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Abstract

Several spinel samples, i.e., MBr;_,0, (0.5< x < 2.5), NiCrLO,4 and CoCs0,, were synthesized and studied in terms of phase analysis,
density, electrical resistivity and thermal expansion behaviour. The spinel samples were generally single phase; exceptions inch@ed MnCr
and Mny sCr, 50,4 with significant amounts of GO3; and NiCrO, with trace amounts of NiO.

Porosity, in general, decreased with increasing sintering temperature, exceptfeCivhO,, which showed increasing porosity with
increasing sintering temperature. NjOg, CoCrO,4 and MnCpOy, all had similar thermal expansion behaviour, with thermal expansion
coefficients (TEC) ranging from 7.2-7:6106/°C. The TEC difference between the spinels and ferritic stainless steel was larger than
the difference between the steel and chromia, which had a TEC of 806%/°C. The spinels and chromia exhibited semiconductor-type
behaviour, with electrical resistivities decreasing with increasing temperature. Op§rinand NiCrO,4 had resistivities lower than gDs
over the entire temperature range of testing (20<@)0For Mn.Cr;_, Oy, resistivity decreased with increasing Mn content.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction candidates, ferritic stainless steels may be an economical
choice for planar, anode supported designs, which operate
The interconnectis a critical component in solid oxide fuel at temperatures below 80C. A major drawback in using
cells (SOFCs). Interconnects provide physical separationferritic alloys (or any alloys) in SOFCs is high temperature
between air and fuel in the SOFC stack and electronically oxidation. Oxidation not only leads to dimensional changes
connect an anode of one cell with the cathode of the adjacentand loss in load bearing cross sections of the components, but
cell. Interconnects must be good electronic conductors also in the formation of oxide scales on component surfaces
and must retain good interconnect-electrode contact inwhich generally have low electronic conductivitid$.
both oxidizing and reducing atmospheres. In recent years, Recent studies have shown that the main oxides form-
increasing attention has focused on finding suitable metallicing on ferritic stainless steels are chromia AGf) and
materials for interconnects because of their low fabrication MnCr,04 spinel [2—4]. Other spinels, containing Cr, Mn,
costs and good electronic and thermal conductivities, Fe, Co and Ni, can form; the compositions depend on the
relative to ceramic alternatives. Among the various metallic composition of the steels and any other materials in contact
with the interconnects. Some researchers have tried to apply
* Corresponding author. Tel.: +1 780 492 2957; fax: +1 780 492 2881.  SPinel layers to the surface of stainless steels in order to
E-mail address: doug.ivey@ualberta.ca (D.G. Ivey). improve interconnect oxide electronic conductiviy,6].
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As an example, a group at the University of Utah have Tablel -
patented Mn—Cr spinel coatings with electronic resistivities Raw material specifications

significantly lower than chromig5,6]. Other researchers  Chemical Purity (%)
claim that spinels are responsible for the poor conductivity of cr,04 99

high temperature interconnect materigls/,8]. Because of ~ MnO; 99.9

the widely varying claims concerning spinels, a systematic N© 99

study of the properties of spinel phases, in particular those €050 il

of interest for SOFC interconnects, i.e., those containing All chemicals were obtained from Alfa Aesar.
elements such as chromium, manganese, nickel and cobalt,
is needed to understand the role of spinels in the oxidation of 2. Experimental procedure
interconnects.

The spinels are a group of oxides that have very similar 2-1. Sample preparation
structures. The spinel group contains over 20 members, but
only a few are considered common. The general formula of ~ Spinels were synthesized by solid-state reaction of binary
the spinel group is ABO,. The A element represents a diva- 0xides {Table 1. All oxide powders were sieved to pass
lent metal ion such as magnesium, iron, nickel, manganesethrough 325mesh, which corresponds to a particle size
and/or zinc. Tetravalent ions, such as Pb, may also occupyless than 4pm. The metal oxides were carefully weighed
this site. The B element represents trivalent metal ions suchto produce the appropriate stoichiometric mixtures for the
as aluminum, iron, chromium and manganese. Many of the SPinels of interest. Weighed powders were pre-mixed by
transition metals (e.g., Fe, Cr and Mn) are multivalent and, Pall milling in a plastic bottle overnight, with zirconia as
as such, could be both A and B elements. Solid solution the milling medium and ethanol as a solvent. The resultant
substitution is common for this group of minerals, meaning Slurry was dried in an oven at 70-80 for 10 h.
that they may contain certain percentages of differentionsin  Dried pre-mixed powders were pressed, in the appropriate
any particular specimen. The structure of spinel is based ondi€, into bars and pellets, using an ENERPAC RC104 press.
the structure of diamond, which has the same high symmetry.For each sample, approximately 2 g of mixed powder were
The position of the A ions is equivalent to the positions Weighed and poured into the mould. Top loading was applied
occupied by carbon atoms in the diamond strucf@}eThe to a pressure of 10,000 kPa for 1 min. No binder was added
purpose of this paper is to characterize select spinels with ato the powder; naturally absorbed moisture served as a
long term potential aim of choosing prospective candidates binder. Care was taken to ensure that pressures did not
for coatings on interconnect alloys. The spinels chosen for exceed 10,000kPa; otherwise, internal cracks would be
study include MnCsO4, NiCr,04 and CoCsO4. MNCr204 generated in the pellets and bars. The cracks were not always
spinel was chosen because Mn is a common alloying element@Pparent on visual inspection, but would develop during
in stainless steels and Mg, is one of the two main oxides sintering and result in pellet/bar failure. If the pressure was
that form on ferritic stainless steels. Since the composition less than 7500kPa, the green pellet or bar was not strong
of the Mn spinel phases can vary, other compositions, i.e., enough for handling. Green bars and pellets were sintered
Mno.sCr2 504, Mny 5Cry sO4 and MnpCrOy, are character- in air at 1200 and 160TC, respectively, for 10h with a
ized as well. Nickel is a common alloying element in many heating rate of 3C/min. Sintered specimens were furnace
iron-based alloys (e.g., austenitic stainless). Both Ni and Co cooled to room temperature in about 10h. A temperature
can be present in contact pastes, used to bond the fuel cell t®f 1600°C was chosen, based on the M»—Cr,Oz phase
the interconnect, and can react with chromia to form spinel diagram[10], so that diffusion and therefore reaction rates
phases. In addition to the three spinel phases, the properties ofould be maximized without the formation of any liquid.
chromia are also studied as itis the other major oxide forming Samples were also sintered at 12@0so that results could
on ferritic stainless steels. The characterization work focusesPe compared with those from other groups.
on resistivity and thermal expansion properties of these
spinels, which are the most important properties for SOFC 2.2. Spinel characterization
applications.

The spinels were prepared using oxides of manganese2.2.1. TEC measurements
nickel, cobalt and chromium. Ball milling was used to Thermal expansion coefficients (TEC) for spinels
mix stoichiometric compositions of the powder. Mixed were obtained using a SETARAM Scientific Industrial
powders were then die-pressed into pellets and sinteredSetsys16/18 multi function thermal analysis device, inte-
at 1200 and 1600C for 10h in air. The sintered samples grated with a thermomechanical analysis (TMA) head. The
were examined using X-ray diffraction (XRD), scanning deflection of a given spinel sample under a non-oscillatory
electron microscopy (SEM) and energy dispersive X-ray load was measured as a function of temperatidrg].
(EDX) spectroscopy. Thermal expansion coefficients (TEC) TEC samples were rectangular bars with parallel ends,
and electronic resistivities were measured as a function of ground mechanically with 600 grit SiC paper to dimensions
temperature. of 5mmx5mmx 15mm to fit the measurement jig.




116 W. Qu et al. / Journal of Power Sources 153 (2006) 114—124

Measurements were performed at a heating rate’Gf&in media and current leads. The platinum mesh was supported
from room temperature (2@C) to 900°C. A 25¢ top load by a ceramic tile. Ceramic rods, under compression, were
was applied to each specimen. In order to eliminate the used to apply pressure to the “sandwich” structure during
expansion of the alumina probe from the test results, a blankmeasurement. Springs and rigid metal wires were used
test was run prior to sample testing. Net expansion data wereto clamp the assembly together. Each platinum mesh had
obtained by subtracting measured data from the blank data. two welded platinum leads. One pair of leads was used to
apply a constant current and the other pair was for voltage
2.2.2. XRD analysis measurement. A thermocouple was positioned, so it was just
X-ray diffraction analysis was used for phase analysis touching the bottom ceramic piece, to facilitate temperature
of the synthesized spinels, using a Rigaku Multiflex X-ray measurement.
Diffractometer. Samples were scanned over the range of The specimens were the same as those used for XRD

20 =15-90, in steps of 0.020and a scan speed of O/min. analysis. A spinel pellet was inserted between the platinum
The XRD was operated at 40 kV and 40 mA, using a Cu tar- meshes. Platinum paste was applied, with a knife blade, to
get. the platinum mesh prior to pellet insertion. A pre-sintering

Prior to XRD analysis, sintered pellets were surface procedure (900C for 15min) was performed before testing.
ground with 600 grit SiC paper in order to remove surface Wet paste was applied again to the specimen pellet before
contamination and to ensure surface flatness. Pellets werdnsertion in order to ensure contact. The assembled jig

held in a 5mm deep sample jig with an adhesive pad. was inserted into a tube furnace. The heating rate for the
measurement was°C/min to 900°C followed by furnace
2.2.3. SEM analysis cooling to room temperature. A 0.1 A constant current was

All spinel samples were examined by scanning electron @pplied during measurement. Voltage changes were recorded
microscopy in a LEO 1450 Variable Pressure SEM, equipped &t @ rate of one reading per minute.
with an Oxford Instruments ultra thin window (UTW) X-ray
detector. Both secondary electrons (SE) and backscattered 3 - pyosiry measurements
electrons (BSE) were used for imaging to provide topo-

graphic (SE) and atomic number (BSE) contrast. Quantitative  The porosity of the sintered samples was measured accord-

microanalysis was obtained through energy dispersive X-ray ing to Archimedes principle. De-ionized water was used as

spectroscopy, using a standardless approach. the fluid, and the porosit§ was calculated from the following
equation, assuming negligible enclosed porosity:

2.2.4. Resistivity measurements

The electrical resistivities were measured using a 4- , Vi (W3 — Wj)

point probe system set up inside a tube furnace with a”~ ~ v, Wo

programmable temperature controller (Thermolyne 21100

tube furnace), a constant current supply (Agilent E3610), a V1 and V> are the total pore volume within a specimen and

custom designed hollow ceramic tube with the end partially the volume of the specimen, respectivel is the mass of

cut and a data recorder (Fluke Hydra Series Hig( 1). a dry specimenl¥z is the buoyancy force in water aritdz

Platinum mesh and platinum wire were used for contact represents the mass of a wet sample.

1)

(b)

. Platinum

mesh
Constant current Voltage
supplier measurement

Fig. 1. (a) Resistivity measurement jig. (b) Schematic of ASR sample measurement assembly.
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Table 2 3.2. Microstructure analysis
Summary of XRD results for GO3 and the spinel samples
Nominal Sintering Phases detected All spinel samples were examined using the SEM.
composition temperature®C) Approximate overall Mn:Cr ratios for the Mn—Cr spinels
Cr203 1600 CgOsz (eskolaite) were measured using EDX analysiable 3, by aver-
Mno 5Cr2 504 1200 MNnCEO;, + CrO3 aging compositions determined from at least three areas
1600 MnCpO4 + Cr,03 150pm x 150pminsize. The Mn:Cr ratios correspond to the
MNCr,04 1200 MnCpOg target compositions in all cases, except for theyMDry 504
1600 MnCpOj4 + Cr,O3 (trace) sample, sintered at 160C. This sample had a lower Mn:Cr
Mny 5Cr <04 1200 MnysCr1 504 ratio than the target value, presumably due to the loss of Cr
1600 M 5Cr1.504 during sintering.
Mn,CrO; 1200 MRCrOs SEM micrographs from the MysCr» 504 samples, sin-

1600 MrpCro, tered at 1200 and 160C, are shown irFig. 3. Individual
spineland CfO3 phases are difficult to identify for the sample

NICrz0s 1@88 m:gzgj: m:g g:ggg sintered at 1200C (Fig. 3a), but are clearly distinguishable

forthe sample sintered at 1600. The large particles (several

CoCrO4 1(2588 gggig“ microns in size) irFig. 3o contained Cr and O with virtually

hase dentificat done by index p _4 = 3CPDS datab no Mn and are likely GiO3. The remaining, smaller particles
'[312?58' entification was done by indexing to files in the JCPDS database . yained Mn, Cr and O and are likely the spinel phase. The

spinel particles consistently had a Cr:Mn ratio of 2:1, which
3. Results suggests that the MrCr, 504 specimen was composed of
MnCr,O4 and CpO3, which corroborates the XRD results.
The sintered specimens had colours ranging from yellow- _ 1he MnCpO4 sample sintered at 120C was composed
ish green to brown to black. The colour depended on the metal©f Spinel particles only (Cr:Mn ratio of 2:1), while the
oxide content; higher chromium levels led to greener tones 1600°C sample was mostly spinel with isolated>Cg par-
while higher manganese levels resulted in a darker colour. ticles Fig. 4). These results match those from XRD, where

Visual inspection of the specimens indicated thabRIr0, only the MnCpO,4 phase was detected for the 12@sam-

had the largest shrinkage and a black surface. ple, but traces of GO3 were found in the 1600C sample
(Table 2.

3.1. XRD phase analysis SEM images of Mn—Cr spinel samples with higher Mn lev-

els (Mny sCr1 504 and MrpCrQOg4) are shown irFigs. 5 and 6

XRD results for the GiOz and spinel samples are NO Cr203 was detected, \_/vh_ich confirms 'Fhe XRD results.
summarized inTable 2 The CpO; sample was single The microstructures are similar to the Cr-rich spinels for the
phase as expected—all XRD peaks were indexed to!OWer sintering temperature (1200); however, the mor-
hexagonal eskolaite. For the spinel samples, XRD patternsPhology is significantly different at 160C. Particle sizes
were virtually the same for samples sintered at 1200 and &' much larger for the Mn-rich spinels, exceeding.i®in
1600°C. In most cases, the XRD patterns were indexed Many cases, with reduced porosity. The A8n0s sample,
as the desired cubic spinel phases only; in three instancessintered at 1600C, was in the final stage of sintering and
(MnosCrz.50s, MnCroO4 and NiCkOjs), however, sec- had almostno porosity.
ond phases were detected. For the Cr-rich,®m_,O4 SEM images for NiGfO, and CoCsO4 samples are
samples (MpsCr2 504 and MnCgOa), the second phase showp in Figs. 7 and 8respect|vely: The microstructures
was indexed as GOs; (eskolaite). MgsCr,sO0s had are 5|m|lar for poth, _althqugh the Nigld, samples have a
significant amounts of GOs, with higher amounts for Iargerp_artlcl_esae.Slnte_rl_ngtemperaturehadveryllttleeff_ect
the 1600°C sample Fig. 23), while MnCpO, only had on particle size. No additional phases (_other than the spinel
trace amounts of GO3 and only for the 1600C sample. phases) were detected by EDX analysis, even though XRD
NiCr,04 contained no GiOs, but had trace amounts of Nio ~ analysis showed that the NigD, samples contained small

(Fig. 2b). amounts of NiO Table 2andFig. 20).

Table 3

EDX analysis of Mn:Cr ratio in spinels at various stages of preparation

Mn:Cr atomic ratio MR 5Cr2.504 MnCrO4 Mn1 5Cr1 504 Mn,CrOy
Target composition 15 1:2 11 2:1
After sintering at 1200C 15 1:2 1:1 2:1

After sintering at 1600C 1:3.3 1:2 11 2:1
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Fig. 2. XRD patterns for (a) MisCr2.504 sintered at 1200 and 160C and (b) NiCpO4 sintered 1200 and 160C.
3.3. Porosity measurements porosity, with the exception of MysCr2 504 which had a

lower porosity at the lower sintering temperature. Density
Porosity measurements, expressed as volume percents, ammeasurements generally correlate well with SEM microstruc-
summarized ifTable 4 The values are averaged from three tural observations. In particular, ME8rO, had the largest
measurements and have an errof-®26. For the most part, = decrease in porosity, from 17 to 1%, which is also quite evi-
increasing the sintering temperature leads to a reduction indent from the SEM image$-(Q. 6).
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Table 4
Porosities of CfO3 and spinel samples sintered at 1200 and T6D0

Mng 5Cr2.504 (%) MnCr,O4 (%) Mny 5Cry 504 (%) MnyCrOy (%) CoCpO4 (%) NiCr,04 (%) Cr 03 (%)

1200°C 17 13 16 17 20 14
1600°C 21 12 12 1 14 7 16

stainless steel (430 SS) andbOg are also shown ifiable 5

In the temperature range of 700-9@) the main oxide
phases forming on ferritic stainless steels surfaces are chro-
mia (CrO3) and spinels. Agood TEC match between compo-
nents would reduce thermal stresses, which might otherwise
cause structurally layered materials to delaminate or spall
locally. Chromia has a better TEC match with the stainless
steel, relative to any of the spinel phases.

3.5. Resistivity measurements

Figs. 9 and 10show plots of resistivity versus ZL/for
Cr,0O3 and the various spinel samples, sintered at 2&0
The error range for GO3 values is+9%; error ranges
for all other measurements are less theh %. The data
shown inFigs. 9 and 1@re corrected for porosity, by divid-
ing measured resisitivities by the corresponding bulk den-
sity fractions (~80—-100%). This approach was based on the
assumption thatresistivities vary linearly with porosity for the
porosities exhibited in this work. The resistivities show linear
behaviour with 17, over a wide range of temperatures, which
is indicative of semiconductor behaviour. All samples, except
for chromia, CoCsO4 and MnpCrQO4, show a slope change at
an intermediate temperature. The cause of the slope change
is not clear at this time, but may be associated with a phase
change.

Table 6shows a summary of resistivities (corrected for
porosity) measured at 75Q for the various spinel samples
and CpOg3, after sintering at 1200 and 1600. The table
also includes selected data from the literature. According to
a summary by KofstaflL5], resistivity values for GiOs in

Fig. 3. SEM secondary electron (SE) images ofg@r, s04 specimens
sintered at (a) 1200C and (b) 1600C.

3.4. TEC values

Thermal expansion coefficients for M@, CoCrO4
and NiCrQg4, sintered at 1600C, are shown inTable 5
The three 1600C sintered spinel samples had similar TEC
values. For comparison, literature values for AISI-SAE 430

Table 5

TEC values for the spinel samples, chromia and 430 SS

TEC ax108cch

430 SS 11.413] (25-500°C)
MnCr;04 7.2 (25-900C)
CoCrOgy 7.4 (25-900C)
NiCr204 7.6 (25-900C)
CrO3 9.6[14] (25-1400°C)

Fig. 4. SEM SE image of MnGO,4 specimen sintered at 160G. The larger
All samples were sintered at 1600. particle is CpOs.
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Fig. 5. SEM back scattered electron (BSE) images of BGr1 504 speci- Fig. 6. SEM BSE images of MiCrO; specimens sintered at (a) 120D
mens sintered at (a) 120C and (b) 1600C. and (b) 1600C.

the literature are generally reported to be in the 0,100 which Mn—Cr spinel was tested, with the authors referring to

range (in agreement with the value reported here), with the t€ SPinel as MnsCry sO4 in the text and MnGiO4 in their
exception of the value of 180m reported by Virkar and resistivity plot. It may be that resistivities were measured for
England[16]. Mn1 5Cr1 504 and not MnCpQg4, putting their values more

Widely spread resistivities for Mn@®, are reported in 1 line with the ones presented here.
the literature. The data from Englafi7] showed a similar
trend to the results in this work. The resistivities for MpOj
and Mn,CrO4, measured at 800, were 19.5 and 0.032m,
respectively. Both of their spinel samples were sintered in 4 7. Mn—Cr spinel samples
nitrogen and resistivities were measured with a two-point
probe. A very low resistivity for MNGiO4 of 0.0722m was 4.1.1. Phase analysis
reported by Virkar and England 6] in their patent. How- The Mn,O3—-Cr,0O3 phase diagram is shown rig. 11
ever, there seems to be some confusion in the patent abouf10], along with the compositions of the Mn-Cr oxide

4. Discussion

Table 6
Comparison of literature and measured resistivityn) values for spinel samples and chromia at 750

Mng s5Cr2 504 MnCrOy4 Mn1 5Cr1 504 Mn,CrOy4 CoCp0Oy NiCro04 Cr,03
Sintered at 1200C 2.16 323 0.62 0.078 0.53 0.016
Sintered at 1600C 6.59 786 0.23 0.033 0.51 0.016 .20
Virkar and England16] 0.072 180
England[17] 19,5 (800°C) 0.035 (800C)

The Oxide HandbooKL4] 0.78
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121

Fig. 7. SEM SE images of NiGO, specimens sintered at (a) 120D and
(b) 1600°C.
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Fig. 9. Resistivity as a function of temperature for chromia anq®4p_,)O4 spinel samples, sintered at 160D.
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Fig. 10. Resistivity as a function of temperature for chromia, bi@Zrand CoCsQg, sintered at 1600C.

specimens prepared; these are indicated by positionsthat only a single spinel phase is present. For bota G404

1, 2, 3 and 4. These numbers correspond to,GAd;,
Mn15Cr1 504, MNCr,O4 and MmysCrp 504 spinel com-

and Mny sCrq 504, the chemical formulas are more accurately
depicted as Mn(MnCr)@and Mn(Mmy 5Cr1 5)04. The Mn

positions, respectively. Note that the single phase, spinelin the brackets has a valence of 3+, while the Mn outside the

region is stable over a wide composition rang®{60 wt.%
Crp03) at selected temperatures.

brackets has a valence of 2+. Partial substitution of Mar
Cr3* leads to a slight increase in the cubic lattice parame-

Samples with compositions corresponding to positions 1 ter (and therefore the interplanar spacings), since the ionic

and 2, i.e., MpCrO4 and Mn; sCrq 504, should, based on

radius for Mr?* (0.066 nm) is slightly larger than that for

this diagram, produce a single spinel phase at either sinteringCr* (0.063 nm).

temperature, 1200 or 160C. The spinel phase is not ther-

For the composition corresponding to ysCrz 504 or

modynamically stable at room temperature; eutectoid decom-Position 4 on the phase diagram, the sample should be primar-

position to MrpO3 and CpOs is expected at-525-530°C.
However, because of kinetic limitations, decomposition of
the spinel phase is unlikely for the experimental conditions
used here. This assumption is borne out here fopGAQ,
and Mn, s5Cr1 504, as both the XRD and SEM results show

2400
2200 +

2000
1800 {- -~
1600 -

1400
1200
1000

800 T ey Mn,0,ss
600 1+

Temperature (*)C

Mn,O,ss

80 Cr,0

1,0,
Mol percentage of Cr,0, ( m
273 273

x100%)

Fig. 11. Phase diagram for M®3—Cr,O3 system (ss: solid solution; Tet.:
tetragonal; Lig.: liquid). The numbers 1, 2, 3 and 4 refer to the nominal
compositions of the prepared spinel samples, i.e 3G#0;4, Mnz 5Cry 504,
MnCr,04 and Mmy sCrz 504, respectively. Modified phase diagram from
The American Ceramic Societyww.ceramics.org

ily chromia with some spineH20%), assuming no decom-
position of the spinel phase to @3 and CpOs3 below the
eutectoid temperature. From the XRD resuftig( 2a), both
chromia and spinel were present in significant quantities, but
the amount of spinel was in excess of 20%. The reason for this
discrepancy may be related to the composition information
obtained through EDX analysis in the SEVaple 3. For the
sample sintered at 160C, actual Cr levels were lower than
the nominal M 5Cr2. 504 composition, putting the compo-
sition at position 4a on the phase diagram. Based on position
4a, the relative amounts of chromia and spinel should be
comparable, which agrees well with the XRD resufig( 2a

and Table 3. The apparent loss of Cr on sintering may be
due to the evaporation of chromia at elevated temperatures
as reported in the literatuf&8].

2Cr03(s) + 302(9) © 4CrGz(g) (2)

The loss of Cr would drive the overall sample composition
to the left (Mn-rich) side of the phase diagram (from position
4 to position 4a inFig. 11 resulting in more spinel phase
as observed in this work. In addition, the loss of Cr should
be more prevalent at 160C due to the higher Crpvapor
pressure.

For MnCrO4 or composition 3 on the phase diagram, the
sample should consist of two phases, i.e., mostly spinel with
a small amount of chromia. This agrees well with the XRD
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results inTable 2and SEM results ifFig. 4, where only a particle or grain size; the higher sintering temperature
trace amount of chromia was detected—the majority phase(1600°C) produces a coarser microstructurégé. 5 and §

was spinel. with fewer grain boundaries (fewer charge carrier scattering
centres), and therefore lower resistivities. Composition 3 cor-
4.1.2. Porosity and crystal morphology responds to the appearance of chromia in the samples. Here,

SEM results from samples sintered at 16a0showed the resistivity levels out and then decreases with increasing
well-developed crystal facets and qualitatively less porosity Cr levels for both sintering temperatures. This corresponds to
relative to samples sintered at 12@ (Figs. 3—§. Samples increasing amounts of chromia, which has a lower resistivity
sintered at 1200C showed signs of interdiffusion between than high Cr-containing spinel&ig. 9; Table §. The effect
the particles, as evidenced by neck formation, but the particle Of sintering temperature for compositions 3 and 4 is opposite
size is generally smaller, and necking less developed, relativeto that observed for compositions 1 and 2. The resistivities
to the higher sintering temperature. are higher for both samples sintered at 1600 The

There was a general decrease in porosity for higher sin- Sample corresponding to composition 4 (or 4a for the actual
tering temperatures, with the effect becoming more pro- composition) should have less chromia for a sintering tem-
nounced at higher Mn level§gble 4. The exception was  perature of 1600C, relative to 1200C, due to increased Cr
the My sCr2 504 sample, where the porosity was higher for €vaporation, which could account for the higher resistivity.
sintering at 1600C. The previous discussion indicates that
the My 5Cr2 504 sample consists of two phases, spinelplusa 4.2. NiCr;04 and CoCr,04
significantamount of GO3. Chromia can evaporate, particu-
larly at the higher sintering temperature, which could account  NiO—Cr,O3 and CoO-CsO3 phase diagrams were not
forthe increased porosity. For the MnQy; sample Table 4, available in the published literature, so direct phase analysis
the porosities are almost the same for the two sintering tem-as was done with the Mn—Cr spinels was not possible.
peratures. The expected decrease in porosity due to betteCoCrO,4 was single phase, as confirmed by XRD analysis,
sintering at 1600C may be offset by some evaporation of with very little difference in morphology (other than particle

the limited amount of chromia present. size) for the two sintering temperatures. NiOj was
primarily single phase, with only trace amounts of NiO.
4.1.3. Resistivities Whether NiO arises from sample preparation or from phase

Resistivities at 750C (corrected for porosity) for the  separation during sintering is not clear from this study.
Mn—Cr spinels are plotted as a function of oxide compo-  Resistivity results iffable 6showed, after porosity com-
sition (the same format as used for the phase diagram) inpensation, similarvalues for both 1200 and 16G0NiCr,04
Fig. 12 The resistivities for both the 1200 and 16@@ samples had the lowest resistivities compared with all other
sintered samples increase with increasing Cr content untilsamples including GOs. The resistivity at 750C was
composition 3, whereupon the resistivities decrease slightly 0.0162m, which is more than order of magnitude better than
thereafter. Compositions 1 and 2 correspond to,®hd, the lowest values for the best Mn—Cr spinels. Galy; on
and Mn _sCry 504, respectively, and represent single-phase the other hand, had resistivity values consistently higher than
spinel regions. It is clear that increasing the Cr level in the Cr203, except at the highest test temperatures, with values
spinel phase increases its resistivity. For compositions 1 similar to the best Mn—Cr spinel§ig. 10).
and 2, the effect of sintering temperature is likely related to

5. Summary

10.0

Several spinel samples, i.e., MBr3_,04 (0.5<x < 2.5),

. NiCro0O4 and CoCpQ4, were synthesized and studied in
terms of phase analysis, density, resistivity and thermal
. expansion behaviour. The following results were obtained:

. e The spinel samples were generally single phase. The

exceptions were MnG0O, and My sCr2 504 with signif-

¢ icant amounts of GIO3 and NiCpO4 with trace amounts

n of NiO.

e Porosity, in general, decreased with increasing sintering
temperature. The exception was yH4Cro 504, which had
more porosity for the higher sintering temperature. This
was attributed to evaporation of £003.

Fig. 12. Plot of resistivity at 750C vs. Mn,O3—Cr,O3 composition for e NiCr204, CoCpO4 and MnCpOg4 all had similar ther-

samples sintered at 120G () and 1600C (M). mal expansion behaviour, with TEC values equal to

0.1
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7.2-7.6x 10°%/°C. The TEC difference between the
spinels and ferritic stainless steel (430 SS) was larger than

the difference between the steel and chromia, which has a

TEC of 9.6x 10-6/°C.

The spinels and chromia exhibited semiconductor-type
behaviour, with electrical resistivities decreasing with
increasing temperature. Only M@rO, and NiCrO4 had
resistivities lower than GO3 over the entire tempera-
ture range of testing (20—90C). NiCr,0O4 had the lowest
resistivities.

For Mn,Cr»_, Oy, resistivity decreased with increasing Mn
content.
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