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Accurate measurements of the lattice parameters of polycrystalline manganosite Mn,-,O lead to the
conclusion that the magnetic lattices of the stoichiometric MnO and Mn;0,, which appear during the
cooling process, do not interact. The X-ray energetic shifts and the morphology of the manganosite are
described for multilayer samples obtained by oxidation of the metal. The reactivity of the two isomor-
phic monoxides, Mn,_,O or manganosite and Fe,_,O or wiistite, is interpreted in terms of the elastic
constant Cy. The clustering of the point defects, the deformation energy, and the comparative plastic-
ity or brittleness are discussed in terms of this constant for both monoxides at high temperature and

after quenching. © 1985 Academic Press, Inc.

Introduction

For several years, structural techniques
have been developed to study the evolution
of physical properties of polycrystalline
materials. In particular, low temperature
diffraction analysis between 5 and 300 K
has related the thermal expansion of the lat-
tice and bonds with macroscopic and local
elastic properties. The point defects due to
nonstoichiometry produced during synthe-
sis can induce steric anharmonic vibra-
tional effects and changes in magnetic
properties, ¢.g., magnetostriction. X-ray
diffraction allows the study of these aniso-
tropic effects and symmetry changes due to
perturbations of the host lattice.
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In this paper, manganosite is compared
with iron monoxide, or wiistite, because of
their isomorphic NaCl-type structure above
the Néel temperature (I—5). From the ther-
modynamic point of view, the molar forma-
tion enthalpy, entropy, and free energy
show a large difference for both monoxides
with nearly the same departure from the
stoichiometry. Wiistite with its limiting
composition is in equilibrium with y-Fe at
1400 K following the chemical equation

09517-Fe + %02 =4 F6170.049O.
From the numerical relation (4) given in

Ref. (6), the values of the thermodynamic
properties are deduced at this temperature:
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AH Sy (Feg5,0) = —262.9 kl/mole,
AS$40(Feoss10) = —64.5 J/(K - mole),
AGSS,(Fegos10) = —172.6 kl/mole.

In the course of the calculation of a new
phase diagram of manganosite (7-9), ac-
cording to the chemical equation

6.881Mn1_0,0320 + 02 2 2.220Mﬂ304,

at 1400 K, the following values have been
obtained:

AH)y(Mng g30) = —381.2 ki/mole,
AS$0(Mng0) = —80.0 J/(K - mole),
AGSp(Mng 96s0) = —269.3 kJ/mole.

These significantly different values should
be taken into consideration for physical
properties related to the energy.

1. Manganosite— Experiments and
Interpretation of Results

1.1. Phase Diagram

When comparing the thermodynamic
conditions of existence of the wiistite FeO,
and the manganosite MnQO,, several analo-
gies are found. Such a comparison was al-
ready partly made in Ref. (8). The equilib-
rium phase field of manganosite has been
defined by means of the projection of the
state diagram on the plan (6°C, x) (Fig. 1).
Different varieties or behaviors are taken
into account (5—9). The set of the isobaric
curves for the equilibrium oxygen pressure
above the solid phase has been calculated
(9) and is drawn in Fig. 1. It has been partly
confirmed using electron microprobe analy-
sis. !

Measurements of the Ka emission band
intensities have been performed in order to
evaluate the chemical composition which

! Electronic microprobe CAMEBAX manufactured
by the society CAMECA; experiments performed at
A.G.H. (Krakow).

has been determined on 2 quenched multi-
layer oxidized samples (see Section 1.4).
So, the limiting compositions (xy, x;) on the
external boundaries of the manganosite
phase diagram have been obtained experi-
mentally: xo and x; concern the Mn/MnO,,
and MnO,/Mn;0, boundaries, respec-
tively. They are in agreement with those
derived by thermodynamic calculations (8,
9) (Table I), particularly on the Mn/Mn, _, O
boundary (Cf. B in Fig. I).

1.2. Samples

The preparation of samples of mangano-
site is rather difficult, more difficult than
the preparation of similar samples of wiis-
tite because of the higher temperature,
slower rate of diffusivity of the manganese
ions, and lower equilibrium partial pres-
sures of oxygen. Many samples were pre-
pared under CO,/CO gas mixtures at tem-
peratures from 1200 to 1450°C in a vertical
furnace, then quenched by either being
dropped into water or cooled on the wall of
a water jacket under the equilibrium atmo-
sphere. Some of them were studied (10)
(Table II). They are located in the state dia-
gram in Fig. 1 (sign @).

1.3. X-ray Diffraction Studies

The X-ray analysis of quenched poly-
crystalline samples was performed between
4 and 300 K by cooling and heating in a
cryostat and using a very accurate diffrac-
tometer. The confidence limit in the mea-
surement of the angles is Afpp,, = =2 X
1073°9 (11). The parameters of the trigonal

TABLE I

Calculated
composition

Measured
composition®

Quenching
temperature

xp = 0.98 orzp = —0.02
x =102 orz; = 0.02
xp =098 orz = -0.02
x; =10350rz = 0.03

xg = 0.9824 or zy = —0.0179
x; = 1.0208 or z) = 0.0204
xp = 0.9800 or z5 = —0.0204
x; = 1.0365 orzy = 0.0352

1050

1150

4 Az ~ (x0.01).
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Fi1G. 1. Location (@) in the state diagram of the manganosite samples before quenching. The dashed
curves correspond to constant Po, expressed in Pascal. The number near each curve with its sign is the
power of ten of the oxygen pressure. The four M indicate the composition measured by electron
microprobe in an oxidized multilayer sample at the interfaces Mn/MnO and Mn,._,0/Mn;0, at 1050 and

1150°C.

cell (ag and ag > 90°) have been determined
from the Bragg peaks (111), (200), and
(220). A part of the present results has been
published (10).

Hausmannite Mn;O, was always de-
tected after quenching when the equilib-
rium nonstoichiometric composition is such

that z > 0.002 (J0, 12). The amount of
Mn;0, is consistent with the chemical com-
position before quenching (8, 9) and shows
that the monoxide is nearly stoichiometric.
The variation of ag as a function of z ob-
served by Touzelin et al. (13) has not been
observed in this study because of the dis-

TABLE II
x = O/Mn

Sample T under Quenching Mn,04 a(o)

No. p(CO)/p(COy) (K) equilibrium rate Color (%) 7N
1 10/90 1623 1.002 Fast Brown-green No 4.4442(2.6)
2 18/82 1623 1.000 Slow Green No 4.44552.4)
3 0.3/99.7 1623 1.035 Fast Brown 3 4.4446(2.7)
4 0.3/99.7 1623 1.035 Slow Brown-green 3 4.4442(2.4)
S 0.5/99.5 1623 1.020 Slow Dark green 1.3 4.4455(2.8)
6 2/98 1453 1.004 Slow Brown-green No 4.4446(2.8)

2 Detected and evaluated from X-ray diffraction patterns (MoKa).
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TABLE 111
Sample 2: x = 1.00? Sample 3: x = 1.04%
T
(K) A @ VA @w@ w® Ve
5 4.4327 90.605 87.09 4.4317 90.598 87.04
35 4.4326 90.595 87.08 4.4317 90.587 87.03
50 — — — 4.4312 90.578 87.00
77 44334 90.509 87.15 4.4336 90.497 87.14
90 4.4339 90.449 87.16 4.4329 90.438 87.11
100 4.4335 90.367 87.14 4.4337 90.392 87.15
110 4.4339 90.284 87.17 4.4346 90.368 87.21
115 4.4344 90.234 87.20 4.4358 90.240 87.28
120 4.4356 89.998 §7.27 4.4364 90.000 87.32
125 4.4366 90.001 87.33 4.4364 90.003 87.32
200 4.4394  (90.000) 87.49 4.4393  (90.000) 87.48
300 4.4454  (90.000) 87.84 4.4445  (90.000) 87.80

@ Taking into account the experimental errors, the scattering of the
results for a given temperature is not significant.

proportionation. The mean value of a is
4.4448(6) A. The quasi-invariance of @ in
spite of the Mn;0, precipitates has been
discussed previously (10).

The magnetic transition. Table 111 gives
the measured rhombohedral parameters ag
and ar and the volume Vi of the corre-
sponding cell as a function of the tempera-
ture for two samples (Nos. 2 and 3 in Table
II). Figures 2a and b show the variations of
ag and ag. These variations are quite simi-
lar for initially stoichiometric and nonstoi-
chiometric samples.

The Néel temperature Ty is observed at
120 = 2 K (12 to 15) in both cases. Figure 3

dp® a
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represents the separation A@ of the (220)
and (220) Bragg peaks below Ty in the
rhombohedral coordinates (I14-16).

X-ray measurements in the neighborhood
of Ty have been carried out. Pretransitional
effects can be observed in Fig. 3. According
to previous results on pressed monocrys-
tals (17), the first-order character of the
magnetic transition is partly removed by
size effects and phase—antiphase domains.

Bloch et al. (17) gave the main significant
equations characterizing the exchange
striction.

Let & ~ agr — 90° be the distortion angle,
J; the exchange integral between the first
nearest neighbors, J, the exchange integral
between the second nearest neighbors.
Magnetostrictive effects may be character-
ized by

= (dJl/Jl)(drl/rl)
J2 = (dD/1)(dry/r).

—_

The magnetic energy involved in the dis-
tortion of the cell is given by

6NS? /. .. Aa
AE, = — 7 <J1-’101 = hd2 "5‘) (1
where N is the Avogadro number, V the
molar volume.
The elastic energy is given by

9084 %R b
906
904 .
MnOj000 ©
90.2 MnO10g ¢
90.0J L4 \ 4 -—
&Y
0 100 200 300 T

Fi1G. 2. (a) Linear parameter of the cubic or trigonal cell (T > Ty or T < Ty) vs temperature for
samples 2 and 3 in Table II quenched from 1300°C. (b) Angle of the cubic or trigonal cell (T > Tyor T <

Tw) vs temperature for samples 2 and 3.
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Aa\2
Ea=1(Cy +2C0) (T) +1Cuet. @

The minimum of the total energy (E., +
AE,) is obtained for

Aa _ 2NS* - 3
a N v C“ + 2C12 ( )
and
_2NS? ji,
- 1% C44 (4)

Ci1, C12, and Cy4 are the terms of the cubic
elastic tensor.

The present results are congruent with
some previous results (/7) in spite of the
strong temperature dependence of the Cy
constant close to Ty (18). In addition be-
cause Ty is constant in our experiments
(Fig. 3), the molecular field approximation
suggests the invariance of J,: 3k - Ty = ~6S
-(§ + 1) - J,. Because the terms Ty, AV/V,
and ag do not vary with the primary compo-
sition before quenching, the coefficients j;,
the exchange integrals J;, and the elastic
constants must remain independent of the
precipitate Mn;Oy4. So the two lattices of
the manganosite and hausmannite are not
connected.

One should notice that the presence of

£20=0,-873,

Q300
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.
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Fi1G. 3. Angular distortion below and above Ty (in
degrees); close to Ty (T > Ty) pretransitional effects
can be observed: they may be related to the strong Cy,
decrease observed by (I18).
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F1G. 4. Diffuse peak: the wall effect between phase—
antiphase domains.

vacancies and Mn’* ions diluted in the
MnO host lattice should involve a simulta-
neous change of the mean values of S, j, J
(14) and probably of the quantities (C;; +
Ci») ! and Ci! 2. As a result Ad/a and «
must vary in a significant fashion at a fixed
temperature (T < Ty). That was not ob-
served in our X-ray experiments (Figs. 2a
and b) as indicated previously.

Profile analysis and nonstoichiometry. A
broad residual peak related to the initial cu-
bic structure (T > Ty) has been revealed by
profile analysis of the two Bragg peaks
(220) and (220) of the rhombohedral antifer-
romagnetic phase. Its intensity increases
with increasing initial nonstoichiometry. It
is the greatest for the sample MnOy o4. The
presence of precipitate Mn;O4 might in-
crease wall effects between ordered do-
mains. It is well known that the antiferro-
magnetic spin ordering induces domains
separated by walls in the cubic initial lat-
tice. In quenched MnQ), ¢4 the full surface of
the residual (220) cubic peak is practically
twice as large as that in the stoichiometric
sample (Fig. 4).

Griineisen parameter. Table 1V indicates

2 The Mn3**-O bonds are shorter and stronger than
the Mn?*~0 bonds.
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TABLE IV

T ay Cv

(K) (K1 (J/K - mole) v
50 9.4 11.3 1.72
80 14.1 22.3 1.31
100 37.5 33.2 2.35
110 66 38.8 3.54
115 89 43.4 4,27
117.8 109 50.4 4.50
119 130 58.7 5.12

Transition at Ty

130 11.4 33.4 0.71
200 25.8 37.7 1.43
226 433 39.3 2.30
300 439 429 2.15

2 From Table III.

by is calculated in assuming x invariant. This ap-
proximation is not valid in the neighborhood of Ty,
because of pretransitional effects.

the temperature dependence of the Grii-
neisen parameter

(Xv'V | %4 dgl)

Y Cox T Tm v ©

where 0p is the Debye temperature, ay the
volumic thermal expansion coefficient, and
the compressibility x is quasi-invariant. For
the manganosite x = 3(Cy; + 2Cy;)~! = 0.64
x 10~ Pa~'. The specific heat data
[Cy(MnO)] are evaluated from the results
(19, 20) in the same way as in (2/). The
Griineisen parameter characterizes the an-
harmonic behavior of a material as a func-
tion of the temperature. In case of the man-
ganosite, the strong variation of vy obtained
just below Ty corresponds to the ay(7T) var-
iation.

1.4. Energetic Shifts

The Loy, X-ray emission band has been
used to connect the energetic shift ex-
pressed by AA;, = A, (Mn) — A;,(MnO,)
with the ratio x = O/Mn measured sepa-
rately by microprobe analysis. The shift
A, is found to be roughly proportional to

z, the departure from stoichiometry (Fig.
5). This might indicate that small Mn;0y is-
lands modify the Mn?* electronic levels (3d,
2p) of the host MnO (22). So in multilayer
samples both phases MnO and Mn;0,
would seem to interact, which is not the
case with the polycrystalline samples.

After quenching from 1050°C, an empiri-
cal relation

A, = —0.055 + 0.058(1 + 2) (6)

may be calculated for the variation of the
shift AA;, (A) as a function of z. For z =
0.25, i.e., for Mn;O,, the extrapolated
value is AA;, = 17 X 1073 A. In the same
experimental conditions, the value AA;, =
(26 + 1) x 1073 A has been found for pure
Mn304.

For an oxidation layer obtained at
1150°C, the relation

Ari, = —0.049 + 0.054(1 + 2) (D)

appears to be significantly different from re-
lation (6). That seems to show a large inftu-
ence of the quenching temperature and pro-
cess. The texture and the residual stresses
might influence largely the amplitude of the
shift. So these equations shall be consid-
ered only as a trend.

New analyses are planned to study the

3
A)\Lq.w

1150°C

1050°C

(1+2)
) ! 1 1 1 1 !
0.98 1.00 1.02 106

FiG. 5. Energetic shift spectroscopy throughout the
manganosite layer: the shift is expressed by the varia-
tion in wavelength vs x = O/Mn at 1050 and 1150°C.
ANp, = ApMn) — A, (MnO,).
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TABLE V
Activation energy of Elastic

Self-diffusion coefficient® the self-diffusion, E, constant®
(kJ/mole) -
10¢ - Dy(m?¥/sec)  10* - D(m?/sec) at 1300 K Ch Cp Cu

(10*!" Pa)
Fe,_ .0 8.6 X 1073 9.8 x 108 123 2.4 1.3 0.45
MnO 2.9 x 1072 5.0 x 107" 218 2.3 1.2 0.80

a D = Dy exp(—EAs/RT) (4, 23-26).
& Components of the elastic tensor (27-29).

size of Mn;0, islands or wiistite-like clus-
ters in quenched manganosite.

2. Connection of the Elastic Constant C,4
with Physical Properties

Taking into account various experimen-
tal facts, correlations may be established
between the elastic properties (mainly the
elastic constant Cy) and nonstoichiometry,
clustering of point defects, self-diffusion,
brittleness, and morphology.

Table V shows that the elastic constants
C,1 and Cy; have nearly the same value for
both monoxides, Fe;_,0 and MnO, while
Cu is twofold in MnO. In addition the acti-
vation energy of the self-diffusion is twice
as large for manganosite as for wiistite.

2.1. Compressibility and
Nonstoichiometry

The authors (28, 29) have observed in
wiistite that the elastic constants C;; and
C), or the bulk modulus are not affected by
nonstoichiometry. A likely interpretation of
this feature is given below.

If the mean elastic potential is expressed
in terms of a linear combination of micro-
scopic potentials in the iron monoxide with
the formula Fe,_,0 = (Fe?*){%,(Fe3*)5%
(Fe*H)ie (0O),4,0%", one obtains

(Ee1) ~ Ey(FeO) — z(3E;(FeO) — 2E,)
+uE — E) (8)

where E|, E,, E; are respectively associated
with the ions (Fe?*)ect2, (Fe3*)octa, and
(Fe3+)tetra_

In first approximation, one generally
makes the assumption that E; (i = 1, 2, or 3)
is principally related to the coulombic func-
tion gq'/r where g and g’ are the effective
charges of two next nearest ions, and r the
interatomic distance (g(Fe?*) = 2, ¢'(Fe3*)
= 3).3 The numerical calculation leads to E;
~ 3E,, Es ~ E,, with the experimental value
(z+ 0)/t ~2.4 =04 (21, 30). It follows that
E., ~ Ei, i.e., the elastic potential is quasi-
invariant as z varies. As a consequence, the
elastic constants C;; and C,, are invariant
and so is the compressibility.

This simple interpretation cannot be ap-
plied to the angular interactions (O-M-0)
and to C4 which might be strongly influ-
enced by point defects.

After quenching, manganosite has a dif-
ferent defect structure than wiistite; there is
a strong disproportionation (MnO/Mn;0,);
so, the elastic constants cannot be affected
in a significant way by the initial chemical
composition (Mn,_,0) because of the quasi-
independence of the two lattices. The result
is the same as in wiistite but the cause is
different.

3 Generally, the numerical contributions of repul-
sive interactions are negligible for the equilibrium po-
sitions: in addition they are assumed to be identical in
each E; expression.
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angular distortions are located in the boundary.

2.2. Elastic Distoriion Energy Due ito
Point-Defect Clusters and Quenching

2.2.1. High temperature clustering. It
has been suggested (27) that a simple point-
defect cluster induces static shifts of the at-
oms (Fig. 6a) in wiistite. This may be ex-

tended to mannnnncifp

tended It caunses some

ANQIEQLIVS. AL WQuSTS (934 3w

distortions of the O—M-0O angles, the M-O
distances remaining nearly constant. The
elastic deformation energy can be con-
nected to the Cy constant of the elastic ten-
sor because of the mean cubic symmetry. If
« is the distortion angle, the elastic energy
E.; is roughly proportional to Cy - o? (see
2), ag = 90 + a).

Figure 6b represents a schematic view of
a clustering zone (vacancies + insterstitial
+ M?3* surrounding cloud) in the fcc host

lattice. The external boundary of the clus-

Ier lb Ulbl()rleu lIl bULI] a Wdy l.lldl. a ld.llUlC
of the cubic local symmetry arises: the O—
M-0 angles are distorted at least in this
intermediate zone, the extension of which
is not known. The whole elastic energy in-
duced by the deIormatlon of this zone is
proportional to (Cy + Ci)Aala)* + Cud?
(see Appendix 1). If ““hard-sphere’’ atomic
packing is postulated, the distortion com-
ponent Aa/a is negligible and the angular
distortion is predominant. Generally this
latter term is strong. The specific volumes

af lhath hact i i
of both host lattice and clustering are very

different (Fig. 6b).

Taking into account the C,, values given
in Table V, the elastic energy due to the
angular distortion is larger in MnO than in
wiistite for the same external surface of a

cluster. It is obviously an increasing func-
tion of the total surface of the distorted
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zones. It is minimized by the condensation
of the clusters in zones as large as possible
therefore as scarce as possible. So the
likely clusters could be a priori larger in
manganosite than in wiistite at high temper-
ature.*

2.2.2. Quenching process. A crystal iso-
lated during quenching is represented dia-
grammatically in Fig. 7a. Between the cold
surface and the hot internal zone, the ther-
mal stress gradient involves a continuous
distortion with a total external angle ¢
which is the sum of the cell distortions 8¢
(Fig. 7a).

For large crystals a large stress gradient
is involved because of the large value of ¢.
The migration of metal ions and vacancies
occurs in two opposite directions where the
specific volumes are larger and smaller, re-
spectively (ascending diffusion).

The jumps of M?** and M?* cations can
occur according to two principal paths: the
well-known octa-octa path and the octa-
tetra—octa path (4, 3/-34). The octa-tetra
jumps, even if less probable when consider-
ing self-diffusion processes, play a main
role during the formation of the spinel
structure. At room temperature, Fe** ions
are stabilized in the tetrahedral sites of
Fe;0,, but Mn?* ions are located in tetrahe-
dral sites of Mn3O4. So during quenching,
some of the Mn?' jons must jump from
octa- to tetra positions, creating Mn;0y is-
lands.

Let us recall that these jumps are easier
when vacancies are present in large con-
centrations. The existence of the well-
known (m/n) clusters (m vacancies, n inter-
stitials) clearly indicates that octa—tetra
Jjumps are most likely in zones where va-
cancies are concentrated. Therefore,

4 The equilibrium phase diagram of Mn,_,0 is not as
wide as that of wiistite. This difference could be con-
nected to the existence of larger clusters in Mn,_,0,
which should precipitate more easily in giving the
spinel oxide. Mn;O, is a normal spinel contrary to
Fe;0,.

Heart of
crystal

IRV

External
face
Cold
part

]
g
®

[T ]

F1G6. 7. Angular distortion of a crystal due to the
thermal and stress gradients during quenching. In (a),
¢ is the whole angle as a result of the cooperative unit
cell distortions 8¢. (b) (0—) = (octa—tetra—octa): the
so-called ascending mechanism of diffusion [see Ref.
“, p. 183)].

around an Mn;O, nucleus or cluster, these
jumps can be collective and give rise to an
Mn;0, crystallite during quenching (Fig.
7b).

In addition, the formation of superclus-
ters or precipitates during the quenching
process minimizes the angular distortion,
hence the stress gradient from the center to
the surface of the crystals. This phenome-
non is stronger in manganosite than in wiis-
tite. These different features might explain
why Mn;0O, is systematically present in
quenched MnO while Fe;0Q, is missing in
Fe,_,0 at least for z < 0.10.

2.3. Self-Diffusion of Cations

The jump of an atom from an octahedral
site to a next nearest tetrahedral or octahe-
dral site is the easiest when the oxygen at-
oms vibrate together with sufficiently large
amplitudes to allow cation motions (31).
This jump depends on a potential barrier
(Fig. 8) which may be related in first ap-
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FIG. 8. General shape of the elastic potential barri-
ers; a.u. = arbitrary unit; component function of o
(angular distortion of bonds).

proximation to the activation energy E, of
the self-diffusion.

In the fcc structure, the two principal
kinds of jump imply two energy barriers, E}
(octa—octa) and E3 (octa—tetra). Due to the
existence of Fe** in tetrahedral sites in
wiistite, it is not possible to rule out a sig-
nificant contribution of octa—tetra jumps
to the self-diffusion. In addition, the dispro-
portionation process cannot be understood
without the existence of collective octa—
tetra motions initiating the spinel precipita-
tion.

Appendix 2 gives a simple calculation re-
lating the Cy constant to the activation en-
ergy E.\ for common case of octa—octa
jumps. This model could be applied to
octa—tetra jumps without important differ-
ences in the results. The experimental ratio
CM/CEs is equal to 1.778. The experimental
ratio E\M"/E,Fe is equal to 1.772 (see Table
V). The calculated ratio EX"/EE® using the
simple model of Appendix 2 is found to be
equal to 1.955. Such a model is experimen-
tally verified and is supported by the signifi-
cantly different values of the binding ener-
gies (33) and of the molar thermodynamic
properties (see Introduction: [AG *“Mn’’| >
|AG ‘“‘Fe”’|).

2.4. Brittleness and Morphology

The samples of initially pure manganosite

at high temperature are variously colored
from dark green to brown after quenching,
depending on the equilibrium nonstoi-
chiometry (see Table II). The samples ob-
tained by soft quenching (cooling to room
temperature under the gas atmosphere used
in their preparation) are dark green. The
samples obtained under pure hydrogen af-
ter slow cooling are pale green and free of
MH304 .

Let us note that the distortion energy is
minimized by breaks of crystals (see
above). The present discussion allows us to
understand why manganosite is more brittle
than wiistite, which is comparatively plas-
tic (35, 36). It has been observed (37, 38)
that the cooperative breaks of the bond an-
gles O-M-0O lead to dislocations (dark
color) and cracks on the surface of the
grains of manganosite. In addition, the pre-
cipitation of Mn;0, in quenched nonstoich-
metric samples has been observed by scan-
ning microscopy (acicular crystals) (37) in
an oxidation layer of manganese, near the
manganosite/hausmannite Mn;0, interface
(Fig. 9). Nevertheless the disproportiona-
tion of Mn,;__,O into MnO and Mn;0, seems
to be partly avoided in quenched multilayer
samples.

Figure 9 shows morphological aspects
observed by microscopy on a multilayer
sample obtained by oxidation of a manga-
nese sheet. It is seen that the crystalline
habit depends on the nonstoichiometry. If
defects are present in large concentration,
the crystals show an irregular polyhedral
aspect. For nearly stoichiometric MnO, pil-
lar or lamellar crystals are observed. In
several rare cases Mn;0O,; has been ob-
served in the grains of manganosite. The
morphology of wiistite observed under the
same conditions (38, 39) is analogous. So it
is possible to conclude that

(1) high temperature defects condition
the morphology of both oxides,

(2) phenomena during quenching are con-
ditioned by the elastic C4 constant and by
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I"Inao4 polyhedral grains

anhedral grains

_.—plllar grains

b

F1G. 9. Morphology of the manganosite layer in an oxidized multilayer sample. (a) Whole layer of
manganosite from Mn to Mn;0O,, (b) manganosite grains with precipitate Mn;O,.

clusters, both of which are temperature de- constant and by clusters in their final form
pendent, (after quenching),
(3) brittleness is conditioned by the Cy (4) clusters after or before quenching de-
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Nonstoichiometry:
point defect clustering

\

Static shifts of the atoms:
deformation energy < Cy - a?

\
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Magnetostriction:
a x 1/C44 below TN

Rhombohedral distortion angle:

a=ag — 90

The elastic constant Cyy

Brittleness

Superclustering
Disproportionation
Dislocations and cracks

Jumps of the atoms

Cation self-diffusion:
activation energy E, x Cy - b

¢ 3j8ue uonIoIsIT

Cation migration

Deformation energy
during cooling x Cy - ¢?

FiG. 10. Summary.

pend on elastic and diffusional properties of
the host lattice (however, these properties
can be modified by clusters when the latter
are sufficiently dilute),

(5) Mn;0, precipates are quite indepen-
dent of the host lattice in quenched samples
from a structural viewpoint (40). The prob-
lem is quite different at high temperature
because the Mn;0, clusters are more dilute.

The role of the C,, elastic constant is par-
ticularly evident for various properties of
the manganese and iron monoxides (see
Fig. 10). It is shown how the brittleness and
the chemical reactivity can be related to
this elastic quantity. This approach should
be useful in understanding the complex be-
havior of industrial materials, principally
those found in a blast furnace. It also con-
cerns geophysics. In the near future, the
influence of dopant elements such as mag-
nesium and calcium are to be examined
42).

Appendix 1

Local and Macroscopic Elastic Properties:
Relaxation Effects

Local force constants are directly con-
nected to the macroscopic elastic constants
C;;. Angular force constants related to the
angles O-M-0 and M-0O-M in the cubic
structures can be connected to local elastic
constants or stiffness constants Cy;. The
knowledge of the Cy constant leads to the
average (Cu)space. In first approximation,
one can state that the local angular distor-
tions, assuming a local distortion angle o,
are related to an energy Cy - a2 This is
quite true only on the assumption that the
elastic constants of the host lattice and of
the cluster zones are identical (see discus-
sion in section 2.1).

When the volume of one cluster zone
(~L3 is increased, the external surface
(~L?) is increased. However, for a constant
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total volume concerning N clusters (Vp ~
NL?) the total surface (~NL?) is propor-
tional to V/L.

Consequently, when the cluster size is in-
creased, e.g., when the temperature de-
creases, the total surface energy is de-
creased, and small clusters are less stable
and numerous.

When the Cy4 constant is increased, the
total surface energy is increased. That im-
plies a lower stability of the clusters which
tends to disappear.

This discussion was initiated in Ref. (10).
Furthermore it proceeds from the classical
theory of the nucleation.

Appendix 2

Relation between the Activation Energy
of the Self-Diffusion and the Angular
Elastic Constant

The elastic potential in a volume v is a
function of the linear distortion (Aa/a) and
the angular distortion a. In the case of a
simple monoclinic distortion, the potential
energy can be evaluated by the relation

E, ~ I3(Cyy + C)(Aala) + 1Cualv.

A jump along the [110] direction occurs
especially when the angular motions with a
large amplitude « are involved, i.e., when
the O-M-0O and M-O-M angles in the
[MOq] octahedra vibrate in such a way that
the shortest M-O distances remain un-
changed. The elastic potential along the
[110] direction can be approximated by the
periodic function

EUY = E1 - cos 2a).

Assuming that the angular vibrational
modes are predominant, the linear distor-
tions of the bonds play no significant role.

If a vacant octahedral site is available in
the neighborhood of a vibrating atom, its
jump into this vacancy corresponds to an
angular variation o = 7w/2 of the O-M-O

orbitals; i.e., the O-M-0 angle is modified
from the initial value 7#/2 to the maximum
value 7 where E, is maximum. The elastic
potential reaches the maximum value
(Eel)Max = 2E0 = EA for a« = 7/2.

For weak values of «, one obtains the
expansion

EW = E, - o

Then, the relation available for small dis-
tortions with a twofold symmetry axis is

EY =4Cy-a?-v

where v = N - @38 is the molar volume. It
results that

EA':

[

3

For the manganosite and for the wilstite,
the values EX? = 262kJ/mole and E* = 134
kJ/mole are obtained respectively. In Table
V are given the experimental values EX" =
218 kJ/mole and EX® = 123 kJ/mole. The
agreement is rather good if it is used only as
a trend. Therefore, the ratio EXYE is re-
lated to the ratio C}i/Cis, at least in first
approximation.

It has recently been shown that this rela-
tion applies well to magnesiowiistites.
When the magnesium content increases,
the Cy4 constant and the activation energy
E, are both increased proportionally (41,
42).

This simplified approach emphasizes the
importance of the angular vibrational
modes in self-diffusion jumps, but this is of
course a roughly simplified description of a
much..more complicated situation. The
complex vibrational modes at work in the
self-diffusion are such that E(Mn) > E(Fe),
which corresponds to the condition
[AG *“Mn”’| > |AG ‘‘Fe”’| (see Introduc-
tion), but the linear contribution to E.
(breaking) does not modify significantly the
value of the calculated ratio EX"/E’.
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