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I. Introduction

The original goal of the present Research Contract was to apply
Moessbauer spectroscopy in order to search at microscopic level for effects
of thermal cycling of .ceramics containing iron and/or iron-oxides as major
compositional constituents.

In the. frame of the Coordinated Project on the Application of Moess-
bauer Spectroscopy in Mineralogy, Soils Science and Ceramics, two collabo.-
rations developed: one with Dr. J. Danon (Centro Brasileiro de Pesquisas
Fisicas) on the weathering of iron oxides in clay ceramics and one with
Dr. M. Coey (Dublin Univ.) on the study of layer clay minerals.

The present Final Report'is devoted to the werk on the original goal
of this Contract i.e on ceramics (Section II), while the results on the
subjects of collaborations are only briefly mentioned in Section III, since
the work on weathering has allready been published (Sigalas at al, 1978)
and the results on clays including-their magnetism will be presented in
Dr. M. Coeys1 report. Section IV contains suplementary information.

II. Ceramics

Ceramics encompass a large number of materials with a vast range of
application as e.g. space craft coatings and fuel element structures.

Ceramic fatigue - a scientifically and technologicaly notorious
problem - is primarily related to the production and propagation of cracks
in the grains of the material due to the action of stresses. The most se-
vere stresses generated in ceramics are frequently of thermal origin, espe-
cially those due to cyclic temperature variations.
The effects of thermal cycling on the physical structure of the ceramic bi-
nary oxide system Fe„0„- TiO0 have been searched using as a tool Moessbauer

^ O £.

spectroscopy. The specific choise of this system was made because its main
representative, pseudobrookite (Fe2TiOs), exhibits extensive microcracking
(Siebeneck et al,1976 & Cleveland et al 1978) due to its highly anisotropic
thermal expansion. The values of the axial expansion coefficients are ( Bayer,
1971):

- 10.1 x 10 6/ -0C5 = 16.3 x 10"6/ °C and a = 0 . 6 x 10~6/ °C.c

II.1. Experimental Part

A. _Samp_le_p_reparation_and characterization

Singe-, two - and three-phase systems have been prepared by the solid
state reaction of a-Fe„0:i and TiO** powders of grain size about 10 ym.

•Appropriate amounts of these powders were wet-milled, air dried, cold-
pressed and then fired in air for 12-24 hours at ab'out 1100°C. The chara-
cterisation of the samples was made on the bas.is of their Moessbauer spectra,
although'in few cases it was supplemented by X-ray powder diffraction films,
optical microscopy photographs (150Ox.) and density measurements. The mate-
rials produced were found to be fine grained (^ 5pm) and having within 1-2 %
the theoretical density.

The Moessbauer measurements have been carried out on powder samples
with constant acceleration spectrometers and for sample temperatures in the
range from 4.2 K to 6730K. The effective thicknesses of the absorbers used
were less than about 0.3 mg/cm2 of 57Fe. The spectra obtained have been

99% pure either Riedel Hae'n No. 31234 Or E. Merch No. 3924.
99% pure, E. Merch No. 808
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Figure 1: (a) the chi-square per degree of freedom histograms corresponding

to the analysis of a room temperature Koessbsuer spectrum of sample
H either via two paramagnetic iron sites ( %%?-area) or via one
paramagnetic iron site (§§-area). (b) The experimental Moess-
bauer spectrum (O) and the spectrum (a) calculated assuming one
Fe-site are shown. The theoretical spectrum corrsponding to two
Fe-sites is not drawn, because its points practically coincide
with those of the experimental ones.

Velocity

Figure 2; HSssbauer spectra of Fe2TiO5 for various temperatures between >*.2 and
100 K. Full curves represent least-square fits of a theoretical model
to the experimental data. The broken curve for the 58.6 K spectrum
corresponds to the components following the molecular field theory.
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computer fatted with sextets (magnetic) and doublets(paramagnetic) of Loren
tzian lines.

The samples in powder form have been subjected either to a high (CH)
(3O0C to 450.0C) or to a.low (-13O0C to 12O0C)(CL) temperature cycling treatment.
Cycling period and number of cycles were kept constant to 1-2 min and about
2000 respectively. The'low temperature cycling, although producing smaller
thermal stresses, was also employed in order to ensure that any effects ob-
served could be atributed to the cyclic fatigue treatment itself.

in table 1 we give the compositional description of the various samples
studied and the type of thermal cycling subjected.

TABLE 1

Sairple <
Fe2°3

0.15
0.53
0.10

0.10
0.25
0.00

0.00

;ompositioi
Fe2TiO5

0.85
0.47
1.00

0.90
1.00 '
1.00

0.80

l in moles of
TiO2.

0.15
.03

0.00

0.10
0.00
0.00

0.20

Code of
Sample

D
E
F

K
L
M

N

' Type of Thermal
cycling

high temperature
it ii
u it

low temperature-
ti n
n n

none

Code of
cycled sample

DCH
ECH
FCH

KCL
LCL
HL

-

II.2. Results and Discussion

A. Structure of -Fe TdO1. • -
-t O

The crystallographic structure of this compound as established by
L. Pauling (1930) is orthorombic with unit cell dimensions:

a •= 9.79 8, b = 9.93 Sa and c = 3.72 ?. The unit cell contains four mole-
cules and the X-ray data were found consistent with the ^hypothesis that
1I Ti and 8 Fe cations occupy the 4c and 8f sites respectively. The Moess-
bauer spectra obtained (Fig.1) indicated* however that the eight iron cations
are distributed between these two crystallographic sites. Moreover,
in s recent investigation (Atzmony at al, 1979) of the structural and magr?-
tic properties of .this compound, it is concluded that an anisotropic spin
glass structure arises in Fe-TiO5 from the random occupation of the 8f and
•4c sites by magnetic (Fe3+) and non-magnetic (Ti4+) cations. Finally, the
Hoessbauer spectra of Fig. 2 have been analysed (Gangas et al, 1980) with
a model which demostrates the random distribution of cations and corrobora-
tes the assigneroent of the spin glass behaviour to Fe„Ti(X. Details about
this model and the results obtained are given in our above paper.

B._ JThe rmal _Cyc l in g

The search for the possible existence of alterations at microscopic
level due to thermal cycling of the material Fe-TiO5 has been based on the
monitoring of the Moessbauer parameters of Fe2TaO and Fe O - whenever the
latter was also present - in the spectra of the samples studied (table 1).
The analysis of the data, although not yet completed, points out that the

Set our Progress Report of January 2978 and January 3979
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Figure 3: Isomer shifts st and s> of the two iron sites of Fe2Ti05-phase
in sample L as prepared (O., O. ) and after thermal cycling
(LCL:A,X).
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crystall lattice vibrations are changing in responce to the specific thermal
fatigue treatments applied (section II.1.B). The results for this finding
only are presented below.

Describing the phonon spectrum of the lattice in terms of a characte-
ristic temperature 6 on the basis of a model, e.g. the Debye model, one
obtains rather simple expressions for the quantities <u2> and <x2> of the
atomic thermal/motion.The isomer shift s depends on <u2> while the Moess-
bauer fraction f on <x2>. Thus, from the temperature-dependence of s(T)
and f (T) one obtains two independent estimates for the characteristic tempe-
rature 6. ,

Due TO the random occupation of both *4c and Bf cation sites by iron
the Moessbauer spectra of Fe TiO^ have been analysed in the paramagnetic
region, i.e. for T £ 80°K, • with two doublets of different quadrupole
splittings*. The absorption area of the component with the small splitting
was found to be about two times larger than that of the other doublet in
agreement with random occupation of the Bf and i+c by Fe^+, respectively.

In figure 3 we present the temperature dependence of the isomer shifts
s< and s> for the sample L as prepared and after being subjected to thermal
cycling (LCL). In table 2 are given the values for characteristic Debye
temperature and the shift for T -+OK, 6O, obtained from fitting the isomer
shifts data for the samples: F, M, K and L prior and after thermal fatigue.

TABLE 2

,Component :

Sample ^s.

F

FCH

K

MCL

K

KCK

L

LCL

Fe2Ti05(q<)

6D I V"0

i
I

495(17) 0.510(4)
I

438(12) 0.517(3)
l
I

481(17) i 0.515(2)

i)98(i9) - 0.521(3)

455(8) I 0.513(2)

471(12) I 0.510(3)

440(14) I 0.510(2)

500(13) I 0.515(2)

Fc2Ti05(q>)

0D I 6o<Rh)

I
I

497(19) 0.513(4)
]

467(12) 0.524(2)
i
i

495(15) i 0.520(2)

500(7) i 0.523(1)

452(12) I 0.517(2)

495(7) I 0.516(1)

466(15) I 0.516(3)

506(9) I 0. 517(1)

Fe2°3
6D , 6o(Rh)

-

-

-

-

-

371(12) i 0.495(3)

457(15)

452(17)

463(14)

0.505(2)

0.505(3)

0.507(2)

The numbers in parenthesis give single ir.easureinent errors in the
last significant digit. Data at six (6) , ten (UO), eight (8) and
twelve (12) different teisperatures in the range 90-300 K have been
used for the samples pairs (F 1FCH), ( K 1 K C L ) , (K.KCL) respectively.
For o-Fe O3 used in our sarrple preparation 6- = 435(12) K and
6Q - 0.508(3) mn/sec.

* Various quantities referring to these doublets are differentiated from
now on with the symbols (<) and (>) referring the first symbol to the

doublet with

• twith

i. .3 mm/sec (8f-site) and the second one to that-

.S mm/sec (He-site).



100 150 200

Temperature In K

250

Figure 4: Moessbauer absorptions areas for the doublet corresponding to
the 8f sites of Fe2TiO,.-pnase in sanple L as .prepared (O) and
after thermal cycling (LCL: a).



From this table we observe that for the multi-phase systems K and L the
characteristic temperature of Fe T;,0,- increased after cycling, while in the
single phase systems T and M decreased or did not change. The same beha-
viour emerged also from the analysis of the Moessbauer absorption areas.
An example of this type of data is given in figure 1, while in table 3 we
present the Debye temperatures obtained from fitting the temperature dependence
of the spectral areas for samples E and F prior and after thermal cycling.

\Sample

Fe2TiO5

re2°3

E

376(8)

380(11)

TABLE 3

ECH

103(12)

399(13)

F

537(14)

-

FCH

U77UO)

-

Debye temperatures determined from Koessbauer spectral areas.
Data at four ( U ) and six (6) different temperatures in the range
300-500 K have been used for the sainpie p?:rs (E,ECH) and (F1FCH)
respectively. The numbers in parenthesis give single measurement
errors in the last digit.

The above findings are in qualitative agreement with the existence of a
critical grain size for the microcracking of Fe^TiO1-, as found by Cleveland
et al (1978) in elastic modulus and flexural .strength measurements.
More details on this part of the present-Contract will be presented in a
future publication.

Summarizing we conclude that: {i) the exploratory findings of this
work, besides their interest, are still too few in order to -allow a com-
plete description of a complicated material science problem as the one
.choosen in the present investigation; and (ii) their usefullness at this
stage lies however in the fact that they point out that solid state effects
of cyclic thermal stresses can be detected and studied via Moessbauer Effect.

Both above remarks show the need of more extensive work in this new
application of Moessbauer Spectroscopy in Materials Science.

I I I . Collaborations

III..1. Weathering

In thermo-remanence measurements on ancient fired clay samples non-
linearities often appear in the associated Thellier's plots'. From these
plots the ancient earth magnetic field intensity is deduced.

A model has been proposed (1. Sigalas et al, 1978) according to which
these non-linearities can be accounted for by a decrease of the iron oxides
of the ancient material due its weathering.

III.2. Layer Clay Minerals

The structure and physical properties of iron present in natural clays
or intercalated ones is under investigation via Moessbauer spectroscopy,
X-ray diffraction, X-ray fluoresence, optical, infrared, and ultra violet
absorption as well as neutron diffraction.
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IV. Supplementary Inforniation

The investigation carried out in the frame of this -.Contract on the
ceramic system Fe„0 -Fe.TiCL-TiO,. is now in its final stage. Most of the data

have been already analysed while some complementary experimental work is
still in progress.

Below'is given a list with the names of those who were involved with
the different scientific or/and technical aspects of this work and for va-
rying periods of time during the course of the present project:

/L_First_Chair_of Ph^sicsJUniv. loanO

Th. Bakas, P. Benekos, N-H.J. Gangas, J.Katradis, M. Nessini, A. Moukarika,
arid I; Sigalas.

B1 Moessbauer Group__(N1RLC1'" Democritus'J)

A. Kostikas, V.Papaefthymiou and-A. Simopoulos

Thanks are expressed to Mrs Ph. Vergou for typing the reports and the publi-
cations which emerged from this contract.

Under this Contract the following paper has been published until now:
" Cation distribution in the spin glass system Fe TiO "

J. Phys. C: Solid St. Phys. 13 (1980) L357-61.
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Scientific Background and Scope under the Contract At microstructural level,

ceramic fatigue is primarily related to the production and propagation of

cracks in the grains of the material due to the action of stresses. The

most severe stresses generated in ceramics are frequently of thermal origin,

especially those due to cyclic temperature variations. The present project

was searching at microscopic level and via Moessbauer Spectroscopy for effects

due to thermal fatigue in single and multiple-phase oeramic materials con-

taining iron or/and its oxides as major compositional constituents, e.g.

the Fe-O-Ti system.

Experimental Method Moessbauer Spectroscopy,.X-rays Diffraction, Optical

microscopy and magnetic susceptibility. Six ssmples of the systems

(Fe0TiOc)1--(Fe0O-) .(TiO0) have been investigated as prepared and
^ o j ^ x y ^ o x ^ i y

after being subjected to a thermal cycling proceedure.

Results Obtained Results analysed up to now reveal that: (i) Fe0TiO has

a spin glass-structure and (ii) the cVu dcteristic temperature 6 of the

vibration spectrum of the Fe TiO--phase increased in multiphase samples
£. J

while decreased or remained unaltered for single-phase ones after subjecting

the material either to a low~(--13G to 120°C) or to a high (30 to t50°C)

temperature cyclic fatigue. These findings are in accord with the sharp

transition in the elastic modulus as function of grain size found in this

material by other workers in macroscopic measurements and thus further elucidate

the effects of thermal cycling on_the solid state structure"of the

Fe„03- Fe2TiO. ceramic material.

Conclusions The results point clearly to the usefullness of Moessbauer

Spectroscopy in studies of ceramic thermal fatigue.

Papers Published on Work Done under the Contract

" Cation distribution in the spin glass system Fe TiO "

J. Phys. C: Solid St. Physics., 13 (1980) L357-61
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