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ABSTRACT

Elastic properties and internal friction of selected com-
positions of tantala-doped monoclinic europia were studied at
temperatures up to 1500°C using the sonic resonance technique.
Unit cell parameters between 25°C and 1000°C for monoclinic
Eu,0, were calculated from high temperature x-ray diffrac-
tometer data.

Large-grained monoclinic specimens having less than 6.0
Ta cation % substitution exhibited anomalous elastic behavior
when thermally cycled. Compositions above this addition level
exhibited linear elastic behavior. Internal friction values
also varied abnormally with grain size, composition, and tem-
perature. The anomalous behavior.was attributed to micro-
cracking caused by thermal ekpansion anisotropies. The
critical grain size was found to be approximately 14 ﬁm.

The high température diffractbmetry measurements sup-
ported the postulate that the grain coarsening effect associ-
ated with sintered monoclinic Eu,0; is the controlling factor

for microcracking.

*U.S. ERDA Report IS-T-762., This work was performed
under contract W-7405-eng-82 with the U.S, Energy and
Research Development Administration., - ‘



INTRODUCTION

Monoclinic europia (Eu203) was originally dispersed in
stainless steel and used as a control material in military
nuclear reactors (1); however, it has become an important |
candidate material for two advanced reactors, the liquid metal
fast breeder (LMFBR) and the gas-cooled fast reactor (GCFR)
(2). |

Since use as a control material would requiré eXposure of

273
high temperature physical properties is necessary. Low room

Eu,0, to elevated temperatures, a complete knowledge of its

temperature Young's modulus values have been reported (3), and
subsequent elevated temperature investigations by Suchomel
"and Hunter (4) have indicated anomalous elastic behavior for
large-grained monoclinic Eu203 specimens, both were assumed to
be the result of microcracks induced by thermal expansion
anisotropies. Suchomel found that hot pressed Eu,0; and ?foz-
EuZO3 compositions with grain sizes below 8 ﬁm eihibited fhe
expected elastic behavior at room température and during
thermal cycling. Microstructural.control of Eu,0. by hot
pressing or additions of HfO2 as a.grain.gfowth inhibitor was
necessary to obtain physical characteristics desiféblé for
control rod applications. Suchomel et al. (5) found that
small addifions of Ta,0; were also effgctive in suppressing
the grain growth associated with sintering Eu,04; however, its

effect on the elastic properties was not studied.



There were two primary objectives of this investigation.
The first was to relate the eiastic.prbperties aﬁd internal
friction of the selected compositions to the microstructure,
and the second, to provide further evidence that grain size
controls the microcracking phenomena by comparing the axial
thermal expansion anisotropies of Eu,0-, known to be highly
susceptible to grain coarsening, with the axial thermal expan-
sions known for monoclinic GdZO3 (6), known to also exhibit
anomalous elastic behavior, resultant from microcracking, for
specimens with large grain sizes produced by heat treatment

(7).



LITERATURE SURVEY

Microcracking is a phenomenon which resuits from the
presence of microstresses associated with thermallexpansion
anisotropies in non-cubic polycrystélline materials. Lazlo
(8) instigated the use of the microstress theory to explain
microcracking. Buessem (9) further refined the theory to
statistically account for the random crystallographic orienta-
tion of the grains and the thermal expansion mismatches. His
calculated normal stresses, 63’2, between two grains, desig-

nated 1 and 2, are represented by the equation

an+an
Gl.2 . 1%
n B

E-AT (1)

where a? and ag are the nofmal‘components of the thermal ex-
pansion coefficients between grains 1 and 2,
E is the Young's modulus, and
AT is the cooling temperature difference.

Microstress calculations by Likhachev (10) indicated‘that
grain size should have no effect on microcracking; however,
several experimental investigations indicate that such a rela-
tion does exist. Two mathematical approaches to explain this
critical grain size-microcracking relation have been formu-
lated by Kuszyk and Bradt (11) and Cleveland and Bradt (12).

The first model relating a critical grain size to micro-.
crack formation, derived by Kuszyk and Bradt, is based on an

_energy criterion which assumes that thermal expansion micro-



stresses and microcrack formation sites are available in the
body. Upon cooling, thermal expansidn anisotropies produce a
stored elastic strain energy per unit volume. Some of the
strain energy can be relieved by microcrack formation, which
is manifested as a surface energy term, The total energy of

the system can be expressed by the equation
Total emergy = N_(S.E.)8> + N_(-Y)e? (2)

where N, and N_ are the average number of strained and micro-
cracked grains,
S.E. is the average stored elastic strain energy per
unit volume resulting from thermal expansion anisotropy,
Yg¢ is the éverage fracture surface energy, and
%2 is the average grain size,
which represents the sum of the stored strain.energy and the
surface energy related to the microcrack fracture surfaces. A
critical grain size, lc, can be calculated by differentiating
the total energy equation with respect to % and setting the
new expression equal to zero. Rearranging the terms and solv-
ing for zc, the equation becomes
_ Bty 3)
Y€ 3N _(5.E.) |
The Cleveland and Bradt (12) critical grain size - micro-
cracking relation, the second model, uses thermal expansion

anisotropies and takes the form



o 14.4Y .
8. = —y— (4
"C  B.Ae’ - AT® |

where Yf is the average fracture surface energy,
E is Young's modulus,
Aamax is the maximum difference in thérmal expansion
coefficients along crystallographic axis of the unit
cell, and
AT is the assumed temperature range over which micro-
stresses are relieved by microcracking.

Several anisotropic oxides are known to exhibit anomalous
elastic behavior. Manning (13) found anomalous eléstic behav-
ior for monoclinic Nb205 and attributed it to microcrack heal-
ing and formation. Hot pressed specimens with:grain sizes
smaller than sintered specimens exhibited expected room tem-
perature modulus values, while the larger grained sintered
specimens had modulus. values markedly lower. Thermal cycling
of the small-grained hot-pressed specimens exhibited a linear
relation between elastic modulus and temperature while the
larger grained sintered specimens behaved anomalously, produc-
ing a hysteresis loop. Exaﬁination of the high temperature
x-ray axial thermai expansion coefficients showed a maximum
difference of 5x10'6°C'1, and the expansion anisotropies were
assumed to be responsiﬁle for microcrack formation.

Two conflicting reports exist for the elastic behavior of

monoclinic Gd,04. Haglund and Hunter (14) found a linear rela-



tion between elastic modulus and temberature, while Dole and
Hunter (7), observed a hysteresis effect for elastic modﬁlus
when monoclinic Gd,0; was thermally cycled. Microstructural
examination revealed that Haglund's specimens had an average
~grain size of 13 um while Dole's specimens were 145 uym in
size. Dole and Hunter theorized that the larger grain size
Gd,0; specimens had exceeded the critical grain size for-
microcrack formation, and the presence of the microcracks was
responsible for the low room temperature elastic modulus
values and the hysteresis elastic behavior displayed by the
specimens when they were thermally cycled. For different
crystallographic directions the thermal expansion coefficients
differ by a maximum of approximately 5x10"%°¢c™1 (6).

Suchomel and Hunter (4) found that sintered monoclinic
Eu203 specimens with grain sizes of 117 um had abnormally low
room temperature elastic moduli. Curtis and Tharp (3) had
also indicated that Eu,04 had a low room temperature modulus.
Suchomel and Hunter, however, found that a hot-pressed speci-
men with an average grain size of 5 Mm had the expected room
temperature elastic modulus when corrected for the effects of
porosity. The larger-grained sinteredvspecimensAcontained a
sufficient degree of microcracking to lower the elastic modu-
lus, while the smaller-grained hot pressed specimens did not,

hence the expected modulus. The grain size of sintered mono-

clinic Eu,0, was further controlled by additions of HfO,. As

additions of Hf0) were increased, inhibiting grain growth, the



size of the hystefesis loop formed by plotting Young's modglus
for a heating-cooling-cycle decreased. A linear elastic modu-
lus relation for thermal cycling was found when additions of
6/m/o Hf0, inhibited grain growth enough that microcracking
did not occur, and microstructural examination revealéd the
critical size to be 8 um.

Siebeneck et al. (15) found that thermal diffusivity is'
also affected by microcracking in anisotropic polycrystalline
ceramics. Microcracking in the large grained Fe,TiO. reduced
thermal diffusivity by a factor of 3, which is more signifi-
cant than the detrimental effects that porosity has on thermal
diffusivity. Specimens with a grain size below 1 uym did not
exhibit the behavior associated with microcracking.

Several other titénates exhibit behavior representative
of the microcracking phenomena. Matsué and Sasaki (16) stud-
ied the effect of composition on grain size and mechanical
properties for several bodies. When a&ditions were large
enough to suppress the grain size to i um, the strength in-
creased. Bush and Hummel (17) found that MgTi,O, displayed
anomalous Young's modulus upon thermal cycling. Kuszyk and
Bradt (11) expanded. this investigation,and found the critical
grain size to be 3 ﬁm. | |

Critical grain sizes for microcraéking,in several ortho-
thombic pseudobrookite structures haVelreCéntly been deter-

mined (12). Thermal expansion, internal friction, elastic



modulus, and flexural strength .all exhibited behaviors indica-
tive of microcracking for coarser grained specimens. Critical
grain sizes were 5 um and 3 ﬁm for the_MgTiZO5 and FeZTiOS,
respectively,

Rutile, TiO,, has shown evidence of microcfacking.
Kirchner and Gruver (18) found that for specimens with grain
sizes greater than 20 um cracks formed during cooling and re-
sulted in abnormal strength behavior at room temperature.
Charvat and Kingery (19) found that cracking in 28 ﬂm'grain
sized specimens produced the anomalous thermal expansion
behavior associated with microcracking when thermally cycled.
- A more comprehensive investigation by McPherson (20) found
the critical grain size for microcracking to be approximately
8 um. |

Dole et al. (21) investigated the elastic prgperties of
monoclinic Hf0, at room temperature and developed a critical
grain size-microcracking relation. Yqung's modulus values
for specimens with grain sizes in excess of 3 ﬁm were abnorm-
éily low. lInternal friction values for large grain size
specimens were anomalously high contradicting the theoretical
postulate that internal friction is inversely prbportional to
the average grain size (22). "High temperature x-ray investi-
gations (23) showed that monoclinic HfQ2 has anisotropic
thermal expansion, which led Dole et al. to assume that the
microstrains developed in the large grained specimens Te-

sulted in micrdcracking. Continuation of the study at high



'teﬁperature éhowed that HfO2 specimens withAgrain.sizes
greater than 3 um exhibited hysteresis of Young's modulus and
internal friction relations with temperaturevwhile specimens
below 3 ym did not exhibit hysteresis for either Young's
modulus or internal friction (24). High temperature x-ray
studies have revealed no polymorphic transformation for mono-
‘clinic HfO2 bétween 25°C and 1500°C, the investigated temper-
ature range, and therefore the microcracking phenomena was
a plausible explanation of the anomalous behavior.

As evidenced in all these studies, a critical grain
size-microcracking relation occurs in many anisotropic poly-
crystalline materials. Above this grain size, each material

behaves abnormally.
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EXPERIMENTAL PROCEDURE

Specimen Fabrication

Europia (Eu203) with a purity of 99.999% was obtained
from Molycorp. Tantalum pentachloride, the only soluble:tan-
talum compound, with a purity of 99.9% was obtained from
Research Organic/Inorganic Corporation. A coprecipitation
technique was used to obtain small particle size, homogeneous
mixing, and restrict the number of impurities. The europia
was dissolvéd in a hot nitric acid-water solution and the
TaCl5 was dissolved in anhydrous methanol and furtﬁer diluted
with HZO' Both solutions were quantitatively analyzed by the
Ames Laboratory Analytical Chemistry Group.

Two specimens of each composition 0.5, 1.0, 1.5, 2.0,
4.0, 6.0, and 10.0 a/o Ta cation substitution for Eu in Eu203
were formulated by mixinglthe tantalum and europium solutions
in the proper proportions. The mixture was precipitated in an
aqueous ammonia solution. The precipitate was vacuum filtered
in a fritted filter and washed with water to remove the excess
ammonia. Water removal was accomplished by washing the pre-
cipitate with successive applications of acetone, toluene, and
acetone producing a highly sinterable powder. The filter cake
was ground to -100 mesh in a preheated (100°C) mortar and
pestle, which vaporized the residual acetone, producing a
friable powder.

All the powders were calcined at 965°C for 1 hour.

Approximately 20 grams of calcined powder were placed in a
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double action steel die with an 8.56x0.56 cm cavity and
pressed at 1750 psi for 30 sec. .The rectangular prism was
removed, placed in a rubber container, and densified further
by isostatic pressing at 30,000 psi for 30 sec.

The rectangular prisms were sintered in a'gastired
Lemont muffle furnace utilizing an oiidizing atmosphere of
gas and air to 1300°C. Above 1300°C an oxygen gas mixture
was used. The specimens were fired for 1 hr at 1800°C. 1In
an attempt to study the effects of grain growth, a selected
specimen from each composition which had been previously fired
at 1800°C was refired at 1900°C for 1 hr.

Specimen shape became irregular during firing, therefore,
a silicon carbide surface grinder was used to machine the
bars into rectangular prisms with tolerances of + 0,001 cm.
The machined specimens were approximately 5.0 cm x 0,6 cm x
0.225 cm. Bulk density was determined from the bar's mass and
dimensions. X-ray diffraction provided phase identification |
in each fired specimen.

Elastic modulus and internal friction determinations
along with x-ray diffraction and microstructural analyses were

the major tests carried out in this work.

ElasticityAMeasﬁrements
The sonic resonance technique deséribed by Forster (25)
was used to determine the elastic moduli, The modulus equip-

ment, more fully described by Marlowe (26), was used to
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measure the resonant frequencies of the specimen. Cotton
strings suspended the rectangular specimen horizontally from
a magnetic record cutting head (driver) and a phonograph
pickup. An electronic signal produced by a frequency genera-
tor was amplified and converted into mechanical vibrations,
allowed to pass through the specimen, and converted from a
mechanical to an electronic signal by the pickup. This signal
was amplified and monitored by a digital frequency counter,
vacuum tube voltmeter, and oscilloscope. Resonant frequencies
were found to be the strongest signals and the mode of vibra-
tion was determined by probing the specimen with a blunt
instrument to determine nodal plane locations.

Elevated temperature data were obtained by suspending the
specimen horizontally by carbon yarn in the hot zone of a

vacuum (5)(10'4

torr) carbon-rod resistance furnace. Th¢ manu-
ally controlled temperature was monitored by a Pt-90% Pt 10%
Rh thermocoplé. Specimens were allowed to thermally equili-
brate for 45 minutes after each power setting change. The
flexural and torsional frequencies were determined over the

range from room temperature to 1500°C, with the temperature

being raised by 100°C increments,

The resonance frequency data were converted into moduli
values by using the equations of Pickett (27) as modified by
Hasselman (28). Shear modulus, G, was calculated directly

from the equation
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4LRmfl
G 7 —— A _ (5)
s
where L is the length of the specimen,
m is the mass of the specimen,
ft is the fundamental torsional resonant frequency,
s is the area of the cross section of the specimen, and
R is a shape factor,
Young's modulus, E, for a rectangular specimen can be
calculated froﬁ the equation

2
Cmff

E = 0.94645 - = (6)

where ff is the fundamental flexural resonant frequency,
B is the length of the cross secfion perpendicular to
the vibration difection, and
C is a shape factor.
The shape factor, C, is a function of Poisson's ratid, M,
which is related to both the shear and Young's modulus by

the equation

-1 | (7)

Since the shape factor, C, contains Poisson's ratio, ﬁ, Equa-
tions 5, 6, and 7 must be solved in an iterative manner to
calculate Young's modulus, E,

Accurate high temperature modulus ekpressions formulated
by Hasselman (28) are necessary to account for thermal expan-

sion of the test specimen. 'The modulus at temperature, MT’
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is given in the form

o
£ |
= M . (8)
Y ° fo2 1+aAT

where M, is the modulus at room temperature,
ft is the resonant frequency at temperature T,

fo is the resonant frequency at room temperature,
a is the coefficient of linear thermal ekpansion, and
AT is the difference between room temperature and

temperature (T).

Internal Friction Measurements

Internal friction (Q'l) was determined over the tempera-
ture range from room temperature to 1500°C, ~The technique
involved determining the rate of decay of amplitude in free
vibration. The Q-1 analyzer was designed and built by the
Ames Laboratory Electronics Group with a similar system being
described in the literature by Razumov and Postnikov (29).

With the specimen being driven at its flexural resonant
frequency the driving signal is turned. off and the number of
cycles, N, between a fixed amplitude, A, and a smaller fixed
amplitude, B, is counted by the Q‘-'1 system. The measured
internal friction, Q;l, is given by.

Qél = lﬂi%%gl (9)

and choosing amplitudés such that A/B = e, simplifies Equation

9 to
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C - 1

gl = I (10)

The measured internal friction, Q-1 is composed of the

m’
internal frictions of the specimen;'Q;l, and thé apparatus,
Q;l. The internal friction of the apparatus includes the
effects of suspension position with relation to the nodal
positions, Wachtman and Tefft (30) have formulated an equa-
tion relating all of these quantities such that the measured

. . s -1 .
internal friction, Qm , 18

ot ity )? .
Q- = 2 (11)
» 1+ k(Y/Y)*

where Q;I is the intérnal friction of ghe specimen,
k is an empirical constant, |
Q;l is the internal friction of ﬁhe apparétus,
Y is the vertical displacement of the suspension point
from equilibrium, and |
Y0 is the vertical displacement of the end of the
specimen.
The Y/Y  term is given by Rayleigh, cited in (30), for the

transverse fundamental mode of vibration as

Y/Y0 = [1.018(cosh 4.730.x/%+cos 4,730 x/8)

' (12)
1

2,036

- (sinh 4.730 x/%+sin 4.730 x/8)] -
where & is the length'of the specimen, and
- x is the distance to the'éuspension point from the end

of the Specimen.
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Using cotton strings, three different horizontal‘suspen—
sion points, x, were used to determine three Q;l. Three equa-
tions in the form of Equation 11 for Qél were solved simultan-
eously to provide values for Q;l, k and Q;l. All of these
‘initial determinations of Q;] were made at room temperature
and in air, neglecting the damping effect of air since Q;l
values were relatively large when compared to the effect of
air (30). |

With the specimen suspended horizontally by cérbon
strings in the furnace, as described ih the elasticity section,
high temperature internal friction measurements were made.
Since only one suspension point was used for elevated temper-
ature internal friction measurements, these values were cor-
rected to the specimen room temperature corrected internal

friction value, Q-l, by the equation

S

(13)

where Q;% is the measured specimen corrected internal
friction at elevated temperature,

is the measured internal friction at elevated
temperature, and

is the measured internal friction with carbon
strings in vacuum at room temperature,

The assumption inherent in this equation is that all of the

change in observed internal friction as the temperature is
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increased is attributable to the specimen,

X-ray Diffraction Measurements

Both Eu203 (4) and GdZO3 (7) have exhibited elastic
behavior indicative of microcracking. The difference is that
grain sizes large enough to produce the elastic modulus
microcracking behavior in GdZO3 (7) have required extensive
thermal treatment to promote grain growth, while grain coars-
ening (31) in EuZQS'during sintering produced large enough
grains so the specimen exhibited the microcrack-related elas-
tic behavior. In an effort to determine if grain size was
the controlling factor for microcrackipg, and not a large
difference between thermal expansion anisotropies for Eu,04
and Gd203, the axial thermal expansion values for'EuZOS‘were
measured and compared with the literature values for Gd203,
an oxide of similar crystal structure and physical character-
istics,

A Norelco wide range diffractometer and Materials Re-

search Corporation model x-86-N3 furnaee attachment were used.
Major diffraction peaks were scanned at a rate of 1/2° 26 per
minute. | |

The Eu,0; powder used for x-ray diffraction was fired at
1800°C in the same manner as the modulus specimens, ground to
-325 mesh, and suspended in acetone. The acetone-powder sus-

pension was placed on a 60% Pt-40% Rh stage heating element

and the acetone was allowed to vaporize. Temperature was
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monitored by a Pt¥87% Pt 13% Rh thefmocouple. Johnstone (32)
and Stacy (33) provide a more detailed equipment description.
| Stage alignment was checked by comparing room temperature
diffraction peak locations and hkl planar index values for
EuZO3 with those given by Campbell (34). Ménning found that
thermal cycling of the stage and specimen had no effect on
the alignment. Specimens were allowed to come to thermal
equilibrium for 15 minutes‘after each power setting change.
Measurements were made from room temperature to 1000°C.
Lattice parameters were calculated by a Fortran lattice
constant refinement program, LCR-2Z, developed by Williams
(35). The program refined the constants by a least squares

method and in this case, the Nelson-Riley ektrapolation func-

- tions was used.

Microstructural Analysis
Each specimen was sectioned for microstructural analyses
and polished with a successive series of silicon carbide
papers and fine alumina abrasives. Polished surfaces were

etched with a 3:1 H SO4:H 0 solution and examined with re-

2 2
flected light microscopy in the normal and phase contrast
modes. Average grain size was calculated by the Fullman (36)

linear intercept method,
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RESULTS AND DISCUSSION

Speciméns with specific compositions'will be referred to
in the text by a/o Ta with the understanding that the bulk of
the composition is Eu203; The Ta is used as a cation subsfi-
tute for the Eu. Firing at 1800°C will be referred to as ini-
tially fired and specimens subjected to a refiring at 1900°C
will be identified as refired specimens. Table 1 lists a num-
ber of parameters for each of the fired and refired specimens.
The table illustrates the grain size-composition interdepend-
ency and the progressive effects they have on the elastic

behavior.

Microstructural Effects on Elastic Modulus

Porosity

Different porosity levels in materials will directly
affect their modulus values and has been well established
for the rare earth oxides (37) that the equation

M = My (1-bP) - (14)

where Mgy is the modulus at -zero porosity,

M ia the observed modulus,

b is an empirical constant, and

P is the volume fraction porosity
best illustrates porosity related moduius behavior. Wachtman
t38) and Manning et al. (37) have experimentally found b to
have alvalue of 2,0 while Hasselman and Fulrath (39) have

theoretically determined it to be 2. Examination of Table 1

.shOWS.that most of the initially fired specimens have little



Table 1. Physical characteristics of fired and refired Ta205 Eu203 compositions
at room temperature :

Composition Average grain Internal friction  Anomalous behavior Density
a/o Ta size, um x10"4 yes or no g/cm3
Specimen Specimen Specimen
A B A B Loop size A B
As fired at 1800°C for 1 hour
0.5 29.86 30.50 5.7 7.6 yes large 7.81
1.0 75.43 30.84 6.84 ' yes med. 7.90 7.56
1.5 19.23  14.34 2.14 1.89 yes  small 7.77  7.83
2.0 13.40 9.71 5.49 2.22 no 7.72
4.0 9.11 11.50 1.21 1.41 no 7.57 7.80
6.0 5.71 9.12 1.78 no 7.63 7.82
10.0 6.21 7.43 1.64 2.82 no 7.43 7.54
As refired at 1900°C for 1 hour
0.5 48.02 54 .85 yes large 7.82
1.0 38.45 33.95 yes large 7.85
1.5 21.87 6.93 yes med. 7.85
2.0 --- --- <= ----
4.0 15.68 5.74 yes med. 7.37
6.0 9.94 1.87 no 7.75
10.0 8.23 2.55 no 7.84

0¢
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deviation in density, hence, a negligible differénce in por-
osity., All the initially fired and refired specimens with
the exception of the Eu,0; with 10.0 a/o Ta cation substitu-
tion composition, eiasfié moduli were nbt affected by the |
porosity in the specimen. The 10.0 a/o Ta'refired specimen
exhibited an increase in density from 7.43.g/cc'tol7.84'g/cc,
indicative of densification which explains the increase from
1428 kbars for the initially fired specimen to 1559 kbars for
the refired specimen. Assuming that the bulk density of the
specimen was not affected by second phase precipitation and
remained approximately equal to that of monoclinic EuZOS’ the
elimination of approkimately 5% porosity would increase the
modulus to 1586 kbars when Equation 14 is applied and b is
assumed to be equal to 2 which is in agreement with the

observed results.

Grain size

Wachtman (40) had originaliy stated that elastic modulus
should be insensitive to grain size, however several investi-
gations have linked anomalous elastic behavior of anisotropic
polycrystalline solids to a critical grain size-microcracking
relation, Kuszyk and Bradt (11) and more recently Cleveland
and Bradt (12) have shown eXperimentaI support for their two
theorieé that a critical grain size microcrack formation rela-
tion does exist which causes anomalous behavior in micro-

cracked specimens. It is possible to eliminate microcracking
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and the related behavior by controlling the grainlsize.

The microstructure (grain size) of Eu,0; can be con-
trolled by small additions of HfO2 and Ta205 as described by
Suchomel et al. (5), who found that initial firing of pure
Eu,0,; resulted in average grain sizes of 117 um. Additions
of the two dopants, HfO2 and TaZOS, resulted in grain growth
suppression and consecutively smaller_grgined materials as
addition levels increased. Figure 1 illustrates the degree of
grain growth suppression that the range of additions from 0.50
a/o Ta to 10.0.a/o Ta had on the initial and refired EuZO3
specimen. The grain growth suppression results were similar
to those found by Suchomel et al., however, the Ta solubility
limit was found to be'l.O a/d Ta in this investigation com-
pared to the 1.5 a/o Ta‘found by Suchomel et al. (5).

For ease in explaining the progressive effect that--.
compositionally controlled grain size had on the elastic be-
havior, the compositions are categorized into three sections
typified by their elastic behavior, Those specimens exhibit-
ing anomalous elastic behavior are discussed in the first
section, the specimens exhibiting linear elastic modulus .-~
temperature relations for the.initia.lly fired specimens and
anomalous behavior after refiring are discussed in section
two, and the specimens exhibiting a linear elastic behavior
with temperature for both initially and refired specimens are

discussed in the third section. This separation by elastic



23

L ] 1 1 : {

50Fo ® Sintered at 1800 °C .
- - o Refired at 1900°C
40r ¢ | g} Two phases ]
¢
d
20+ & i
'g o
= ¢
o ¢
N ¢
n u g _
- 10 ¢ . g )
& ‘
o
W ¢
e 5l ‘
I 5r _
5
<
1 { | | | |
o) 2 4 6 8 10

ATOMIC % CATION SUBSTITUTION

Figure 1. Average grain size of fired and refired TazO5
doped Eu,0, compositions



24

behaviors is the result ' of a new theory explaining microcrack-
ing-grain size relafions, which is a composite of the Kuszyk
and Bradt (11) and the Blendell'gg al. (41) theories. The

3 step behavior can be described as a transition from predom-
inant microstress relaxation by microcracking (Kuszyk and
Bradt) to relaxation by creep (Blendell et al.,). The grain
size dependence of both mechanisms in conjunction with the
grain size related anomalous behavior makes the transitory
theory attractive.

Due to the progressive decrease in loop size with increas-
ing a/o Ta additions, the heating and cooling Young's modulus
plots are listed consecutively in Figures 2-8, and in a simi-
lar manner the microstructures are listed in Figures 9-15.

The 0.5, 1.0, and 1.5 a/o Ta initially fired specimens
exhibited anomalous Young's modulus behavior relative to tem-
perature, assumed to be the result of microcrack presence
formed during cooling in the fabrication process, as illgs-
trated in Figures 2, 3, and 4., The size of the hysteresis
loop decreases with increasing Ta additions, however, similar
structures were found in some of the loops. Figures 2 and 3
refired specimens, represented by open circles, indicate a non-
linear decrease in modulus to approximately 900°C, where the
slope, dE/dT, became positive appearing to indicate that
microcracks‘were healing. This resulted in an increase in

Young's modulus. These refired specimens were assumed to be
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Figure 9a., Photomicrograph of a polished section of Euj03
with 0.50 a/o Ta cation substitution sintered
at 1800°C ’

Figure 9b. Photomicrograph of a polished section of Eu,0%
with 0.50 a/o Ta cation substitution sintered
at 1900°C
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Figure 10a., Photomicrograph of a polished section of Euj03
with 1.0 a/o Ta cations substitution sin-
tered at 1800°C

Figure 10b. Photomicrograph of a polished section of Eu,04
with 1.0 a/o Ta cation substitution refired
at 1900°C
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Figure 1lla. Photomicrograph of a polished section of Eu;03z
with 1.5 a/o Ta cation substitution sintered
at 1800°C

Figure 11b. Photomicrograph of a polished section of Euj03
with 1,5 a/o Ta cation substitution refired
at 1900°C



55

Figure 12,  Photomicrograph of a polished section of Eu;03z
with 2.0 a/o Ta cation substitution sintere
at 1800°C
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Figure 13a. Photomicrograph of a polished section of Eu,0z
with. 4.0 a/o Ta cation substitution sintereé
at 1800°C

Figure 13b, Photomicrograph of a polished section of Eu;03
with 4.0 a/o Ta cation substitution refired
at 1906°C



37

Figure 14a, Photomicrograph of a polished section of Eu203
with 6.0 a/o Ta cation substitution sintered
at 1800°C

Figure 14b. Photomicrograph of a polished section of Eu203
with 6.0 a/o Ta cation substitution refired
at 1900°C '
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Figure 15a. Photomicrograph of a polished section of Eu;0z
with 10.0 a/o Ta cation substitution sintered
at 1800°C

Figure 15b. Photomicrograph of a polished section of Eu,03z
with 10.0 a/o Ta cation substitution refire
at 1900°C
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microcracked more extensively because of the large loop size
when compared to the fired specimen's loop size in Figufes 2,
3, and 4. These specimen's Young's modulus_behaved in a siﬁi-
lar manner except at 900°C, the slope, dE/dT, did not become |
positive. The fired and refired specimens in Figures 2, 3,
and 4 had a rapidly decfeasing modulus with increasing temper-
ature above apprbkimately.1300°c. Suchomel and Hunter (4)
found a similar decrease in modulus for the HfOZ-EuZQ3 compo-
sitions, as did Ke (42) and Chang (43) for other materials

and attribu?ed it to grain boundary sliding. It was assumed
that grain boundary sliding was responsible for the rapid
modulus decrease here. Specimens eXhibited a near linear
Young's modulus relation with température on cooling to approx-
imately 1150°C. The return to anomalous behavior below this
temperature was assumed to be a result of micrpcrack forma-
tion, Grain sizes decreased with each consecutive addition

of Ta as illustrated in the phofomicrographs in Figures 9a,
10a, and 1la. The decrease in grain size coincidés with the
decrease in loop size, leadiﬁg tokthe assumption that.as_grain
size decreases the amount of microstréss rélaxation by micro-
cracking decreases while the relaxation by creep mechanisms
increases. The microétresses associated with‘large,grain
sizes were relieved by micrqcrack formation and resulted in
anomalous behavior on thermal cycling and abnormally low room

temperature elastic behavior.
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The 0.5, 1.0, L.5, and 4.0 a/o Ta refired specimens also
exhibited anomalous behavior as indicated by Figures 2, 3, 4,
~and 6. The size of the hysteresis 160p is larger than the
initially fired specimen loops for the respective compositions
and could be described by a greater density of microcrécking,
a result of iﬁcreased grain sizes. The loops do decrease in
size as the Ta additions were increased, comparable to the
behavior exhibited by the initially fired anomalously behaving
specimens. Grain growth was once again sﬁppressed with in-
creasing Ta additions .as indicated By the photomicrographs in
Figures 9b, 10b, 11b and 13b, and the decreasing grain size
assumed to be responsible for decreasing loop size. The
features present in the loops were similar‘to the 1bpps for
the initially fired specimens whose explanation was assumed
valid for the refirea specimens.

The transition region between linear and anomalous
elastic-temperature relations was found to be at the 2,0 and
4,0 a/o Ta additioﬁs.levels as illustrated in Figures 5 and 6.
‘The 2.0 and 4.0 -a/o Ta initially fired specimens show a linear
relation between elastic modulus and,temperature; while the
4.0 a/o Ta refired specimen returns;fo anomalous elastic
behaﬁior. For this observed transition to occur, the moderf
relaxation was:assumed to shift frgm_predominantii'micgécrack‘
stfess relaxation (hysteresis loop) to'a creep felaxation |

mechanism (linear modulus temperature relation). " Examination
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of the grain sizes for these specimens in Figures 12a, 13a;
and 13b provides a critical grain size region between 13,4 pum
for the initially fired 2.0 a/o Ta specimen (linear Young's
modulus temperature relation) and 15.5 ym for the refired 4.0
a/o Ta specimen (hysteresis loop). The'change in relaxation
mechanism from microcracking to creep is supported by investi-
gations by Heuer et al. (44) who have postulated that grain
size inversely affects the degree of grain boundary sliding,
hence the smaller the grain size, the greater the degree of
grain boundary.sliding, which is a creep mechanism,

The 6.0 and 10;0 a/o Ta fired and refired specimens were
assumed to have completed the transition from predominant re-
laxation by microcracking to creep relakatidn of the thermal.

<¢xpansion.micfostresses as illustrated by the linear modulus-
temperature relation found in Figures 7 and 8. The grain
growth was inhibited by the 6.0 and 10,0.a/o Ta additions to
such an extent that the grain sizes were below 10 um (Figures
l4a, b and 15a, b), lower than the critical region found to be
between 14 and 15 um., Refiring of the specimens did not cause
a departure from linearity, The only remaining feature of the
original hysteresis loop was the rapid decreasé in modulus at
approximately 1400°C, assumed to be the resuit of grain bound-
ary sliding.

When physical dimensions pefmitted, the shear modulus was

determined for each specimen, In Pigure 16; the 10.0 a/o and
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1.0 a/o Ta initially fired specimen's shear moduli are plotted
relative to temperature. The larger grain size 1.0 a/o Ta
(31.5 ﬁm) exhibited hysteresis while the smaller grain size
10.6 a/o Ta (7.4 um) exhibited a linear shear mbdulus-tempera;
ture relatioh. The hysteresis loop size decreased and became
linear as the grain size decreased in much the same fashion
that the Young's modulus loop size decreased. The same rela-
tion was found for the refired specimens. This behavior is in
agreement with investigations done by Suchomel and Hunter (4)
and Dole and Hunter ( 7), who found that the shear modulus
was equally affected by a critical grain size-microcrack
elastic behavior as was Young'§ moduius.

When both Young's modulus and‘shear modulus were avail-
able, Poisson's ratio, ﬁ, was calculatedj however, no conclu-
sive evidence was found to indicate a direct relation between
u and temperature. It did appear that where data were avail-

able, u, increased as temperature increased.

Microstructural Effects on Internal Friction
Internal friction of a specimen 'is dependent on porosity,
composition, grain size, and sample integrity. Internal fric-
tion of each fired and refired specimen were calculated at
foom température to produce another discriminating parameter
for microcrack identification,
Porosity

- The specimen's interna1~friction;.Q;1, was first related
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to porosity, which can be represented by Marlowe's (26) equa-

tion

-1 b

QS = gP (15)

where a and b are ekperimentally determined constants, and’
P is the volume fraction porosity;

Several investigators have found that b is dependent on the
particular material (45). Since mahy of the initially fired
and refired specimens were of approximately the same density,
implying the same volume fraction porosity, the effects bn
‘internal friction were assumed to be the same for all speci-
mens,

Composition

The secdnd parameter, composition, caused an abnormal
behavior as illustrated in Figure 17. Several investigators
ﬁave found that additions of a second component to a material
will increase the internal friction in proportion to the addi-
tion (46,47). In this case as the additions of Ta increases
from 0.5 a/b to 10,0 a/o Ta, the internal friction of the
fired and refired spe;imensAdecreases contradicting the gen-
erally accepted theory. Assuming that compositional effects
are not responsible for the behavior, another parameter must
be the cbntributing factor.

Average grain size

Average grain size was related to the specimen internal

friction values for fired and refired materials. internal
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friction values should be directly proportionalAto‘grain
boundary area or inversely proportional to grain size (22).
However, in this case, the large grained fired and refired
specimens ekhibited the largest internal friction values. As
the grain. size of the specimens decreased; the internal fric-
tion decreased also, contradicting the above theory. This
anomalous internal friction behavior with grain size is illus-
trated in Figure 18. From these results, it was assumed that
~grain boundaries were not the controlling factor for the
observed internal friction values.

Sample integrity

Since porosity,‘composition, and grain size effects can-
not account for the abnormal internél friction behavior, the
sample integrity must be responsible. Elasticity measurements
have already indicated that the material may be microcracked.
to various degrees depending on the grain size. Two recent
investigations (21,12) have also found internal friction-
grain size relation abnormalities for Hf0, and several pseudo-
brookites, assuming that microcracking was the predominant |
contributor to the internal frictions observed. They found
that the grain size decrease coincided with decréasing‘inter-
"-nal friction values, much the same as this investigation did
for_Eu203 as illustrated in Figure 18. Solid symbols in
}_FigureA18 are representative of those samples exhibitingin

anomalous elastic behavior, believed to be caused by micro-
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cracks., It was assumed that the largef density of microcracks’
in the large grain sized specimens caused the abnormally high
internal friction values and masked the effects that porosity,
grain size and composition had on the internal friction |
values., Y203, another rare earth oxide which does not exhibit
elastic behavior indicative of microcracking, had internal
friction values of 0.89x10 % (26). For comparable grain sized

4

Ta,0. Eu,0, specimens,values were above 3,0x10”" and increased

275 273
with increasing grain size, a result of a higher density of

microcracks.

High Temperature Internal Friction )

Large grain sized fired and refired 0.5, 1.0, and 1.5 a/o
Ta exhibited high internal friction values at elevated temper-
atures., All of the specimens also exhibited a rapid increase
in internal friction above 1400°C, coincident with the rapid
decrease in modulus. This was assumed to be the result of
grain boundary sliding. Smaller grain sized, fired and re-
fired specimens of 2.0, 4.0, 6.0, and 10.0 a/o Ta composition,
had much lower internal friction values at elevated tempera-
ture,'but still contained‘the rapid increase in internal
friction above 1400°C. The internal friction values at ele-
vated temperature progressively declined with'gfain,size,
similar to the elastic modulus behavior described éarlier.'

Figure 19, the 1.0 a/o Ta fired and fefired specimens,

is representative of the large grained specimens elevated.
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‘temperature internal frictioen behavior. The fefired spécimen.
(38.4 uym) had a larger internal friction than the fired (30.8
m) specimen.‘ It was assumed that the higher values were the
result of a gréater density of microcracks in the larger
grained specimen. Both sbecimens éxhibited the'rapid intefnal
friction increase associated with grain boundary sliding.

Specimens with smaller grain size, illustrated by thé 6.0

a/o Ta composition in Figure 20, had lower clevated tempera-
ture internal frictions. The rapid internal friction increase
abové 1400°C was still present and once againlwas assumed to
be the resulf of grain boundary sliding. The smaller grain
sized material was assumed to contain a lower density of

‘microcracks. This was also indicated by the lower elevated
témperature_internal friction values found during thermal
cycling, Scatter in the data made it impossible to‘draw any

other conclusions.
- Thermal Expansion Anisotropies of Euzo3

In order to support the postulate that microcracking and
anomalous elastic-pfoperties-ére directly related to‘grain'
size a study of the axial thermal expansions of monoclinic
Eu203 wefé made'ana compafed to the Iiterature values for
Gd203, a rare-e#rth oxide with similar elastic properties and
structure in the non-microcracked form, The work'of‘Ploétz
et al. (31) has shown that'Eu203 haé‘more‘of a propensity for

grain growthfthan:Gdzos, although it is possible to induce a
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significant amount of grain growth in GdZOS by thermal treat-
ment (7). The studies of Suchomel and Hunter (4) and Haglund .
and Hunter (14) show that the moduli of these two materials
are Qery similar provided the.grain'size is small enough.
Suchomel and Hunter (4) have shown that rapid‘gréin‘growth in
' Eu203'during fabrication makes it easy to produce"EuzO3 with
anomalous elastic properties. Haglund and Hunter (14) showed
that Gd,0; does not have such répid_grain'growth during sin-
tering and consequently does not have anomalously low elastic .
moduli. However, the later work of Dole and Hunter (7) showed
that further heat treatment could induce grain growth and when
:the grain size was comparable to the coarsened Eu,0;, anoma-
lous elastic properties resulted. Since the internal stresses
for a given material are dependent upon the elastic proper-
ties and expansion anisotropies, the possibility exists that
a larger thermal expansion anisotropy ,forA-EuZO3 when compared
to GdZO3 thermal expansion anisotropy pqﬁld result in easier
microcracking in Eu203. By comparing thé two thermal expan-
sioﬁ,anisotropies, it was possible to conclude that.grain
size was the controlling factor for microcracking. The tem-
perature range chosen was befween room temperatﬁre and 1000°C,
assuming thét most of the microcrack formation Qccufréd in
this range. | |

Lattice constants for Eu,0; were fit to an equation of

the form
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2 (16)

Y = k + 2AT + mAT
where Y is the lattice parameter of interest,
k, 2, and m arelexperimentally derived constants, and
AT is the difference in temperature T1 and‘Tz.
Figure 21 illustrates the lattice constants relation with tem-
perature for monoclinic EuZOS'

The average linear thermal expansion, o, was derived

from the equation

(16)

'where AV is the volume change between temperatures T; and T,
and AV0 is the original voiume at Tl’

by using the volume expansion data in Figure 21, This yielded
a value of 11,0,9x10-6°C'l for ménoclinic,EuZO3 using high tem-
perature diffractémeter techniques, 10% larger than Suchomel's

dilatometer value of 9.9x10-6°C

1 for polycrystalline mono-
clinic EuZOS.‘ | |
A thermal expansion coefficient was calculated for each
crystallographic axis by application of the equation
. _AL

Oy Lo AT o | (17)

wherg dx is the_averége lihear coefficient of thermal
expansion for a specific'axis;
AL is the change in length df the axis between T, and
TZ’ and | | N |

Lo-is the length of the axis at room temperature,
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The Eu,0, axial thermal expansion coefficients, listed in

273
Table 2, were calculated to be a_ = 11.04x10'6°C-1, oy =

13.43x10‘6°C-1, and dc = 11.97)(10-6°C-1 for the crystal axes

a, b, and c respectively. In a similar determination,
Sawbridge and Waterman (6) found the expansion coefficients

for monoclinic Gd,0; to be a, = 9,74x10 8¢, ap = 15.45x
10'6°C'1, and a_ = 11.83x10‘6°C-1, also listed in Table 2,

The data for Eu,0, was generated from x-ray data between 30°

and 70° 26 while the Gd,0- data were between 40° and 144° 28.
Even though the accuracy of the Eu203 data is somewhat ques-
tionable, the expansions seem to be reasonable. Both Gd203
and Eu,0; have their maximum expansions along the b axis and
the minimum along the a axis.

The term, q /amax’ was designated as the degree of

min
anisotropy, where o in is the minimum axial expansion coeffi-

cient and @ is the maximum expansion coefficient, and

calculated for both Gd203 and Eu,0 As the ratio o %nax

273
decreases, the anisotropy increases. The values for GdZO3

min

and EuZO3 were calculated to be 0.631 and 0.822 respectively,
indiCating that the GdZO3 was more aniso;ropic than Eu203.
Easier microcracking in GdZO3 should be the result, however,
it has been exPerimenfally shown that Eu,0, is more suscép—
tible to microcracking. The only compensating difference is
europia's prOpénsitylfor,grain coarsening,

Anomalous behavior can also be explained by polymorphic



Table 2. Axial thermal expan51on values for Gd;03 and Eu203 between room tempera-

ture and 1000°C

Thermal expansion coefficients  Average linear A in
C-l thermal expan- 5
sion o max -
a b c oc~1
Gd,0 . _
2.3 -6 -6 -6
Sawbridge § - 9.74x10 -15.45x10 11.83x10 0.631
Waterman
Eu,0, 11.04x10"%  13.43x107®  11.97x107%  11.09x107° 0.822

9S
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transformations,'however, literature reveals tha; the cubic-
to-monoclinic transformation (48) is irreversibie. The high
temperature x-ray data from this investigation support this
postulate since no second phase was precipitated out as the
Eu203 was thermally cycled. |

The lack of the monoclinic-to-cubic transformation énd
similarity in the axial thermal expansion coefficients to a
EuZO3 and GdZO3 further support the postulate that grain

coarsening associated with sintering of EuZO3 is the con-

trolling factor for microcrack-anomalous behavior relations.
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CONCLUSIONS

1. Large grain sized Ta,0.-Eu,04 éompositions exhibit
anomalous elastic behavior. On heating and cooling, both
Young's and shear moduli display hysteresis.

2. Increasing additions of Ta,0, to EuéQ3 inhibit the
~grain growth and produce progressively smaller‘grain sized
specimens.

3. Small grain sized TaZOS-Euzosisintered compositions
exhibit normal elastic behavior during thermal cycling.

4. Room temperature internal friction values are
directly related to grain size. This is the result of exten-
sive microcracking in large grained specimens. |

5. .Elevated temperature internal frictioh values in-
crease rapidly above 1300°C and:are coincident with rapidly
decreasing modulus Vaiues. Grain boundary sliding produces
this effect.

6. The axial thermal expansions of Eu,0; are similar
to the axial thermal expansions of GdZOS‘ Thereforé, the
susceptibility of Eu203 to grain coarsening during sintering
controls the extent of microcrackiﬁg.

7. 'A’éritical_grain size of approximately 13 um is
necessary.to prodhce micr§cracking in monoclinic TaZOS-EuZO3

compositions.
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