0.2 mm. The fracture toughness was calculated
of the metal nitrates were used. Glycine (Merel99.7%) using equations from 1ISO 15782 A total of 3—4 bars were
was added at a molar ratio of 5/to that of the nitrates  tested for each temperature. Testing was performed using a
(all Merck, >99.0%), and the solution was then dried in Cormet 20 kN electromechanical machine with a 2 kN HBM
a spray drier (Mini Spray-Drier B-191, BUCHI) with an load cell and a Sigmatest controlled-atmosphere furnace
input temperature of 150C and a pump rate of 2ml/min.  with a Kanthal A element and nickel radiation shields. Be-
The resulting powder was ignited by allowing it to fall fore the high-temperature measurements, the sample cham-
through a vertical alumina tube heated to approximately ber was evacuated and back-filled with synthetic air. The
800°C. The powders were ball milled overnight withgSj high-temperature measurements were performed in a flow-
balls and calcined in air for 24 h at 90Q. The calcined ing synthetic air atmosphere. All measurements were per-
powder was further ball milled overnight. The calcined formed in position control, with a crosshead rate qfr/s
powders were compacted into bars or cylinders by uniaxial for four-point bend strength anduim/s for SENB measure-
double-action pressing at 20 MPa, followed by cold isostatic ments.
pressing at 200 MPa. The relative green density obtained Cyclic stress—strain relationship under compression was
was 50-58%. All powder compacts were sintered for 2h measured on a cylindrical sintered LaFe®©eramic of
at 1300°C with a heating rate of 200C/h and a cooling diameter 4.1 mm and height 9.0mm. The end surfaces
rate of 100°C/h. The density after sintering was 95-96% of of the cylinder were polished to apdm diamond finish

theoretical. prior to testing, with a deviation in parallelism of less
than 10um. The cylinder was placed between hardened
2.2. Characterization steel compression plates and a preload of 20 MPa was ap-

plied. Subsequent loading and unloading of the test piece
Polished (Jum diamond finish) and thermally etched (down to 20 MPa) was performed, increasing the maximum
(0.1 h, 1200C) cross sections of selected sintered materials load from 100 to 500 MPa in steps of 100 MPa. Compres-
were investigated with a Hitachi S3500N scanning electron sion was performed with a Dartec 20kN servohydraulic
microscope (SEM). The mean grain size was estimateduniversal testing machine with a 20kN load cell. The
by averaging the maximum two-dimensional diameter of load cell and actuator were mounted in a 250kN Dartec
225 grains. The microstructure was also investigated by frame. The strain was measured with an Instebhpm
transmission electron microscopy (TEM, Philips CM30, two-sided averaging extensometer with 10 mm span, which
300KkV). was placed on the steel compression plates. Correction for
X-ray powder diffraction (XRD) of calcined powders fixture stiffness was performed by measuring the strain of
and sintered materials was performed on a Siemens D5005an Al,Os cylinder (same dimensions as the Lake@st
6-9 diffractometer using Cu K radiation and a secondary cylinder) with well-known Young’s modulu¥ The mea-

monochromator or a Siemens D500529 diffractome- sured strain of AIO3 was compared with the theoretical
ter using Cu Kk radiation and a primary monochro- linear strain, allowing determination of a correction func-
mator. tion to be used on the LaFg®@aw data. The measurements

Four-point bending strength and apparent Young’s mod- were performed in load control, with a loading rate of
ulus (E-modulus) of machined specimens (Mil. Spec. 1942) 2 kN/min.
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3.1. Phase composition and micro structure 10 f o "f;”
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Analysis of X-ray diffractograms of calcined powder and & 00 cf* [:| o ]
of sintered materials both before and after mechanical testing = oo
showed single-phase orthorhombic LakeThe FWHM of = 1ok © DE{/ ]
£ 107 o ,
= i

the (121) reflection increased from 0°1lih powder sam-

ples to 0.14 and 0.23n polished and machined ceramics, 20 i ]

respectively. The line broadening of the machined samples T o o ~-o--RT |1

was asymmetric. TR .k b
SEM investigations confirmed the absence of secondary B s 53 54 55 56 57 58

phases. Thermal etching at 120D allowed for visual in- T me

spection of grain boundaries and the domain structure at f

the etching temperature. A micrograph of a polished and Fig. 2. Weibull analysis on the fracture strength values for LaF&e@ted

thermally etched specimen is shownFiy. 1 The average  at room temperatureRf = 0.87) and 800C (R? = 0.81).

grain size of the sintered materials was 3:3L.5pm and

the pores were sub-micron in size. The etching temperaturethe different test bars increased with increasing temperature,

is above the orthorhombic to rhombohedral phase transitionzs shown irFig. 2 The Weibull modulus was 10.5 and 5.8

of LaFeQ, hence the lamellar domain structure observed 4t ropom temperatureRé = 0.87) and 800C (R2 = 0.81),

within each grain represents that of the rhombohedral phase respectively. The fracture origins at both temperatures were

A similar domain structure is also observed in other rhom- norous regions with extension 50—100, as seen from se-

bohedral perovskite¥’:3® lected fractographs iffig. 3. The fracture surface shows a

The maximum number of twin boundaries observed by transgranular fracture mode at both room temperature and
TEM in orthorhombic LaFe@grains was three. About 50%

of the investigated LaFefgrains contained twin domains,
the number increasing slightly after application of a mechan- £
ical stress of 500 MPa. Both straight and curved twin bound- &
aries were observed. The twinning system is most likely
identical to that observed for orthorhombiciLaSr.,MnO3
materials?®

3.2. Mechanical properties

The fracture strength of LaFeQncreased slightly with
temperature, from 202 18 MPa at room temperature to
2354+ 38 MPa at 800C. The scatter in fracture strength of

Fig. 1. SEM image of a polished and thermally etched section of LaFeO Fig. 3. Examples of fracture origins in the fracture strength measurements:
sintered for 2h at 1300C. (a) porous region close to the surface, (b) internal porous region.
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Fig. 5. Fracture toughness of LaFg@s a function of temperature, mea-
sured by the SENB method with 1.2 mm notch (circles) and 0.8 mm notch
(squares). The dotted line is a guide to the eye. Filled diamonds repre-
sent the crystallographic straifiz — ¢)|/(a + ¢), calculated from Fossdal

et al3! The dashed line is obtained from linear fits to the temperature
dependent cell parametets.

andc axes cross, and by definitiofig —c)|/(a+c) is zero at
this temperature. For a notch depth of 1.2 mm, the measured
fracture toughness decreases slowly from 2.5 M3 rat
room temperature to 2.1 MPalfd at 600°C. Above 600°C,
the fracture toughness increases steeply to 3.1 MPaat
800°C. For a notch depth of 0.8 mm, the measured frac-
ture toughness is 2.2 0.1 MPan¥/2 at room temperature
Fig. 4. SEM images showing transgranular fracture surfaces of bars testedand 2.7 MPari? at 800°C. Due to experimental difficul-
at: (a) room temperature or (b) 80C. ties, only a single bar was tested at 10@0(notch 0.8 mm),
giving a fracture toughness of 3.1 MP&/h
The temperature dependence of the fracture toughness
800°C (Fig. 4). No qualitative explanation for the lower and the correlation with crystallographic strain motivated
Weibull modulus at 800C was found. a study of the strain-stress relationship under compression.
The stress—strain relationship under four-point bending The behaviour of LaFe®under cyclic application and re-
was close to linear, but some minor deviation from linearity lease of a pure compressive stress at room temperature is
was observed at low load. Due to the non-linearity the ap- shown inFig. 6. Non-elastic behaviour was observed in the
parent Young's modulus decreased with increasing applied
stress. Extrapolation to zero applied stress gave a Young’s B
modulus of 213t 14 GPa and 206 24 GPa at room temper- 025
ature and 800C, respectively. The non-linear stress—strain [
relationship gives a non-symmetric deformation behaviour 0.20
and thereby a systematic overestimation of the strefitftf.. ’
The deviation from linear behaviour (see alsg. 6) of the
present materials is, however, small and the effect on the re-
ported Young's modulus and bending strength is neglected.
The fracture toughness is given as a function of temper-
ature and notch length iRig. 5 along with the crystallo-
graphic strain,|(a — ¢)|/(a + ¢), as defined by Abrahams
et al?’ The crystallographic strain is calculated from the
cell parameters reported by Fossdal etldlor LaFeQ as 000 L1 .. A
; I 0 100 200 300 400 500
a function of temperature. The dashed lineFig. 5 rep-
resents the crystallographic strain obtained from linear fits Stress [MPa]
to the temperature-dependent cell parameters, whereas theig. 6. Stress—strain behaviour during compressive cycling of a LaFeO
measured values are shown as points. At 450<80@hea cylinder to progressively higher loads.

0.15

Strain [%]

0.10 |

0.05

IR T S S




A. Fossdal et al. / Journal of the European Ceramic Society 25 (2005) 927-933 931

entire stress range of 20-500 MPa. The material shows aless probable explanation of the increasing permanent strain
memory effect, as application of a load equal to the maxi- with increasing maximum load is that LaFe@® rather a
mum load of the previous compressive cycle results in the hard ferroelastic material with coercive stress significantly
same strain. The strain was fully relaxed after the first load- above 0.5 GPa, the maximum load in our experiments. Fur-
ing cycle, with a maximum stress of 100 MPa. Maximum ther compression and possibly tension experiments are nec-
stresses above 100 MPa gave a linear increase in the permaessary in order to elucidate the soft-hard characteristics of
nent strain with slope 5.9% 107°% MPa 1. The average ferroelastic LaFe@
apparent Young’'s modulus for stresses above 100 MPa was
195+ 5 GPa, which is within the uncertainty of the modulus 4.2. Fracture toughness
determined by the four-point bending tests.
The stress—strain hysteresis loop provides a natural mech-
anism for dissipation of mechanical energy, and thus a mech-

4. Discussion anism for toughening? As domains are switched, more
work must be put in to advance the crack than would have
4.1. Compressive cycling behaviour been necessary in the absence of ferroelasticity, resulting in

increased fracture toughness. The ferroelastic domains in the
A ferroelastic material can be characterized by an elastic present material has a different structural origin compared
hysteresis in the stress—strain relation and by the presence ofo tetragonal PZT perovskite materidfs** In PZT materi-
permanent strain in the material after unloadifidn order als the domains are ferroelectric, and this is not the case for
to obtain the complete ferroelastic hysteresis loop, the ma-LaFeG;. In PZT the ferroelasticity is caused by deformation
terial has to be subjected to pure compressive stresses folof ZrOg/TiOg octahedra, while in LaFefthe octahedra are
lowed by pure tensile stresses. Only a part of the hysteresisclose to ideal. Twisting/bending of the octahedra causes the
loop for LaFe@ is shown inFig. 6. We propose that the per- bonding angle between the octahedra to deviate froni,180
manent strain in the partial hysteresis loop is due to switch- which corresponds to the bond angle in the cubic paraelastic
ing of ferroelastic domains although we cannot rule out the state.
possibility that microcracking may contribute to the total As a first approximation the contribution of ferroelasticity
permanent strain at high loads. TEM gave, however, no indi- to fracture toughness can be approximated ffom
cations of microcracking. No crystallographic evidence was KO
found of a transformation from orthorhombic to rhombohe- Kic =~ T 016 5o 1'%8 o
dral crystal structure upon loading. A low coercive stress is 16esE/oc
expected from the narrow hysteresis loop, by analogy with where K. denotes toughness in the absence of domain
soft magnets, suggesting that Lakzetan be termed a soft  switching, o is the coercive stress and is the switching
ferroelastic material. The correlation between toughness andstrain of the polycrystalline material, which is proportional
structural properties shown iRig. 5 does give additional  to the crystallographic straifia—c)|/(a+c). Anincrease in
support this hypothesis, since reorientation of the domainsthe crystallographic strain, other factors remaining constant,
must occur below the fracture stress in order to toughen theshould thus increase the fracture toughness. This behaviour,
material. The coercive stress,, can be defined as the stress and the corresponding decrease in fracture toughness with
corresponding to the maximum in the effective compliance, decreasing crystallographic strain, is seen for LagzeO
ss3, defined as the derivative of the strain with respect to  LaFeQ ceramics are rhombohedral at 10@°! The
the stresé! By this approach, the coercive stress of LageO single SENB specimen measured at this temperature is in-
is estimated to be in the order of 20 MPa. The lower value sufficient to determine the fracture toughness accurately.
of o¢ for LaFeQ relative to LaCoQ@ (55 MPa) corresponds  Using the maximum of the measured uncertainties at the
well with the wider hysteresis loop of the cobaltffeThe other temperatures, a lower estimate of the fracture tough-
low coercive stress infers that the zero point of the strain, ness at 1000C is 2.7 MPan¥2. As rhombohedral LaFe
set at the preload of 20 MPa, is incorrect and that the curveis expected to be ferroelastic, also confirmed by the domain
in Fig. 6 should be slightly shifted towards higher strain. formation observed ifrig. 1, ferroelastic toughening is ex-
Cycling the materials to increasingly higher compression pected also above the orthorhombic to rhombohedral phase
load resulted in a linear increase in the permanent strain.transition temperature.
This is not consistent with a soft ferroelastic behaviour and a
coercive stress in the order of 20 MPa. Milliner and Kriteen ~ 4.3. Fracture strength
proposed that nucleation of new twin boundaries in ferroe-
lastic materials could occur at stresses significantly above The increase in fracture strength from room tempera-
oc. The observed permanent strain in Lageg@ramics at  ture to 800°C cannot be explained by changes in fracture
compressive stress levels above 100 MPa can be due to thenode, as the fracture mode is transgranular at both tem-
generation of new deformation twins, but we cannot rule peratures. In addition, the fracture originates from similar
out microcracking as an alternative explanation. A third but defects at both high and low temperature. The observed

)
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diffraction line broadening in machined bars is due to resid- References

ual machining-induced local strain at the surface. This local
strain may reduce the room temperature strength, but strain 1.
due to machining is expected to relax at 8Q0 An increase

in fracture strength has been measured at room tempera- 2
ture in annealed La ,Sr.Fe;_,Co/O3_s5 ceramics (12

7 MPa) relative to as-machined materials (#0715 MPa)?!
Assuming a similar behaviour for LaFg@naterials, the ef-

fect of annealing is within the uncertainty of the current
measurements. The increase in fracture strengthfrom
room temperature to 80C can as a first approximation thus
be attributed to the observed increase in fracture toughness,
Kic, according to the relatich

K¢
Y /ma

whereY is a dimensionless term determined by the crack S.

configuration and loading geometry aads half the length

of an interior crack or the entire length of an edge crack.
The large porous regions (50-10M) in the materials

in the present study lower the fracture strength consid-

erably compared to materials with a more homogeneous 12

microstructure. Reducing the flaw size by one order of !

magnitude would give an increase in the fracture strength ,,

by a factor of+/10, according taEq. (2) This infers that

a fracture strength of 400-500 MPa should be well within 15.

reach for microstructurally homogeneous Lak@&®@ramics.
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Ferroelastic behaviour of LaFgQceramics is demon-
strated by a partial hysteresis loop measured under cyclicl®:
compression. The coercive stress is in the order of 20 MPa,
and the residual strain after application of a stress of
500 MPa is 0.025%. Ferroelastic toughening was observed,»;
and the variation in fracture toughness with tempera-
ture correlates with the magnitude of the crystallographic 22.
strain. The maximum fracture toughness observed ist3.1
0.3MPant/2, measured at 80@C. The measured fracture
strength increases from 2@2 18 MPa at room temperature
to 235+ 38 MPa at 800C due to the increase in fracture
toughness between these temperatures.

The strength and toughness of Lakelidbth at low and 26.
elevated temperatures are high compared to data reported fof’-
perovskites with similar and lower porosity. The promising
mechanical properties make LaF£@ potential candidate
as a load-bearing material in high-temperature devices.
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