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NANOMETRE-SIZED Mn3O4 PRECIPITATES IN A METAL

MATRIX
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Research, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
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Abstract—The objective of the present work is the in-situ study of the transformation of small oxide precipi-
tates in a metal matrix by conventional and high-resolution transmission electron microscopy (HRTEM). As
an example the reduction of Mn3O4 into MnO for nano-sized oxide precipitates in a silver matrix was studied
in detail. A convenient method for monitoring the reduction process is shown for a large number of precipi-
tates simultaneously. It is based on two-beam dark-field images showing distinct Moire´ patterns for the MnO
and the various types of Mn3O4 precipitates embedded within an Ag matrix. A controlling factor of the
transformation kinetics appeared to be the rate in which the system can relax the strains due to the
accompanying volume reduction of the precipitates. Other interesting aspects of the Mn3O4 to MnO transform-
ation scrutinized and explained were the shape change of the precipitates upon reduction and the fact that
mixed Mn3O4/MnO precipitates were only detected within a small temperature/time interval. Ostwald ripening
of the MnO precipitates was observed as well. 2001 Acta Materialia Inc. Published by Elsevier Science
Ltd. All rights reserved.
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1. INTRODUCTION

The equilibrium phase of nano-sized particles may
deviate from that of the bulk owing to the contri-
butions of the surface energy and surface stress. For
small inclusions also of the strain energy exerted by
the matrix may become appreciable, in addition to the
contribution of the interfacial energy. Striking
examples of the effect of residual strain is the occur-
rence of “magic” sizes for Pb inclusions in an Al
matrix [1] and the presence of solid noble gas
inclusions at temperatures substantially above the tri-
ple point of these gases [2, 3]. Another example
showing the strong influence of interfacial and strain
energy on small inclusions can be found in the more
classical precipitation sequence(s) in Al alloys e.g.
GP zones,q0, q9 and q [4]. Knowledge and under-
standing of the behaviour of small particles and
inclusions is of importance for many engineering
materials, particularly with the ongoing trends
towards materials with a controlled nano-structure. In
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this context the study of phase transitions of small
particles and inclusions deserves special attention,
since it will probably play a key role in the improve-
ment of the understanding and in the control of the
microstructure.

Transmission electron microscopy (TEM) is parti-
cularly suited for in-situ studies of phase transitions
of small particles and inclusions.
Melting/solidification of particles and inclusions have
particularly experienced considerable attention, e.g.
[5–14]. Nevertheless, in-situ TEM studies of solid-
state structural phase transformations in particles and
inclusions have received only little systematic atten-
tion, an exception of which is the study of the tran-
sition from tetragonal to monoclinic ZrO2 for small
inclusions [15–20] motivated by technological appli-
cations [21–24] and theα to β transition in quartz
[25, 26, 25, 26]. These transformations mentioned
have a displacive character. To the best of our knowl-
edge in-situ TEM studies of the transformation of
oxide precipitates with changing composition, i.e.
changing valence of the cations were not reported in
the literature. Indeed some papers deal with the possi-
bility of local reduction of bulk oxides by electron
beam irradiation [27]. In this paper a detailed in-situ
TEM study is presented of the reduction of small
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oxide precipitates, namely the Mn3O4 to MnO trans-
formation for precipitates in an Ag matrix. For details
of our previous work on these systems reference is
made to [28–33]. This paper concentrates on (i) the
demonstration of a convenient method based on
Moiré patterns to follow the reduction for a large
number of precipitates simultaneously, (ii) a quanti-
tative determination of the reduction kinetics, (iii) an
explanation of the observed transformation kinetics,
(iv) an explanation of the observed shape change of
the precipitates (v) an explanation of the observed
Mn3O4/MnO interface within the precipitates during
transformation and (vi) the demonstration of Ostwald
ripening of transformed MnO precipitates.

2. EXPERIMENTAL

An alloy of silver containing 3 at% manganese was
made in a high-frequency furnace by melting together
the pure constituents (purity 99.99% by weight) in an
alumina crucible under oxygen-free argon protective
atmosphere. The ingot was homogenized (1 week
700°C in an evacuated quartz tube) and subsequently
cold rolled from 4 mm down to 0.3 mm. Oxidation
was performed in air at 900°C for 1 h. Subsequently,
the samples were annealed in evacuated quartz tubes
at 650°C for one week to allow equilibration to occur
and for removing strains within the sample. An alloy
of Pd containing 3 at.% Mn was made in an arc-fur-
nace from high-purity (4N) base metals. The button
was homogenized for 5 days at 850°C and slices with
a thickness of 5 mm were cold-rolled down to 0.3
mm. Oxidation was performed in air at 1000°C for
2 days.

TEM samples were prepared by grinding, dimpling
and ion milling 3 mm discs to electron transparency.
For the in-situ TEM analysis of the reduction of
Mn3O4 precipitates into MnO, a JEOL 2010F (2025
objective lens pole piece) was used with a double-tilt
Gatan heating holder model 652. In the heating
holder, on top of the furnace first a 100µm Ta ring
(2 mm inner and 3 mm outer diameter) is placed fol-
lowed by the sample and with a 100µm Ti ring (1.5
mm inner and 3 mm outer diameter) on top. The Ti
ring is used as oxygen getter enabling the reduction
process to be activated. The Mn3O4 to MnO reduction
was followed isothermally at 400, 500, 600 and
700°C nominal temperature of the furnace in the heat-
ing holder. For increasing temperature, the tempera-
ture of the thin edges of the sample starts to deviate
increasingly from the nominal temperature of the fur-
nace. Two-beam bright and dark field images of the
same area of the sample were recorded after fixed
time intervals at the temperatures mentioned, fol-
lowed by cooling to room temperature and waiting
for some time, e.g. 10 min to allow the drift of the
sample to become small enough. So heating/cooling
cycles were used to follow the reduction process. The
heating time at a certain temperature includes the time
in which the temperature is raised from room tem-

perature to this certain temperature. In about 1 min
the temperature is raised to about 30–40°C below the
final temperature of 400–700°C. In the next minute
the temperature difference with the nominal final tem-
perature becomes less than about 3°C and approaches
this final temperature smoothly without any over-
shoot. Besides the in-situ analysis in a JEOL 2010F,
also a JEOL 4000 EX/II with a top-entry objective
lens operating at 400 kV was used to analyse samples
after specific reduction stages. In all cases images
were recorded on negatives and afterwards digitized
using a CCD camera; the gray scale was adapted to
achieve reasonable contrast, but no filtering of images
was performed. We did not observe a noticeable
effect of the electron beam on the reduction kinetics,
possibly because the bright and dark-field images
were never recorded with a highly focused electron
beam.

3. RESULTS AND DISCUSSION

3.1. Indentification of Mn3O4 and MnO precipitates

The reduction of Mn3O4 precipitates into MnO in
an Ag matrix can be followed in-situ in a HRTEM
using high resolution (HR) images or using conven-
tional 2-beam images. The former has the advantage
that atomic structure information is directly available.
However, only one or a few neighbouring precipitates
with typical size of 10 nm can be followed in this
way and the statistics of the analysis will be rather
poor. Further, during heating or heating/cooling
cycles drift is substantial and it is rather difficult to
keep track of a single precipitate in the HR mode.
The 2-beam images do not suffer from these two dis-
advantages and, as will be shown below, they allow
for a clear distinction between the different types of
precipitates observed.

Strong-beam Ag200 and Ag220 dark-field images
are shown in Figs 1(a and b), respectively, displaying
the same sample area after reduction for 5 min at
500°C. The contrast in dark field appeared to be
superior to that in bright field. The actual area shown
in Fig. 1 is only about 4% of the total area captured
in a single negative. Hence, it is clear that from a
sequence of such observations the reduction of
Mn3O4 into MnO can be followed with excellent stat-
istics.

The precipitates in Fig. 1 can be identified on the
basis of their Moire´ pattern, resulting from the state
of mismatch between the precipitate and the Ag
matrix in combination with the imaging conditions,
i.e. viewing direction and reflection used for imaging.
In principle, three basic types of Moire´ patterns can
be recognized in the images. MnO precipitates give
one type and Mn3O4 precipitates give two types
depending on whether the a or the c axis of the tetra-
gonal-spinel Mn3O4 is lying in the plane of projec-
tion. The presence of Moire´ patterns indicates that
the precipitates are not coherent with the matrix. In
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Fig. 1. Two-beam dark-field images showing the same area of
an Ag matrix containing Mn3O4 precipitates after 5 min
reduction at 500°C. A large fraction of Mn3O4 precipitates have
been transformed into MnO. A few examples of MnO precipi-
tates are indicated by the mark II and of Mn3O4 precipitates
with an a axis (nearly) in the plane of projection are marked
Ia and with the c axis (nearly) in the plane of projection Ic.
After tilting about 6° out of the Ag,110] zone axis, (a) is
recorded using the strongly excited Ag200 reflection and (b)

using the Ag220 one.

references [28, 29, 31, 33, 34], much effort was
devoted to demonstrate the presence of (localized)
misfit dislocations at the precipitate–matrix interfaces
and thus the semi-coherent nature of the interfaces.
Most long-range stresses present for coherent precipi-
tates vanish for semi-coherent ones.

MnO having the NaCl-type structure and the fcc
Ag matrix exhibit a parallel topotaxy. Therefore the
g-vectors of MnO and Ag are always parallel and the
Moiré patterns observed are only of translational type,
meaning that the Moire´ fringes are perpendicular to
the g-vectors used. Due to the mismatch of MnO (
a 5 0.4444 nm) and Ag (a5 0.4089 nm) the fringe
spacing corresponds to 2.59 and 1.83 nm for using
the 200 and 220 reflections, respectively. As
examples, two MnO precipitates in Fig. 1 are indi-
cated by the mark II. The observed Moire´ fringes of
Mn3O4 depend strongly on the combination of view-
ing direction and g-vector used. Since the dark-field
images are taken by tilting the specimen 4–8° out of

the,110] Ag zone axis, the orientation of the Mn3O4

precipitates in the Ag matrix can be explained with
reference to this zone axis. This zone axis is also used
for HR imaging and details about the orientation of
the Mn3O4 precipitates in the Ag matrix were already
elaborated in [28], Section 3.2.

The following distinctions can be made:

(a) The two a axes and the c axis of Mn3O4 are paral-
lel to the cube axes of Ag. The a axes do not give
rise to a significant mismatch with the cube axes
of Ag (only 20.4%), whereas along the c axis a
mismatch of 15.4% occurs with respect to the Ag.
Note that for the mismatch we compare the fcc Ag
lattice with the fct oxygen-sublattice of Mn3O4

that can be described with half the lattice constants
of Mn3O4. For viewing along Ag,110> one cube
axis of Ag is in the plane of projection. Then the
following two distinctions can be made:
(i) the Mn3O4 a axis is parallel to this Ag cube
axis in the plane of projection.
(ii) the Mn3O4 c axis is parallel to this Ag cube
axis in the plane of projection.
If in the case of (i) the Ag200 g-vector is used,
no Moiré fringes are observed because no mis-
match is present in that particular direction
between Mn3O4 and Ag. If on the other hand the
220 g-vector is used, a translational Moire´ with a
spacing of 2.37 nm is observed due to the mis-
match between the {220}Ag and {044}Mn3O4

plane spacing. (In fact the Ag220 and the
Mn3O4044 g-vectors are only parallel in the pro-
jected view; they actually have a mutual rotation
of 4.16° along the a axis/cube axis in the plane of
projection. This does not influence the observed
Moiré). If in the case of (ii) the Ag200 g-vector
is used, a fine fringe spacing of 1.55 nm due to
translational Moire´ is observed reflecting the
15.4% mismatch with the Mn3O4 004 reflection.
If on the other hand the Ag220 g-vector is used,
no Moiré fringes will be observed since the g-vec-
tor is perpendicular to the mismatching c axis of
Mn3O4.

(b)A deviation is now introduced with reference to
the above starting configuration of case a. In the
latter it was assumed that the principal axes of
Mn3O4 were parallel to the cube axes of Ag. Then,
all 8 {111} Mn3O4 and Ag planes (surrounding the
octahedron) show a mutual tilt of 3.8° with as tilt-
axis a,110> directions perpendicular to the c axis
of Mn3O4. The Mn3O4 precipitates have an octa-
hedral shape and are bounded by the 8 {111}
planes. Now, instead of the tilt of 3.8° at all inter-
faces between {111} planes of Mn3O4 and Ag,
most precipitates show a preference to rotate±3.8°
along the,110> axes perpendicular to the Mn3O4

c axis to align the {111} planes of Mn3O4 and Ag
parallel for one pair of facets of the octahedron.
Then, for another pair of facets a tilt of 7.6° will
occur and for the remaining two pairs of facets a
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combined tilt and twist will occur between the
{111} of Mn 3O4 and Ag. Although a preference
exists for the rotation of 3.8°, all rotations between
0 and±3.8° can be observed in practice [28]. This
rotation does not significantly affect the observed
Moiré patterns described in case a–(i) above, since
the rotation axis is inclined. In Fig. 1 two
examples of Mn3O4 precipitates with the a axis in
the plane of projection are marked by Ia. On the
other hand, the Moire´ patterns described under a–
(ii) have a large probability to be changed signifi-
cantly. This change occurs if the rotation axis is
parallel to the viewing direction and the prob-
ability for this is 50%; the other 50% occurs if the
Ag,110] direction lying in the plane of projection
is the rotation axis. Particularly using the Ag220
reflection, see Fig. 1(b), the influence of the
rotation can be observed and analysed distinctly.
In a–(ii) no Moiré pattern would be observable.
Due to a rotation around the viewing direction a
rotational Moiré, i.e. with the fringes parallel to
the g-vector, will arise and the distance between
the fringes is a direct measure of the rotation
angle. For an angle of 3.8° the fringe spacing is
2.18 nm. Using the Ag002 reflection, see Fig. 1(a),
the influence of the rotation is less distinct. It
rotates the fine fringes slightly off from being per-
pendicular to the g-vector; the sense of rotation,
clock or counter-clockwise can be observed in Fig.
1(a). For a rotation of 3.8° the translational Moire´
with a fringe spacing of 1.55 nm will become a
general Moire´ with a spacing of 1.41 nm. In Fig.
1(b) the rotational Moire´ is always parallel to the
g-vector. In Fig. 1 some of the Mn3O4 precipitates
with the c axis in the plane of projection are
marked by Ic.

The dark-field images using the Ag220 reflections
are most characteristic and sufficient for following the
Mn3O4 reduction in-situ and were used during the rest
of the research. A remarkable feature of the Mn3O4

precipitates with the a axis in the plane of projection,
i.e. case a–(i) or b–(i) is the strain field in the matrix
around the precipitates. Particularly using the Ag220
reflection, the curved strain fields near the blunt cor-
ners of the precipitates in the Ag and the curved
Moiré fringes (reflecting an inhomogeneous state of
mismatch between the Ag and Mn3O4 throughout the
projected area of the precipitates) can be observed
nicely. Apparently the misfit dislocations present can-
not cancel all long-range stresses. This is not surpris-
ing since only the large mismatch due to the Mn3O4

c axis (15.4%) is relieved by misfit dislocations and
the small mismatch due to the a axes (20.4%) prob-
ably causes the coherency strains.

The preference of precipitates to rotate 3.8° to align
the {111} planes of Ag and Mn3O4 parallel for one
pair of facets as described above under case b can be
understood on the basis of the interface energy. One
pair of facets with {111} planes aligned parallel plus

one pair with a tilt of 7.6° corresponds to a lower
interface energy than two pairs of facets with a tilt
of 3.8°, because of the convex shape of the cusp in
the interface energy as a function of the tilt angle.

3.2. Reduction rate

The kinetics of the reduction of Mn3O4 precipitates
into MnO was studied at 400, 500, 600 and 700°C
nominal temperature. The 2-beam dark-field images
employing the Ag220 reflection as explained in the
previous section were used to monitor the rate of
reduction. All precipitates in a certain area (of about
1503150 nm2) close to the edge with the hole in the
Ag foil were analyzed. Their total number at the start
of the reduction corresponded to 124 at 400°C, 72 at
500°C and 154 at 600°C. The results of the 400 and
600°C series are shown in Figs 2(a and b), respect-
ively. The results of the 500°C series resembles very
closely to the 400°C one, and at 700°C the transform-
ation took place so fast that within 30 s all observable
Mn3O4 precipitates were already turned into MnO.

A characteristic feature of the 400 and 500°C
results is that a plateau is reached where a certain
fraction of precipitates, typically of the order of 50%
is transformed into MnO whereas the other 50% does
not to transform. Although this plateau is reached
already after about 5 min, the next 2 h of annealing
does not lead to any significant increase in the frac-
tion of reduced precipitates. Apparently, for these pre-
cipitates a barrier of activation energy is present
which cannot be overcome at these temperatures. On
the other hand, at 700°C no barrier seems to be
present. The transformation at 600°C is an important
intermediate case; it first shows a rapid transform-
ation of about 50% of the precipitates and then a
slight retardation of the reduction rate occurs in which
a significant fraction of mixed Mn3O4/MnO precipi-
tates can be observed. Subsequently an increase in the
reduction rate is observed which finally results in
100% transformed precipitates. At temperatures other
than 600°C individual precipitates transform so fast
that the Mn3O4/MnO intermediate state is not
observed. Apparently, the second 50% of precipitates
have much more difficulty to transform than the first
50% explaining that the mixed precipitates are for-
med at the onset of the transformation of the
second 50%.

An important observation is that the level of the
plateau reached at 400 and 500°C clearly depends on
the thickness of the Ag foil in which the precipitates
are embedded. Close to the edge of the hole of the
wedge-shaped sample a larger fraction of finally
transformed precipitates is observed than at larger
distances from the hole. At first sight an explanation
based on kinetics might be given, i.e. in a thicker area
more time is needed before the oxygen can diffuse
out of the Ag foil. However, as already stated above
this explanation does not hold because on prolonged
heating the fraction of precipitates that transform does
not increase. As we will explain in the next section
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Fig. 2. Fraction of Mn3O4 and MnO precipitates as a function of annealing time in reducing atmosphere at
400°C (a) and 600°C (b).

the observed reduction kinetics in the range from 400
to 700°C can be explained rather well by the influ-
ence of the volume reduction of the precipitates upon
oxide reduction in conjunction with the Ag self-dif-
fusion transporting Ag atoms from the sample surface
to the interior where the volume reduction operates.

3.3. Lattice expansion, volume reduction and shape
change

An important aspect of the transformation of
Mn3O4 precipitates into MnO is the accompanied vol-
ume reduction. The a axes of Mn3O4 are 0.814 nm
and the c axis is 9.42 nm [35]. The oxygen sublattice
in Mn3O4 is fct with a axes of 0.407 and the c axis
of 0.471 nm. Since during the Mn3O4 to MnO trans-
formation it is inevitable that the oxygen sublattice is
maintained (only the tetragonal distortion disappears)
and that the Mn cations are redistributed over the
interstices constituted by the O-sublattice, the fct O-
sublattice of Mn3O4 can be directly compared with
the fcc O-sublattice of MnO having a lattice constant
of 0.4444 nm. So, the a axes of Mn3O4 will expand
by 9.2% and the c axis will contract by 5.6%. Per
unit cell of MnO a volume expansion of 12.5% occurs
compared to the unit cell of the fct O-sublattice of
Mn3O4. However, the reduction of Mn3O4 into MnO
is achieved by using Ti as an oxygen getter and
approximately a quarter of the original oxygen anions
will be removed and Mn3O3 remains. Therefore,
although a lattice expansion occurs, the total volume

of an Mn3O4 precipitate will be reduced by 15.6%
during the reduction process.

The driving force for the reduction of Mn3O4 pre-
cipitates into MnO is the change in Gibbs-free energy
for the reaction where Ti1Mn3O4 changes into Ti-
oxide(e.g. TiO2)1MnO. The Gibbs-free energy is
composed of contributions of the bulk phases and
incorporates strain and interfacial energy. In parti-
cular, the Ag/Mn3O4, Ag/MnO and Ti/TiO2 interfaces
are of importance here. During the transformation
within the precipitates Mn3O4/MnO interfaces are for-
med which contribute to the activation energy of the
reduction process. The volume reduction of the pre-
cipitates may either induce large strains if the com-
patibility of the precipitate/matrix interface is main-
tained or in the case that voids between the precipitate
and matrix are generated interfacial energy terms
have to be added (precipitate/matrix interface splits
into precipitate/vacuum1vacuum/matrix interfaces).
According to Fig. 1 and for the large numbers of pre-
cipitates analysed the volume reduction never led to
the formation of voids at the precipitate/matrix inter-
face in the Mn3O4/Ag system. (In the Mn3O4/Pd sys-
tem where the oxide precipitates are larger by a factor
of about 10 than in the Mn3O4/Ag system [31] and
where in TEM foils the oxide precipitates are no
longer embedded within the metal matrix, holes were
generated at Pd/Mn3O4 interfaces upon reduction.
Also, the interfaces roughened considerably due to
local diffusion of Pd across the interface to compen-
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sate for the volume reduction of the oxide
precipitate.) Consequently, during the Mn3O4 to MnO
transformation strains develop within the Ag matrix
which further oppose the transformation process and
even may prevent it. This holds for the 50% of non-
transforming precipitates at 400 and 500°C. Despite
the volume reduction, strain fields around the trans-
formed MnO precipitates are almost never observed
and apparently a strain–relaxation mechanism is oper-
ative. Based on the observations, the conclusion can
be drawn that MnO cannot develop without strain
relaxation.

The first step in the reduction is the out-diffusion
of oxygen and the coupled in-diffusion of vacancies
with respect to the Ag foil. The in-diffusion of vac-
ancies associated with the volume reduction can be
counteracted by the out-diffusion of vacancies and the
coupled in-diffusion of silver atoms from the sample
surface to the location where the volume reduction
occurs. Hence, the in-diffusion of Ag acts as the strain
relaxation mechanism mentioned above. In this con-
text the inter- and self-diffusion coefficients of oxy-
gen and Ag in the Ag matrix respectively are of
importance. The diffusion of O in Ag is extremely
fast [36], i.e. about four orders of magnitude faster
than the diffusion of Mn [37]. Actually, it is one of
the requirements that makes the internal oxidation of
manganese inside the Ag matrix possible anyway.
The Mn diffusion in Ag [38] is rather comparable
to the Ag self-diffusion [39]. If the oxygen diffusion
through the Ag is the rate-limiting step of the trans-
formation, it may proceed extremely fast. On the
other hand, if the self-diffusion of Ag is rate
determining, the transformation will be much slower.
At 400°C the average distance, i.e.√Dt, Ag atoms
can diffuse within 1000 s is about 14 nm. At 700°C
this distance has increased to 2.4µm. Because the
actual temperatures at the thin edge in the TEM
samples are lower than the nominal ones the diffusion
distances will be somewhat less.

At 400 and 500°C the Ag self-diffusion compared
to the O diffusion in Ag is so slow that the volume
reduction and the build up of strain cannot be counter-
acted effectively and the volume reduction prevents
the Mn3O4 to MnO reduction. Only the precipitates
that are close enough to the sample surface can relax
their strains and are able to transform. This explains
the dependence of the fraction of precipitates that can
transform at 400 and 500°C on the local thickness of
the Ag foil (i.e. on the distance to the edge of the
hole in the sample). On the other hand, at 700°C the
Ag self-diffusion is fast enough to prevent any notice-
able effect of build up of strain due to the volume
reduction and therefore the transformation can occur
without any sign that an activation barrier has to be
overcome. The mixed precipitates at 600°C denote
precipitates which during transformation build up
strain preventing further transformation. After a cer-
tain incubation time in which the Ag self-diffusion
relaxes the strains the transformation can continue.

Although it is shown here in detail for the Mn3O4

to MnO transformation only, it is quite obvious that
in general a volume change accompanying a phase
transformation in inclusions will have a crucial effect
on the transformation kinetics. In particular because
the Ag matrix is rather compliant and deforms plas-
tically, this study exemplifies a system for which the
volume change is accommodated relatively easily.
Hence, in most systems the volume change will play
an even more predominant role than in the present
one.

The volume reduction is accompanied with a
change of the shape of the Mn3O4 precipitates from
an octahedral one with only small {200} and (002)
facets to a nearly cuboctahedral one of the MnO par-
ticles with wide facets. If the whole volume change
starting from complete octahedrons is realized by the
formation of the {200} facets, the relative truncation
will be 38.5% along the former a axes and 467.8%
along the former c axis. The relative truncation is
defined by the width of the {200} facets in a {110}
cross section divided by the width of the particle at
the equator. The experimental values of the truncation
range between 30 and 45% with an average of
approximately 37%. Since the original Mn3O4 pre-
cipitates are elongated along the c axes but the final
MnO precipitates do not show preferred orientations
of the truncation, the particles must have shrunk parti-
cularly in their c directions.

Of course, the ratio of the {200} to {111} MnO/Ag
facet lengths is in case of an equilibrium shape of the
MnO precipitate directly proportional to the ratio of
their interfacial energies. So, although most of the
volume reduction appears to be absorbed in the
increased truncation, this is only possible because the
{200} MnO/Ag interface becomes more stable with
respect to the {111} one. Such an increase of the size
of the {200} relative to the {111} facets upon
reduction is expected in the light of the results
presented in [40] for Cu/MgO interfaces. Also, in our
reduction experiment the sample will be more or less
in equilibrium with a reduced oxygen partial pressure.
In the starting condition this pressure corresponds
approximately to the ambient pressure since the
internal oxidation is performed in air and in the final
condition it will approach the dissociation pressure
of Ti-oxide (e.g. TiO2). In the starting condition the
terminating {111} planes of Mn3O4 at the interface
are a polar planes of oxygen atoms only [41–45].
Upon sufficient reduction the terminating planes will
be composed of Mn cations (or they have at least a
much reduced oxygen occupancy) [41, 45]. Instead,
the non-polar {200} planes remain on all conditions
composed of 50% anions and 50% cations. Thus, a
qualitative explanation for the reduced stability of
{111} plane with respect to {200} one is that the frac-
tion of direct nearest-neighbour oxygen–metal bonds
across the interface strongly decreases for {111}
(because they become replaced by cation–metal
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bonds) whereas this fraction remains the same for
{200}.

3.4. Mixed precipitates of both Mn3O4 and MnO

As explained in Section 3.2, mixed precipitates
lying away from the free surface were observed only
during the first 10 min of reduction at 600°C. As
explained in Section 3.1, the 2-beam dark-field
images employing the Ag220 reflection revealed the
presence of mixed precipitates particularly for the
Mn3O4 precipitates with their c axis in the plane of
projection (type Ic). These precipitates exhibit a
rotational Moirépattern with the fringes parallel to
the g-vector. The newly formed MnO precipitates
(type II) on the other hand will show translational
Moiré with the fringes perpendicular to the g-vector.
Thus, these mixed precipitates can easily be dis-
tinguished, since they show two parts with mutually
orthogonal fringes. This does not hold for the Mn3O4

precipitates with their a axis in the plane of projection
(type Ia). Then, in both parts the fringes are perpen-
dicular to the g-vector and only their spacings differs.

The 2-beam dark-field images recorded at a magni-
fication of 80,000 times are well suited to analyse a
large number of precipitates simultaneously, but not
to determine accurately enough the atomic plane for-
ming the Mn3O4/MnO interface within the mixed pre-
cipitates. Still, the detected interfaces appeared to
make an angle of about 45° and appeared to be
approximately parallel to one of the {111} facets of
the precipitate. High-resolution images taken at a
microscope magnification of 500,000 times are much
better suited for detecting the interface plane. To this
end an Ag/Mn3O4 sample was heated 5 min at 600°C
and afterwards analysed at room temperature with
high-resolution TEM. In order to observe the Moire´
fringes corresponding to the 2-beam dark-field images
obtained with the Ag220 g-vector, many-beam
images were recorded by tilting the specimen by
about 4° out of the Ag,110] zone axis such that a
strong Ag220 beam was included. Two examples of
mixed precipitates observed under these conditions
are shown in Figs 3 and 4. Figure 5 presents a mixed
precipitate observed “exactly” in the Ag,110] zone
axis. These three images clearly indicate that the
Mn3O4/MnO interface within the precipitates are pref-
erentially oriented parallel to {111} of Ag, Mn3O4

and MnO, although it remains difficult to locate the
interface on the atomic scale.

The following explanation(s) can be given for the
observed preferred orientation of the Mn3O4/MnO
interface within the precipitates during transform-
ation. In the final state the MnO precipitates show a
parallel topotaxy with the Ag matrix; all directions
and planes in MnO and Ag are parallel. On the other
hand, the initial Mn3O4 precipitates can only have one
or two planes and directions parallel with those of the
Ag matrix, with a preference for aligning {111} of
Mn3O4 and Ag parallel for one pair of facets. Then,
for instance the c axis of Mn3O4 makes an angle of

Fig. 3. HRTEM image of a mixed Mn3O4/MnO precipitate
recorded by tilting the specimen 6° out of the Ag,110] zone
axis such that a strongly excited Ag220 reflection is included
in the many-beam image. The Mn3O4 and MnO parts of the
precipitate can be distinguished easily on the basis of the mut-
ual orthogonal Moire´ fringes. The Mn3O4 part has the c axis

nearly in the plane of projection.

Fig. 4. HRTEM image of a mixed Mn3O4/MnO precipitate
recorded by tilting the specimen 3° out of the Ag,110] zone
axis such that a strongly excited Ag220 reflection is included
in the many-beam image. The Mn3O4 and MnO parts of the
precipitate can be distinguished on the basis of the mutual
orthogonal Moire´ fringes. The Mn3O4 part has the c axis nearly

in the plane of projection.

3.8° with the nearest cube-axis of Ag. Now, the ener-
getically most favourable state for the forming MnO
is probably that which is parallel to both the Ag and
Mn3O4 and thus should proceed with an interface ori-
ented parallel to e.g. the {111}face that is parallel for
Ag and Mn3O4. In addition to this argument based on
parallelism another interesting aspect is the presence
of an invariant line for the Mn3O4 and MnO lattices
[46, 47]. Such an invariant line is possible because the
Bain-strain lattice correspondence relating the oxygen
sublattices of Mn3O4 and MnO has mixed signs of
the strains. The invariant line corresponds to any
direction on the cone making an angle of 37.1° with
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Fig. 5. HRTEM image of a mixed Mn3O4/MnO precipitate
recorded (as exact as possible) in the Ag,110] zone axis. The

Mn3O4 part has the c axis in the plane of projection.

the c axis of Mn3O4. After the Bain distortion these
invariant-line directions constitute a cone making an
angle of 41.2° with the “c axis” of MnO and thus if
MnO and Mn3O4 lattices are related by an invariant
line they are related by a rotation of 4.1° around the
[hk0] perpendicular to the invariant-line direction. If
a {111} plane of MnO becomes parallel to a {111}
plane of Mn3O4, the rotation is 3.8°, which is already
near to the 4.1° needed for the invariant line. More-
over, the {111} plane makes an angle of 35.3° and
31.4° with the c axis of MnO and Mn3O4 respectively,
which is not far off (within 6° off) the angles needed
for an interface plane containing an invariant line.
Note that for the Mn3O4{111} plane that is tilted by
7.60 with respect to the Ag{111} plane, the sense of
rotation is wrong, i.e.23.8° when ±4.1° is needed
for the invariant line. Indeed, the Mn3O4/MnO inter-
face is never observed parallel to this tilted interface.

As described in out previous paper [30] the same
arguments apply to the reverse MnO to Mn3O4 trans-
formation. There, it was argued that the plane con-
taining the invariant line exactly connects planes in
the Mn3O4 and MnO structures with different cation
occupancies, different polarity, etc., and thus intro-
duces a defect structure at the interface. This is not
the case for {111} planes because in both Mn3O4 and
MnO they can consist of close-packed oxygen planes.
So, it is likely that the interfacial energy increase due
the small deviation from the plane containing the
invariant line exactly is balanced by the decrease due
to the further defect-free nature of {111} planes with
respect to both Mn3O4 and MnO.

3.5. Ostwald ripening

In the sequence of the 2-beam dark-field images
(Section 3.2) also the growth of MnO precipitates
after reduction is observed. In most cases Ostwald
ripening took place, although some clustering was
observed as well. At clustering, the precipitates
approach each other, whereas at Ostwald ripening the
bigger precipitate remains at its original location. In

Figs 6(a and b) an example of clustering and in Figs
7(a and b) an example of Ostwald ripening is shown.
Both pairs were recorded after 1 and 45 min at 600°C,
respectively. At 400°C no signs of Ostwald ripening
(or clustering) were observed during the 3 h of
reduction monitored. At 500°C Ostwald ripening was
observed after 2 h reduction and at 600°C already
after 3 min. Note that at 500°C, although only a frac-
tion of Mn3O4 precipitates can transform, still this
limited MnO fraction can show Ostwald ripening.
The observations indicate that for increasing tempera-
ture Ostwald ripening occurs sooner after the start of
the reduction. As already discussed in Section 3.3, the
O diffusion in Ag is about four orders of magnitude
faster than that of Mn in Ag. Thus, for Ostwald ripen-
ing the rate-limiting factor is the transport of Mn from
one precipitate to the other. Reduction if not ham-
pered by the volume decrease is determined by the O
diffusion. Thus, the observed incubation time
between the onset of the reduction and the onset of
Ostwald ripening is probably a reflection of the differ-
ence in the rates of O and Mn diffusion in the Ag
matrix.

4. CONCLUSIONS

O In the present work, a convenient method is dem-
onstrated for monitoring phase transformations in
a large number of inclusions simultaneously by in-
situ TEM. The method employs 2-beam dark-field
images giving distinct Moire´ patterns for the dif-
ferent types of precipitates. It is applied here to
the Mn3O4 to MnO transformation for nano-sized
oxide precipitates in a silver matrix.

O It is shown that volume changes accompanying the
phase transformation will in general have a con-
trolling influence on the transformation kinetics.
For the Mn3O4 to MnO transformation the volume
reduction of the precipitates may even prevent the
transformation. It occurs only if the strains due to
the volume reduction are relaxed and this is poss-
ible: (i) if the precipitates are close enough to a
free surface of the Ag foil or (ii) if the Ag self-
diffusion is fast enough to compensate for the vol-
ume reduction by transporting Ag atoms from the
surface to the interior where the volume reduction
occurs. At 400 and 500°C, only mechanism (i) is
active, at 600°C mechanism (ii) starts slightly later
than mechanism (i) and at 700°C mechanism (ii)
becomes so fast that it cannot be distinguished any
more from (i).

O Shape changes of the oxide precipitates in a metal
matrix upon reduction also reflect the changed
stability of the various facets due to the equili-
bration in a reduced oxygen partial pressure. The
volume reduction accompanying the Mn3O4 to
MnO transformation appeared to be largely
absorbed in the increased truncation of the octa-
hedrons by {200} facets. This increased truncation
is a consequence of the reduced oxygen partial
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Fig. 6. Two-beam dark-field images employing the strong Ag220 beam after 1 min reduction (a) and after 45
min reduction (b) at 600°C. Comparison of the two images shows that clustering of two neighboring MnO
precipitates has occurred. Clustering is an usual phenomenon. Generally Ostwald ripening occurs (see Fig. 7).

Fig. 7. Two-beam dark-field images employing the strong Ag220 beam after 1 min reduction (a) and after 45
min reduction (b) at 600°C. Comparison of the two images shows that Ostwald ripening of neighboring MnO
precipitates has occurred. In (a) the arrows give a tentative indication of which bigger precipitates swallow

the smaller ones.

pressure which increases the energy of the {111}
facets compared to the {200} ones.

O Mixed Mn3O4/MnO precipitates were only
observed at 600°C in a short time interval denoting
the initial stage in which the above mechanism (ii)
becomes active after mechanism (i). The
Mn3O4/MnO interface passing through the precipi-
tate upon reduction tends to orient parallel to that
{111} plane of Mn3O4 and Ag which is aligned
parallel for the one pair of facets of the precipitate.

O Ostwald ripening of the MnO precipitates is
observed after reduction. The incubation time
between the start of the reduction and the start of
the Ostwald ripening reflects the difference in the
diffusion coefficient of oxygen and Mn in an Ag
matrix; oxygen diffusion being much faster than
Mn diffusion.
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