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To  study  the effect  of  the  composition  on  the  physico-chemical  properties  of  mixed  Cu-Mn-Co  oxides  as
SOFC  interconnects  coating  materials,  different  compounds  have  been  obtained  through  a  High Energy
Ball  Milling  (HEBM)  process.  The  mechanochemical  treatment  produces  highly  activated  multi-phase
powders  that  easily  react  at intermediate  temperature  to form  the  equilibrium  products.  Thermo-
gravimetric,  dilatometric  and in-situ  high  temperature  analyses  allowed  to  show  that  Copper  addition
promotes  cubic  spinel  stability  at  low  temperature  and  enhances  sintering  behaviour.

Dilatometric  and  conductivity  analysis  carried out  on  sintered  pellets  allowed  to obtain  simple  rela-
pinel oxides
all milling
hermal expansion
olid oxide fuel cell
nterconnect coating

tions  between  the materials  properties  and  the  composition.  Coefficient  of  Thermal  Expansion  (CTE)  and
electrical  conductivity  are  increased  by  Copper  doping  and  high  Co:Mn  ratios.  These  findings  suggest
that  the  materials  characteristics  can  be opportunely  tuned  through  appropriate  composition  design,  to
simultaneously  obtain  enhanced  sintering  behaviour,  high  electrical  conductivity  and  CTE  adapted  to
match  the  substrate.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Solid Oxide Fuel Cells (SOFCs) represent promising energy
onversion devices characterized by high efficiency and virtually
bsent polluting emissions. To achieve high power required for
ractical use, the cells are assembled in series to obtain stacks, and a
rucial part for the stack design is represented by the cell intercon-
ect. Its role is to separate cathode and anode side of adjacent cells
aintaining electrical link and granting structural stability and

upport. Mechanical compatibility, chemical stability, gas imper-
eability and high electrical conductivity are needed for proper

unctionality.
In the last decade, research on cell materials permitted to lower

perating temperatures below 800 ◦C, allowing to design stacks

ith metallic interconnects characterized by reduced costs and

nhanced processability with respect to traditional ceramic parts.
mong the metal alloys, Cr-rich ferritic stainless steels possess the

∗ Corresponding author at: ENEA C.R. Casaccia, 00123 Rome, Italy.
E-mail address: andrea.masi@enea.it (A. Masi).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.09.025
955-2219/© 2016 Elsevier Ltd. All rights reserved.
Coefficient of Thermal Expansion (CTE) compatibility with SOFC
materials, and low cost requirements needed for mass production.
In operating environment these alloys undergo however severe
corrosion issues, resulting in significant degradation of cell perfor-
mances. The growth of superficial chromium-rich oxides, besides
lowering electrical conductivity, leads in fact to significant chrome
volatilization and its subsequent reaction with cathode materi-
als, lowering the cathode active area. Protective coatings that
grant electrical conductivity for long term application, inhibiting
Cr volatilization, are therefore required [1,2].

For this purpose, Mn-Co spinels have been suggested as best
candidates, due to their high electrical conductivity and thermal
expansion compatibility with ferritic alloys [3]. The composition
and thermal history of these compounds influence directly the
reticular structure and the chemico-physical properties of the
materials [4,5], and several studies have been carried out to further
tune mechanical compatibility or electrical properties. The addi-

tion of transition metals or reactive elements such as Fe, Ti, Cu,
Ni or Y has been evaluated, preparing powders and coating with
several methods [6–9]. In particular, it has been observed that the
composition affects the thermal expansion behaviour of the com-

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.025
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.09.025&domain=pdf
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Table 1
Sample nomenclature and nominal composition.

Sample name Metal ratio Corresponding composition

Mn  Co Cu

MnCo2 0.33 0.67 MnCo2O4

Mn1.25Co1.75 0.42 0.58 Mn1.25Co1.75O4

Mn1.5Co1.5 0.50 0.50 Mn1.5Co1.5O4

Mn1.33Co1.17Cu0.5 0.44 0.39 0.17 Mn1.33Co1.17Cu0.5O4
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Mn1.58Co0.93Cu0.5 0.52 0.31 0.17 Mn1.57Co0.93Cu0.5O4

Mn2.05Co0.45Cu0.5 0.68 0.15 0.17 Mn2.05Co0.45Cu0.5O4

ound, and several studies include dilatometric analyses on doped
r undoped Mn-Co spinels [3,7,9–15]. While some indications on
ow chemical composition affects CTE can be deduced (with high
n,  Fe or Ti content decreasing CTE [12] or Ni and Cu increasing CTE

7,9,16]) no clear relation between dopant amount and CTE can be
nferred due to significant scattering of the reported results.

In our previous work, we have evaluated High Energy Ball
illing (HEBM) as synthesis technique of mixed Mn-Co spinels

tarting from Mn  and Co oxides [17]. HEBM is a mechanochem-
cal technique in which the kinetic energy of colliding balls is
ransferred to powders trapped against the vial walls. The energy
ransfer, beside producing comminution and nanostructuration of
he powders, promotes interdiffusion of the different chemical ele-

ents, atomic rearrangements, nucleation of new phases and other
henomena [18]. Due to the impulsive nature of the energy trans-
er mechanism, occurring near room temperature, the products
re often characterized by metastable phases and highly reactive
ehaviour [19–21]. In our explorative work we observed that to
omplete the mechanochemical solid state reaction of Mn  and Co
xides, long mechanochemical treatments are needed, but short
illing times (i.e. 10 h) are effective to obtain a highly reactive
ulti-phase powder. The milled powder can easily form in-situ the

quilibrium products during sintering treatments. HEBM is there-
ore proposed as potential substitute of the high temperature solid
tate reaction synthesis usually exploited to produce these mixed
xides.

In this work, different Mn-Co and Cu-Mn-Co oxide mixtures
ave been subjected to a short HEBM treatment to prepare spinels
haracterized by different chemical composition. The composi-
ions were chosen to evaluate how different Mn:Co ratios, possibly
n presence of copper, can affect the materials response to the

echanochemical treatment and its properties when exposed to
igh temperature. High temperature phases evolution, phase sta-
ility and sintering behaviour of the treated powder have been
tudied by means of thermogravimetric analysis, in-situ high tem-
erature X-Ray Diffraction (XRD) and dilatometric measurements.
lso the effect of the composition on thermal expansion and elec-

rical conductivity has been evaluated and discussed.

. Experimental procedure

The HEBM treatment was carried out using a SPEX8000M
ixer mill, cylindrical steel vials (60 cm3 volume) and steel balls

10 mm diameter) for 10 h. Stoichiometric amounts of Mn3O4
Sigma Aldrich, 97%), Co3O4 (Sigma Aldrich, 99%) and CuO (Carlo
rba, 99%) were mixed in order to obtain the samples with compo-
ition reported in Table 1. A powder to balls weight ratio of 1:10 was
sed for the experiments; vials were loaded with 8 g of powders and
ealed under argon atmosphere.

A 120◦ angular dispersion X-ray diffractometer (XRD3000 from

talstructure, curved PSD detector from INEL), equipped with Fe
�1 radiation source, was used to perform X-Ray diffraction analy-
is (XRD). Phase identification was performed on collected patterns
sing the PDF-2 database [22] as reference data. Lorentzian fit-
ramic Society 37 (2017) 661–669

ting of selected reflections allowed to evaluate cell parameters
and to calculate accordingly theoretical densities, considering
nominal compositions of the samples. In situ high temperature
measurements were performed installing a heating reactive cham-
ber (Anton Paar Gmbh, Graz, Austria). The measurements were
carried out in air, at heating and cooling rates of 10 ◦C/min, 300 s
of thermal equilibrium time before the measurements and 300 s of
acquisition time.

Scanning Electron Mycroscophy (SEM) analyses were carried
out on a Hitachi TM3030Plus SEM equipped with EDX energy-
dispersive X-ray (EDX) microanalysis.

N2 adsorption at 77 K technique (Quantachrome Autosorb-iQ)
was exploited to evaluate mean particle size. Specific Surface Area
(SSA) was  calculated applying the BET method [23]. Average parti-
cle size was  calculated assuming spherical particle shape.

Thermogravimetric analyses were carried out in air using a Pyris
Diamond TG/DTA (Perkin Elmer), heating the samples up to 1200 ◦C
at 5 ◦C/min, followed by 60 min  of high temperature dwell time and
cooling to room temperature at 5 ◦C/min.

Dilatometric measurements were carried out using a push-rod
dilatometer (DIL 402C, NETZSCH). To evaluate sintering behaviour,
consolidated pellets of about 6 mm diameter were obtained by
uniaxial cold pressing (3.5 T/cm2). The experiments were carried
out heating at 5 ◦C/min scan rate up to 1200 ◦C. To measure ther-
mal  expansion, experiments were carried out on pellets of about
6 mm diameter and 2.5 mm height sintered as described later in
the text. The measurements were carried out with a heating rate of
10 ◦C/min. Average CTE was  calculated between room temperature
and 800 ◦C as: CTE = 1

L0

�L
�T , where L0 represents the initial length

and �L  the length change occurring in the �T  temperature range.
Electrical conductivity was  estimated by applying the Van der

Pauw method [24] on pellets of about 10 mm diameter, obtained
by uniaxial cold pressing (3.5 T/cm2) and successive sintering (see
below for experimental details). The 500–800 ◦C temperature range
was investigated, using a PAR273A potentiostat coupled to a HP
3457A multimeter. Activation energy Ea was  calculated from the
Arrhenius plot obtained using the formula: � = �0

T e− Ea
kT , with �

electrical conductivity, T temperature, �0 pre-exponential factor,
Ea activation energy and k Boltzmann’s constant.

3. Results and discussion

3.1. Powder characterization

The mechanochemical treatment produces fine black powders.
After the milling treatments, EDX analyses have been successfully
carried out to exclude the presence of iron and chromium that could
highlight chemical contamination from the milling equipment. In
Fig. 1 are reported the XRD patterns of the samples after 10 h of
milling. Significant peak broadening can be observed due to nanos-
tructuration of diffractive domains and lattice defectivity induced
by the HEBM treatment. The three Mn-Co samples evidence the
residual presence of the Co3O4 precursor phase (JCPDS card n.
42-1467). The observed asymmetry towards lower angles can be
related to the nucleation of a mixed MnCo2O4 phase (JCPDS card
n. 23-1237). Only the Mn1.5Co1.5 sample shows signals related to
the Mn3O4 precursor phase (JCPDS card n. 24-0734).

Cu-containing samples show similar peak broadening. The
Mn1.33Co1.17Cu0.5 pattern exhibits mainly reflections compati-
ble with the Co3O4 phase, with the already observed asymmetry

towards lower angles. Small broadened peaks at 2� ∼= 45 and
2� ∼= 49 ◦ are ascribable to the presence of CuO phase (JCPDS card n.
48-1548). Raising Mn  content, reflections related to Mn3O4 become
evident, similarly to what was observed for the Mn-Co samples.
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Fig. 1. X-ray powder diffraction patterns of the different samples after 10 h of milling; 1) Co3O4 2) Mn3O4) MnCo2O4 4) CuO reflections.

Table 2
BET surface area and BET particle size for the 10 h HEBM powders.

Sample BET (m2/g) l* (nm)

MnCo2 6.2 ± 0.3 176 ± 9
Mn1.25Co1.75 5.7 ± 0.3 195 ± 10
Mn1.5Co1.5 4.5 ± 0.2 255 ± 12
Mn1.33Co1.17Cu0.5 4.2 ± 0.2 265 ± 13
Mn1.57Co0.93Cu0.5 3.5 ± 0.2 325 ± 15
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Mn2.05Co0.45Cu0.5 4.1 ± 0.2 293 ± 13

* l = 6
ABET · � .

The higher stability exhibited by the cobalt precursor phase
n comparison with to the Mn  and Cu oxides with respect the

echanochemical action is clearly evident from these results.
he Mn1.5Co1.5 sample, composed by similar Co and Mn
mounts, is characterized by Mn3O4 reflections scarcely visible
ith respect to the cubic Co3O4 phase peaks. Regarding copper

xide, it can be clearly observed from the pattern related to the
n2.05Co0.45Cu0.5 sample, that also the CuO phase gets easily

estructured during the milling, the CuO peaks being significantly
ower and broader with respect to those of cobalt oxide. The
bserved phenomena can be ascribed to the difference in hardness
f the materials, with Co spinel characterized by significantly higher
ardness with respect to Haussmannite (Mohs hardness: 5.5) [25]
nd Tenorite (Mohs hardness: 3.5–4). The successive destructura-
ion of the crystalline phases easily promotes interdiffusion of Mn
nd Cu atoms in the Co precursors phase or in the nucleating mixed
pinel lattice.

In Table 2 BET specific surface area and calculated mean par-
icle size are reported. All the samples exhibit comparable values,
ith Copper-containing powders characterized by the lower BET

rea, suggesting that Copper addition promotes higher aggregation
egree. Mean particle size ranges between 170 and 330 nm.

In order to evaluate how the different Mn:Co ratios and the Cu
ddition influence the high temperature properties of the samples,
he milled powders were subjected to thermogravimetric analysis.
n Fig. 2 thermogravimetric analysis curves are reported. All sam-

les show a weight loss step ascribable to the departure of adsorbed
umidity. In the 200–500 ◦C temperature range, a gradual weight

ncrease can be observed for all compositions. The effectiveness
f mechanochemical activation can be recognized from this phe-
Fig. 2. Thermogravimetric curves as a function of temperature for the different
samples; solid lines represent weight% change, dotted lines the derivative.

nomenon: the HEBM treatment promotes in fact high degree of
interdiffusion of the starting oxides, and being carried out in Ar
atmosphere it is likely to create anion defective lattices. The highly
defective and nanostructured powders will easily react at low tem-
perature with oxygen, most likely leading to the oxidation of Mn  to
higher oxidation states. The low cation mobility at low temperature
does not however allow major lattice rearrangement, produc-
ing metastable non-stoichiometric compounds. Similar metastable
mixed valence spinels have been already observed for transition
metal oxide systems, although prepared by other routes, and their
formation was  related to a high reactivity associated with highly
nanostructured compounds [26].

Raising the temperature, in the 500–700 ◦C temperature range,
the Mn-Co and Mn1.33Co1.17Cu0.5 samples show a similar gradual
weight loss, reaching a plateau for higher temperatures. In this tem-
perature range, for the Mn-Co samples the reaction between the
activated precursors is expected [17]. The release of the extra oxy-
gen content acquired during the previous weight acquisition step,

followed by an interval of weight stability, is compatible therefore
with the reorganization of the metastable oxidized lattices to form
high temperature stable phases.
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The Mn richest samples, i.e. Mn1.57Co0.93Cu0.5 and
n2.05Co0.45Cu0.5, undergo instead a further weight acqui-

ition step before exhibiting weight loss. In our previous work
e had observed how the presence of Mn-rich unreacted spinels

ould lead to the oxidation of Mn3O4to Mn2O3 during heating, and
t is likely to ascribe this weight gain to a similar phenomenon.
aising further the temperature, the oxidized compound reacts
ith the existing spinels, resulting in weight loss and formation

f spinel phases. The behaviour of the Cu-doped samples will be
urther investigated in the next section by means of the outcome
f in-situ high temperature XRD analysis.

Further heating over 1000 ◦C leads to an additional weight loss
henomenon for all samples except Mn1.5Co1.5. Regarding Mn-
o samples, it is known that at high temperature, a multi-phase
oundary between spinels and reduced MeII oxide phases exists for
o-Mn oxide mixtures [4], with equilibrium temperature increas-

ng with Mn  content. The absence of the weight loss phenomena
or the sample Mn1.5Co1.5 indicates for this composition a phase
oundary temperature beyond 1200 ◦C. In the case of Cu addition,

 similar behaviour can be supposed, with a dual phase region
lso for the mixed Cu-Mn-Co oxides. Unlike Mn-Co samples, the
eight loss is observed for all the compositions. Considering that

he Mn2.05Co0.45Cu0.5 sample is characterized by an approximate
:1 Mn:Co ratio, it is evident that copper lowers significantly the
ual phase region boundary temperature.

During cooling, the high temperature weight loss phenomenon
s recovered for all samples, and no significative weight change
henomena can be observed.

To further investigate the behaviour of the Cu doped samples
pon heating, in situ diffraction analyses were carried out on the
all-milled powders. High temperature patterns are reported in
ig. 3.

Starting from the Mn1.33Co1.17Cu0.5 sample, the pattern col-
ected at 400 ◦C is substantially similar to that acquired at room
emperature, confirming that the oxidation phenomena observed
ith TGA measurements do not involve reactions or significant
ucleation of new phases. The reaction between the activated pre-
ursors is instead evident at 500 ◦C, where the nucleation of a
ubic spinel phase occurs. Heating further, the reaction between
he remaining precursors carries on, forming a single cubic spinel
hase. The weight loss observed in the 500–700 ◦C by thermo-
ravimetric measurements can be associated therefore to the
earrangement of the metastable oxidized lattice, resulting in the
ucleation of the high temperature spinel. During cooling, no struc-
ural changes are evident, showing that the examined composition
s characterized by a single phase nature in the ambient – 800 ◦C
emperature range.

The initial evolution of Mn1.57Co0.93Cu0.5 sample is similar,
ith the nucleation of a cubic spinel phase in the 400 ◦C–500 ◦C

nterval. At 600 ◦C reflections ascribable to the Mn2O3 phase (JCPDS
ard n. 24-0508) are visible, explaining the thermogravimetric
eight gain occurring in the 600–700 ◦C range. The growth of the

pinel phase carries along with it the increase of peaks related to
his Mn-rich phase up to 700 ◦C. Between 700 ◦C and 800 ◦C the
ising spinel phase and Mn2O3 react, and the pattern collected at
00 ◦C is ascribable to the presence of a single spinel phase. During
ooling, this phase is stable down to 500 ◦C. At 400 ◦C, reflections
scribable to a tetragonal spinel phase similar to Mn2CoO4 (JCPDS
8-1548) appear, indicating the decomposition of the high temper-
ture cubic phase with the formation of a dual phase compound.

Regarding the Mn2.05Co0.45Cu0.5 sample, coherently with
hermogravimetric results, nucleation of large amounts of the

xidized Mn2O3 phase occur already at 500 ◦C, along with the
ormation of a cubic spinel phase. The transformation of Mn3O4
nd Co3O4 precursor phases occurs between 500 ◦C and 700 ◦C,
here only Mn2O3 and the spinel phase are visible. Raising the
ramic Society 37 (2017) 661–669

temperature, Mn2O3 and the spinel phase react, and at 800 ◦C the
spinel phase formation is almost complete. Similarly to what was
observed for the Mn1.57Co0.93Cu0.5 sample, during cooling the
segregation of a tetragonal spinel phase is observed at a tempera-
ture value between 700 ◦C and 600 ◦C.

The evaluation of sintering behaviour was carried out on con-
solidated pellets prepared by uniaxial cold pressing. To compare
sintering properties meaningfully, and ascribe differences to chem-
istry rather than to morphology of the powders, comparable pellet
density is crucial. The geometric green densities are reported in
Table 3: similar values are obtained for all the different sam-
ples, as expected from the processing of morphologically similar
powders. The consolidated pellets were subjected to dilatomet-
ric measurements between room temperature and 1200 ◦C, with
a 5 ◦C/min heating rate. Shrinkage curves are reported in Fig. 4.
No significant differences can be observed between Mn-Co sam-
ples, with sintering temperatures of about 1040–1060 ◦C and
maximum densification rates at approximately 1150 ◦C. Copper
addition greatly enhances sintering behaviour: sintering tempera-
tures are lowered to about 910 ◦C, 870 ◦C and 830 ◦C respectively for
Mn1.33Co1.17Cu0.5, Mn1.57Co0.93Cu0.5 and Mn2.05Co0.45Cu0.5,
and the shrinkage extent is greatly increased with respect to Mn-
Co samples. High temperature dilatation phenomena are however
visible in Mn1.33Co1.17Cu0.5 and Mn1.57Co0.93Cu0.5 curves. To
further investigate this phenomenon, a pellet obtained by pressing
Mn1.33Co1.17Cu0.5 powder was  heated in furnace at 1200 ◦C for
10 min  and slowly cooled. The SEM image is reported in Fig. 5a. Sig-
nificant grain growth and inter-grain porosity can be observed, as
well as the presence of an irregular and corrugated Cu-rich phase.
The observation of the samples clearly suggests a liquid phase sin-
tering at high temperature, most likely due to segregation and
melting of the Cu-rich phase, that could result in swelling phe-
nomena [27]. The contemporary release of oxygen gas, as observed
by thermogravimetric analysis, when occurring in a highly packed
structure could furthermore enhance the expansion phenomena.

XRD analysis of the pellets after dilatometric measurements
demonstrated in most cases secondary phases in addition to the
spinel. Differently from TGA measurements, the pelletized mate-
rials did not recover the oxygen loss properly during cooling,
probably due to higher packing of particles, high crystal growth
and subsequent reduced oxygen diffusion kinetics.

The undesired phase segregation upon sintering at high tem-
perature is an issue to precisely determine CTE and electrical
properties of the material. Therefore, the sintering treatment of
the pellets needed for dilatometry and Van der Pauw experiments
was tailored. In the case of Mn-Co samples, it was  not possible
to reduce the temperature to avoid secondary phase formation,
but a second dwell at lower temperature (i.e. 800 ◦C) was  suc-
cessfully introduced to facilitate the spinel recovery. For MnCo2
sample a further annealing (16 h at 1000 ◦C) was  required to achieve
single phase pellets, as observed for similar samples prepared
with other synthesis routes [8]. For Mn-Co-Cu samples instead,
the lower sintering temperature setup, as observed in dilatomet-
ric measurements, allowed to reduce the thermal treatment to
1000 ◦C, avoiding segregation of Cu-rich phases and still obtain-
ing sufficiently dense pellets. In Fig. 5b–d SEM images of the
Mn1.33Co1.17Cu0.5, Mn1.57Co0.93Cu0.5 and Mn2.05Co0.45Cu0.5
samples after sintering at 1000 ◦C are reported. A homogeneous
morphology can be observed, characterized by significantly lower
crystal growth with respect to the 1200 ◦C thermal treatment. In
Table 3 a summary of the performed thermal treatments and the
geometrical density measured after sintering is reported. It can

be noted that Cu addition leads to densities comparable to Mn-Co
samples even with a 200 K reduction in sintering temperature.

In Fig. 6 X-Ray diffraction patterns of the sintered samples are
reported. MnCo2 and Mn1.25Co1.75 show a pattern ascribable to a
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Fig. 3. In situ X-ray diffraction patterns of (a) Mn1.33Co1.17Cu0.5, (b) Mn1.57Co0.93Cu0.5 and (c) Mn2.05Co0.45Cu0.5 samples milled for 10 h collected at different
temperatures (heating rate = 10 ◦C/min). Reflections ascribable to 1) Co3O4 2) Mn3O4 3) MnCo2O4 4) Mn2O3 5) Tetragonal mixed spinel phase and #) sample holder are
indicated.

Table 3
Sintering thermal treatments.

Sample Green density (%) Sintering treatment Sintered density (%)

MnCo2 66 ± 1 4 h @1200 ◦C + 4 h @800 ◦C 93 ± 1
16  h @ 1000 ◦C post sintering

Mn1.25Co1.75 67 ± 1 4 h @1200 ◦C + 4 h @800 ◦C 93 ± 1
Mn1.5Co1.5 67 ± 1 95 ± 2
Mn1.33Co1.17Cu0.5 65 ± 1 97 ± 1
Mn1.57Co0.93Cu0.5 64 ± 1 4 h @1000 ◦C + 4 h @800 ◦C 97 ± 2
Mn2.05Co0.45Cu0.5 65 ± 1 97 ± 2

on of t

s
w
s
p
b

Fig. 4. Dilatometric curves as a functi

ingle cubic phase, with small shifts due to different Mn:Co ratio,

hile Mn1.5Co1.5 exhibits a mixture of a tetragonal and cubic

pinels. These results are in agreement with the Mn-Co oxides
hase diagram at room temperature. A single cubic phase is sta-
le for high Co content (Co:Mn > 1.3), a single tetragonal phase is
emperature of the different samples.

obtained for high Mn  content (Co:Mn < 0.5), while for intermediate

compositions, depending on the synthesis and cooling method, a
mixture of the two  phases or a single metastable tetragonal phase
is observed [4,5]. Regarding Cu-Mn-Co samples, as observed by HT-
XRD, Mn1.33Co1.17Cu0.5 is characterized by a single cubic phase,
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Fig. 5. SEM images of samples heat treated at (a)1200 ◦C and (b–d) 1000 ◦C (see text for details).

F C spec

w
p
s

ig. 6. X-ray powder diffraction patterns of the samples after sintering treatment; 
hile raising Mn  content peaks ascribable to a tetragonal spinel
hase appear. Differently from Mn-Co composition, where Mn  rich
pinels exhibit a single tetragonal phase, copper addition enhances
ify reflections ascribable to a cubic spinel phase, T to a tetragonal spinel phase.
the cubic phase stability region, as evident by the phase composi-
tion of the Mn2.05Co0.45Cu0.5 sample, characterized by a mixture
of cubic and tetragonal phases.
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Fig. 7. Thermal expansion curves of the sintered samples.

Table 4
Thermal expansion coefficient at 800 ◦C measured for the different samples.

Sample CTE @800 ◦C (·10−6 K−1)

MnCo2 13.5 ± 0.1
Mn1.25Co1.75 11.5 ± 0.1
Mn1.5Co1.5 9.7 ± 0.1
Mn1.33Co1.17Cu0.5 14.5 ± 0.1
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Fig. 8. Coefficient of thermal expansion calculated at 800 ◦C as a function of the
sample composition.

Table 5
Activation energy calculated from the Arrhenius plot of 10 h milled samples.

Sample Temperature range (◦C) Ea (eV)

MnCo2 500–800 0.55 ± 0.02
Mn1.25Co1.75 500–800 0.54 ± 0.04
Mn1.5Co1.5 650–800 0.49 ± 0.02

a linear behaviour through all the examined range, as expected by
Mn1.57Co0.93Cu0.5 12.7 ± 0.1
Mn2.05Co0.45Cu0.5 8.5 ± 0.1

.2. Thermal expansion

To evaluate the CTE of the different compositions, the sintered
ellets were subjected to dilatometric analyses, and the obtained
urves are reported in Fig. 7. Regarding Mn-Co samples, it can be
bserved that higher Co content induces higher expansion. MnCo2
nd Mn1.25Co1.75 samples, characterized by a single phase in
he whole examined temperature range, show a corresponding
inear behaviour. Mn1.5Co1.5 curve shows instead a discontinu-
ty in the 500–600 ◦C temperature range, ascribable to the dual
hase – single phase transition. Regarding copper addition, a sim-

lar behaviour can be observed: the dual-phase samples (those
ichest in Mn)  exhibit a discontinuity in the 450–600 ◦C temper-
ture range and in the 600–750 ◦C for the Mn1.57Co0.93Cu0.5 and
n2.05Co0.45Cu0.5 samples respectively, most likely related to

he dual-single phase transition occurring in these temperature
ntervals.

Average CTE values have been calculated between room temper-
ture and 800 ◦C, and are reported in Table 4. Among the considered
omposition, Mn1.57Co0.93Cu0.5 and Mn1.25Co1.75 exhibit the
ighest compatibility with thermal expansion of ferritic stainless

teels (11–13 × 10−6 K−1 [28]). To evaluate how the different Mn:Co
atio and Cu addition influence CTE, in Fig. 8 are reported the CTE
alues at 800 ◦C versus the cobalt content for the different samples.
Mn1.33Co1.17Cu0.5 500–800 0.34 ± 0.02
Mn1.57Co0.93Cu0.5 600–800 0.32 ± 0.03
Mn2.05Co0.45Cu0.5 750–800 0.32 ± 0.04

Regarding Mn-Co composition, a clear linear trend can be observed
between the composition and CTE values. Also for Cu doped sam-
ples an analogue behaviour can be observed when changing Mn:Co
ratio, and Cu addition does not affect significantly this trend but
rather induces a shift of the curve toward higher CTEs.

The observed behaviour can be ascribed to the chemical differ-
ences between the samples considering lattice sites occupations
and atoms valence. In particular, thermal expansion of mixed metal
spinels can be related to the composition principally via the occu-
pation of octahedral sites [29], where compounds characterized by
high valence differences possess higher CTE.

Mn-Co spinels are characterized by a preferential occupation of
tetrahedral sites by CoII atoms. CoII, CoIII, MnIII and MnIV occupy
octahedral sites, with CoII and MnIV amounts related to electro-
neutrality constraints [30]. In the 1:1 ≤ Co:Mn ≤ 2:1 compositional
range, the increase of Co promotes an increase of CoII, CoIII and MnIV

species at the expense of MnIII atoms [31]. Increasing Co content in
this composition range will cause therefore higher inhomogeneity,
theoretically raising CTE, in agreement with our results.

In mixed Cu-Co-Mn compounds instead, CuI/CuII species tend
to occupy tetrahedral sites preferentially over CoII atoms, leading
to an enrichment of CoII/CoIII pairs in octahedral sites [32]. Further-
more, the presence of CuI atoms promotes MnIII oxidation to MnIV

to maintain charge neutrality. Valence differences are therefore
increased with copper doping, enhancing CTE.

3.3. Electrical conductivity

Electrical conductivity measurement was  carried out by means
of the Van der Pauw method in the temperature range 500–800 ◦C.
In Fig. 9 are reported Arrhenius plots.

MnCo2, Mn1.25Co1.75 and Mn1.33Co1.17Cu0.5 samples exhibit
their single phase nature. On the contrary, samples characterized by
dual to single phase transitions show slope changes in their linear
trend, at temperatures coherent with the discontinuities observed
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Fig. 9. Arrhenius plots of electrical conductivity measured for the different samples.
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ig. 10. Conductivity values measured at 800 ◦C as a function of the sample compo-
ition.

uring dilatometric measurements. From the single-phase region
f the Arrhenius plots, the activation energies were calculated and
re reported in Table 5. Mn-Co samples exhibit comparable values
f about 0.5 eV, while Cu addition lowers significantly in all cases
he activation energy to about 0.3 eV.
To better evaluate how Mn:Co ratio and Cu addition affect
lectrical properties, in Fig. 10 are reported conductivity values
easured at 800 ◦C versus cobalt content. The MnCo2 sample

s characterized by a conductivity value of about 80S/cm, and a
ramic Society 37 (2017) 661–669

decreasing trend can be observed increasing Mn content. A similar
decrease in conductivity with Mn  content can be observed for the
Cu doped samples as well. On the other hand, Cu addition increases
electrical conductivity, with the Mn1.33Co1.17Cu0.5 sample char-
acterized by a conductivity value of about 125S/cm.

In such spinel systems, the conductivity behaviour is usu-
ally explained with a small polaron hopping mechanism between
mixed valence elements on octahedral sites, and in Mn-Co oxides
it is usually related to CoII/CoIII and MnIII/MnIV pairs [3,30,31].
The CoII/CoIII and MnIII/MnIV concentration ratio affects therefore
conductivity properties, CoIII and MnIII being the most common
species in octahedral sites. The observed trend for Mn-Co sam-
ples is in agreement with previous findings, and is related to the
maximum concentration of CoII and MnIV species for compositions
with Mn:Co ≈ 2:1 [31]. The similar increasing trend here observed
for the Cu-doped samples suggests that similar phenomena can be
accounted for also in Cu-Mn-Co samples. The significant increase of
conductivity in Cu samples with respect to Mn-Co compounds can
be instead due to multiple mechanisms. Copper addition in mixed
Mn-Co spinels occurs with preferential occupation of tetrahedral
sites of the spinel lattice by CuI and CuII species, that promotes MnIII

oxidation to MnIV to maintain charge neutrality. As a consequence,
Cu introduction increases active pairs concentration and therefore
electrical conductivity [32]. Tetrahedral Cu ions could furthermore
contribute indirectly to electrical conductivity, through mediation
of charge transfer mechanisms between near but not adjacent Mn
atoms, as observed in Ni-Cu manganite spinels [33].

4. Conclusions

Different Mn-Co and Cu-Mn-Co spinels were synthesised in
order to evaluate the effect of Mn:Co ratio and copper addition on
sintering behaviour, thermal expansion and electrical conductivity.

A High Energy Ball Milling treatment of oxide powders was
utilized to produce highly reactive metastable multi-phase com-
pounds that easily homogenize when brought to intermediate
temperature (T <8 00 ◦C) to form the equilibrium products. The
influence of the different spinel compositions was  observed on high
temperature (T > 1000 ◦C) behaviour of each compound, evidencing
that Cu decreases the spinel stability region. Thermogravimetric
and in situ high temperature XRD analysis allowed to observe for
the examined Cu-Mn-Co compositions a single cubic phase sta-
ble at high operating temperature (800 ◦C). Different Mn:Co ratios
did not lead to significant differences in sintering behaviour, while
Copper addition proved to be highly effective in reducing sintering
temperature and obtaining high densities.

Dilatometry experiments performed on sintered pellets allowed
to observe a simple relation between CTE and composition: CTE
similarly increases with cobalt content, both in Mn-Co and Cu-Mn-
Co samples, with Cu doped samples characterized by higher CTE
values. A similar relation could be observed also from electrical con-
ductivity, being enhanced (up to 125S/cm) by Cu addition and high
cobalt content. The thermal expansion and electrical conductivity
of Mn-Co spinels can thus be tuned by varying stoichiometry.

Despite the best coating spinel composition cannot be given
in absolute, because depending on the interconnector alloy (and
its CTE) and on the deposition process used, it is possible to state
that the fine tuning of stoichiometry is the strategy to design an
ideal coating spinel. Cu addition to spinels characterized by the

opportune Mn-Co ratio represent a further possibility to optimize a
material capable to satisfy the properties required by the intercon-
nect coating with the advantage of limiting the use of an expensive
and toxic element like Co.
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