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Abstract 

Long-term stability and chromium (Cr) contamination are two major concerns for 
application of chromium-bearing metallic materials as interconnects of solid oxide fuel 
cells (SOFCs) at intermediate temperature (-800°C). Copper-manganese (Cu-Mn) and 
cobalt-manganese (Co-Mn) spinel can be promising coating materials for the metallic 
interconnects as they show high electrical conductivities. The first objective of this 
research is to develop an economical and convenient method through which the spinel 
coatings can be applied to the metallic substrates. The investigations on the crystal 
structure of CuxMn3-x04 spinel, e.g., structure symmetry and cation distributions, have 
always been controversial, which hinders the total understanding of the detailed structure 
of the material. In order to resolve the inconsistency, in-situ neutron and X-ray 
diffraction were employed to determine the structure of the spinel. 

A novel method was developed to obtain high quality manganese coating without 
any additives (sulphur or selenium compounds). Cu-Mn and Co-Mn spinel coatings were 
applied to metallic coupons by electrodeposition and subsequent annealing. The method 
is convenient and easy to control. The performance testing showed that the area specific 
resistances (ASRs) of the coated samples (0.003 O•cm2

) are much lower than that of the 
uncoated UNS 430 (0.189 O•cm2

) after oxidation at 750°C for 1500 hours. Moreover, 
both spinel coatings can effectively suppress the outward diffusion of Cr, which resulted 
in reduction of Cr contamination significantly. The oxidation studies of Cu-Mn coating 
revealed the transformation mechanisms of Cu-Mn coating to the spinel. In-situ neutron 
and X-ray diffraction analysis clarified the crystal symmetry of CuxMn3_x04 spinel and 
CuMn02 at high temperatures. Rietveld refinement revealed the cation distribution of Cu 
and Mn ions on tetrahedral and octrahedral sites of CuxMn3-x04 spinel, which was 
compared to values in the literatures. 
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Chapter 1 

Introduction 

1.1 Background 

A solid oxide fuel cell (SOFC) is a complex ceramic device which consists of 
three main components: an anode, electrolyte and cathode. Only since the 1960s, has the 
SOFC have been considered as a possible future energy technology due to advances in 
materials and especially materials chemistry. The voltage obtained from a single cell 
under load is approximately 1 V. Therefore, it is necessary to connect the cells in 
electrical series to obtain the output power suitable for commercial use. The interconnect 
is a component that separates the cells into units but connects them electrically. Over the 
past several decades, efforts in interconnect development have been primarily focused on 
the family of compound ceramic oxides with perovskite structure. Only a few such oxide 
systems can satisfy the rigorous requirements for the interconnect materials in SOFCs. 
Lanthanum chromite (LaCr03) doped with strontium, or calcium (La1_x(Sr,Ca)xCr03) is 
the preferred ceramic interconnect material for SOFCs operating above 800°C since it 
exhibits sufficient electronic conductivity under fuel and oxidant atmospheres, adequate 
stability in the fuel cell environment, and reasonable compatibility with other cell 
components. However, this material is difficult to fabricate and deforms due to the loss 
of oxygen at the fuel side, and the price of precursor powder is high. Another 
disadvantage of these materials is their poor tolerance to sudden temperature changes. 
Therefore, high cost and inferior workability of the ceramics are major restrictions in the 
production of large components. 

Since 1990, significant progress has been made toward reducing the operating 
temperature of SOFCs (below 800°C) while still keeping the same level of performance 
(Feng 1994; Ishihara 1994; Huang 1998; Huang 1996; Souza 1997). The reduction of 
SOFC operating temperature enables the use of low cost metallic materials, such as Cr­
based, Ni-based and Fe-based alloys as interconnect materials due to their superior 
electronic and heat conduction, and low cost (Huang 2000; Linderoth 1996). Now, 
ferritic stainless steel has become the standard for interconnects in solid oxide fuel cells 
(SOFCs) due to its matching coefficient of thermal expansion, and high resistance to 
oxidation (Brylewski 2001; Horita 2002; Linderoth 1996). The main problems with these 
materials are their poor long-term stability and chromium volatility. It has been 
demonstrated that chromia-forming alloys will form volatile Cr(VI) species under SOFC 
operating environments (Dulieu 1998; Urbanek 2002), which results in chromium 
poisoning of the cathode and deterioration of cell performance. Moreover, Cr20 3 is a 
poor conductor with an electrical conductivity of 10-1-10-2 Siem at 800°C (Park 1989; 
Tsai 1995), and hence the area specific resistance (ASR) of the interconnects and oxide 
electrodes approaches the tolerance limit for practical SOFCs (Oishi 2000). Therefore, a 
protective coating for the metallic interconnect, which is also electronically conductive, 
non-volatile and chemically compatible with other cell components, is the most direct 
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solution to the problem. Moreover, the protection layer should possess low chromium 
cation diffusivity and low oxygen ion diffusivity. 

Research was carried out on rare earth oxide coatings, such as yttria-silver and 
praseodymia coatings, for 430 stainless steel interconnects, as part of my masters thesis. 
The lowest ASR obtained at 750°C after 744 hours was 0.09 Q·cm2, but as the coatings 
were very thin, the outward transport of Cr was not suppressed (Wei 2005). Many 
studies have been done on perovskite coatings for metallic interconnects (Kim 2004; Zhu 
2004; Przybylski 2004; Quaddakers 1996; Yoo 2001). However, the application of 
perovskite layers is more difficult. Several investigations have shown that a cobalt­
manganese spinel coating is an effective barrier to chromium migration, decreasing 
oxidation and improving electrical conductivity of the cell (Chen 2005; Simner 2005; 
Larring 2000; Yang 2005). 

The primary purpose of this research was to develop an economical and 
convenient method for developing copper-manganese (Cu-Mn) and cobalt-manganese 
(Co-Mn) spinel coatings on metallic substrates and to study their performance and 
properties, e.g., electrical conductivity, oxidation behavior. 

Spinel have the general formula AB20 4, where A and B are divalent and trivalent 
cations, respectively. Since the physical properties of a spinel depend not only on the 
kind of cations in the spinel but also on their distribution within the interstices, it is 
important to know the cation distribution and its effect on the physical properties. The 
structure and ionic configuration of CuxMn3.x04 have been studied over a long time as 
they have exceptionally high electrical conductivity (Kolomiets 1957; Buhl 1969; 
Verwey 1936; Verwey 1947; Verwey 1954; Stokman 1951; Zaslavskii 1969), but the 
results are ambiguous. It is accepted that CuMn204 is not a totally normal spinel with 
inversion degree varying from 12 to 30% as determined by x-ray and neutron diffraction 
of quenched samples (Aoki 1965; Buhl 1969; Radhakrishnan 1974; Zaslavskii 1969). 
Recently, the crystal structure of CuxMn3.x04 has been studied in detail due to their high 
catalytic activity for oxygen reduction as a cathode material (Martin 2007). The 
quenched samples were analyzed by neutron diffraction. Although some useful 
information was obtained, the Cu-Mn spinel lattice presents very significant electronic 
mobility, which renders quenching from elevated temperature impractical. The proposed 
model provides only a first approximation of the thermodynamic behavior and 
cation/valence distribution, with thermodynamic parameters for the redox reaction 
consistent with calculated values. Exact determination of the dynamics of cation site 
distribution will require in-situ neutron diffraction at elevated temperature. 

Another purpose of this research was to investigate the structure, e.g., the cation 
distribution of Cu-Mn spinel through in-situ neutron diffraction, and determine phase 
boundaries of the Cu-Mn-0 system at intermediate temperatures through in-situ neutron 
and x-ray diffraction. 

1.2 Objectives and organization of the thesis 

The objectives of the work are as follows : 

2 




PhD Thesis - P. Wei McMaster University - Materials Science and Engineering 

1. 	 Develop cobalt-manganese and copper-manganese metallic coatings on UNS 430 
stainless steel substrate through a convenient and economical method; 

2. 	 Develop a process which can be applied to transform the metallic coatings to the 
corresponding spinet layers without damaging their integrity; 

3. 	 Test the performance of two spinet layers under oxidation conditions; 
4. 	 Investigate arrangement of cations and extent of spinet solid solution in Cu-Mn­

0 through in-situ neutron and x-ray diffraction analyses. 

A literature review of the research is included in Chapter 2. Chapter 3 describes 
the sample preparation procedure for the different experiments. In addition, sample 
analyses methods, e.g., in-situ neutron and x-ray diffraction, are briefly introduced. 
Chapter 4 focuses on experimental results and discussion on eletrodeposition, electrical 
conductivity measurement, and transformation mechanisms of metallic coatings to the 
spinet. In chapter 5, in-situ x-ray diffraction and neutron diffraction data are analyzed. 
The Cu-Mn-0 phase diagram is re-constructed based on in-situ x-ray diffraction. The 
crystal structures of CuxMn3_x04 and Cu1+xMn1-x02 solid solutions are studied. Cation 
distribution in CuxMn3-x04 solid solutions is calculated based on in-situ neutron 
diffraction data refinement. 

3 
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Chapter 2 

Literature Review 

2.1 Interconnect materials of Solid Oxide Fuel Cells (SOFCs) 

Metallic materials are commonly used for the interconnects of solid oxide fuel 
cells (SOFCs) at intermediate temperatures. However, the problems with the metallic 
materials persist, even with decreasing temperatures. 

2.1.1 Problems with metallic interconnects 

Decreased operating temperature of SOFCs allowed substitution of heat-resistant 
alloys for ceramic materials as interconnects (Fergus 2005; Yang 2003) and ferritic 
stainless steels with optimized alloy element additions are considered to be the best 
candidate materials for the interconnect application, with the following properties 
(Linderoth 1996; Linderoth 1996; Brylewski 2001; Horita 2002; Kakowaki 1993): 

• 	 chemical stability due to the formation of a Cr203 scale at elevated temperature in 
air, as well as in H2-H20 and H2-H20-H2S gas mixtures 

• 	 thermal expansion coefficient close to that of other cell components, e.g., 1Ox1 o-6 

K 1 for YSZ versus 9-12xl0-6 K 1 for Fe-Cr alloys for temperatures up to 1000°C 
• 	 considerably lower cost of fabrication compared with ceramics 
• 	 excellent machinability, scale-up feasibility and gas tightness 

2.1.1.1 Oxidation behavior of metallic interconnects 

The corrosion behavior of ferritic stainless steels under consideration has been 
studied in air (Young 2001; iffard 2004; Velasco 2004; Horita 2002; Petit 2004; 
Kurokawa 2004; Yang 2005) and in H2/H20 as well as in mixtures containing sulphur, 
e.g. H2/H20/H2S at elevated temperatures (Abellan 2002; Przybylski 1999; Brylewski 
2001). It was shown that these materials exhibit high oxidation resistance by forming 
stable chromium oxide on their surface. Once formed, the Cr20 3 scale adheres strongly 
to the metal surface and becomes essentially impermeable to corrosive gases (Wagner 
1951 ). Consequently, this scale can act as a diffusion barrier for oxygen on the cathode 
interconnect, protecting the alloy from rapid oxidation during operation. Since an oxide 
layer inevitably forms on the surface of metals in oxidizing atmospheres, the ideal 
situation is that the metallic interconnect possesses sufficient oxidation resistance over 
the projected service lifetime (40,000 h) of SOFCs. Ferritic stainless steels are attractive 
and suitable for interconnects in SOFCs. However, the electrical conductivity of a 
thermally grown chromia layer is reported to be very low, -10-4-10-5 S • cm·1 at 750­
8000C (Virkar 2000; Armstrong 2005), although other references put the resistivity closer 

1to 	10·2 S • cm- (Samsonov 1973; Huang 2001). It has been demonstrated that the 
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chromia scales on stainless steels can grow to micrometers or even tens of micrometers 
after thousands of hours in the SOFC environment, which increases the overall cell 
resistance and consequently causes unacceptably high degradation rates in SOFC stack 
performance (Abellan 2002; Honegger 2001; Huang 2000; Brylewski 2001; Zhu 2003; 
Yang 2003). As a rule of thumb, an area specific resistance (ASR) value of 0.1 Q·cm2 is 
considered to be the acceptable upper limit for fuel cell operation (Zhu 2003). Therefore, 
an improvement in electronic conduction of the oxide scale is required. 

2.1.1.2 Chromium contamination 

Although the evidence suggests that it is possible to increase the electrical 
conductivity of Cr203 through doping with other elements, other concerns remain with 
ferritic stainless steels such as their long-term stability and compatibility issues, which 
are related to Cr volatility. Under cathodic conditions, volatile Cr (VI) species are 
generated from the Cr203 layer (Dulieu 1998; Greiner 1995; Urbanek 2000; Kofstad 1996; 
Kock 1995): 

2Cr203(s) + 302(g) +-+ 4Cr03(g) (2.1) 
2Cr203(s) + 302(g) + 4H20(g)+-+ 4Cr02 (OH)2(g) (2.2) 
Cr203(s) + 02(g) + H10(g) +-+ 2Cr020H (g) (2.3) 

All of the above processes are reversible, and therefore, the high-temperature 
oxidation of chromia-forming alloys indeed involves both scale formation and 
volatilization of oxides and oxyhydroxides. The electrochemical performance of SOFCs 
is severely deteriorated by the presence of gaseous chromium oxides and chromium 
oxyhydroxides at the cathode side of the fuel cell. Furthermore, over long-term exposure 
during SOFC operation, the oxide layer on ferritic stainless steel may react with the 
LaMn03 cathode and thus reduce the performance of the stack. Indeed, it was found that 
during thermal exposure, a duplex outer layer scale of Mn-Cr spinel and Cr20 3 inner 
layer were formed by interaction of stainless steel with the LaMn03 component (Ueda 
2000; Quadakkers 2000). The Cr203 deposition at the interface between the 
Lao.ssSro.1sMn03 (LSM) and the YSZ electrolyte causes an increase in both concentration 
and activation polarization (Matsuzaki 2000). For example, Cr species that evaporate 
from the steel at operating temperatures poison the electrode performance, in particular 
the oxygen reduction reaction at the cathode. Moreover, the electrical resistance of Cr203 
is proportional to its thickness, and the ASR (area-specific resistance) of bare alloy with 
oxide electrodes approaches the tolerance limit for practical SOFCs quickly (Oishi 2000). 
Until recently, chromium-bearing metallic interconnects could only be applied to SOFCs 
operating below 700°C (Brylewski 2001). 

2.1.2 Possible solutions for metallic interconnects 

In order to improve the conductivity and suppress growth of Cr20 3 scale, many 
researchers have tried doping Cr203 with different elements, e.g., Fe20 3 (Footner 1967), 
La203, Y203 and NiO (Nagai 1983), CoO (Saprykin 1997; Zhu 2003), Gd20 3, Sm20 3 

5 
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(Nagai 1985), MgO (Holt 1997), and Ti02 (Holt 1999). The doped materials did increase 
the electrical conductivity of Cr203 to a certain extent. However, doping still cannot 
solve the problem of gaseous chromium species evaporation. 

Another approach is to design new alloys or hybrid interconnect materials with 
improved performance over the present ferritic stainless steels. Although development of 
new alloys is costly, some work is still under way. Manganese has been used as an 
alloying addition in several newly developed ferritic compositions (Abeilan 2001; Horita 
2003; Quadakkers 2000). One such alloy is Crofer22 APU, a commercially available Fe­
Cr-Mn steel developed specifically for SOFC applications. Sirnner et al. (2005) studied 
SOFC performance with this alloy as the cathode current collector at 750° C. Three 
cathodes were tested: (Lao.sSro.2)0_99Mn03, (Lao.sSro.2)0,99fe03, and 
(Lao.6Sro.4)o.9sFeo.sCoo.203. The results showed that the use of Crofer22 alloy as cathode 
current collector resulted in severe performance degradation at 750°C for the three 
cathode materials due to Cr poisoning. The mechanisms could be attributed to Cr 
volatilization and recondensation throughout the cathode, and/or solid-state reaction of 
the Cr-containing oxide scales with the adjacent cathode. 

An alternative method to reduce the oxidation kinetics of metallic interconnects 
and suppress the loss of Cr through evaporation is the application of protective coatings. 
The coatings should be dense, electronically conductive, non-volatile and chemically 
compatible with other cell components at operating temperatures and atmospheres, have 
high electronic conductivity and slow ionic diffusion to reduce oxidation kinetics. Two 
classes of materials that are thermodynamically stable, bond well to metals, and exhibit 
acceptable conductivity are spinel and perovskite phases containing transition metal 
elements (Armstrong 2005). Many studies have been done based on this concept 
(Armstrong 2005; Larring 2000). Some La-based perovskite conducting thick films, e.g., 
(La,Sr)Co03 and (La,Ca)Cr03 films, due to their high electronic conductivity, thermal 
expansion match and a relatively high chemical stability at 923-1173 K (Abellan 2002; 
Przybylski 2000; Przybylski 1999; Minh 1995; Brylewski 2003; Brylewski 2001), have 
been popular candidates. 

Przybylski et al. (2004) studied La-based perovskite thick films, (La,Sr)Co03 and 
(La,Ca)Cr03, on Fe-25Cr steels, and found that the ASR value of the tested Fe-25Cr steel 
coated with the La-based perovskites did not exceed the value of the currently applied 
commercial ceramic interconnect based on lanthanum chromium doped with strontium, 
and is relatively stable at 800°C in air. The maximum testing time during the studies was 
less than 300 hours. Research on different coatings of mainly LaCo03 and LaCr03 
perovskites has been done in order to reduce the chromium evaporation (Batawi 1999; 
Schmidt 1995; Badwal 1997; Quadakkers 1996; Quadakkers 1996). These layers may 
reduce the resistance between the cathode and interconnect by increasing the contact area. 
However, interdiffusion of cations through the layers and formation of new interfacial 
layers may cause long-term problems. Zhu et al. (Zhu 2004) investigated the feasibility 
of depositing a thin, dense, conductive LaCr03-based coating on ferritic stainless steel 
using different methods. The results showed that the sol-gel coatings improved the 
oxidation resistance and scale adhesion of the alloy substrate after cyclic oxidation in air 
at 800°C, and the coated samples showed much lower electrical resistance compared to 
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the uncoated samples after similar thermal exposure for 100 hat 850°C. Kim et al. (2004) 
investigated the effect of (Lao.ssSro.1 5)o.9Mn03 (LSM) coating on the electrical 
conductivity of SUS 430 stainless steel in air at 750°C. The LSM-coated UNS 430 was 
heat-treated in air at 1000°C after sintering, and maintained an almost constant ASR 
value of 0.074 !l·cm2 for 2600 h. Larring and Norby (2000) investigated the spinet and 
perovskite functional layers between Plansee Ducrolloy alloy Cr-5wt%Fe-l wt%Y20 3 
(Plansee) and ceramic (Lao.ssSro.1s)o.91Mn03 cathode materials by means of electrical 
resistance measurements at 900°C in air humidified with 2% H20 and with a de load of 
100 mA/cm2. Their results showed that one sample of Plansee alloy with plasma-sprayed 
Lao.9Sro.1Cr03 and a contacting layer of Lao.sSro.2Co03 exhibited little degradation, 
estimated to be 0.066 n·cm2 after 10,000 h. Coatings forming MnCr20 4 spinel and using 
Lao.sSro.2Co03 as a contacting layer showed a low estimated degradation of 0.04-0.06 
!l·cm2 after 10,000 h. Another spinel (Co,Mn)30 4 layer which is dense and adheres well 
to the Plansee alloy surface appeared to reduce Cr diffusion significantly, and when used 
together with a mixed perovskite made of 1: 1 LSM and Lao.sSro.2Co03 as a contacting 
layer, exhibited an estimated ASR of0.024 n·cm2 after 10,000 h. 

It can be seen from many studies that perovskite coatings on metallic 
interconnects do lower the interfacial contact resistance, but cell performance may still be 
degraded by gaseous chromium contamination. Moreover, perovskite overlay coatings 
can have a thermomechanical stability problem during thermal cycling due to poor 
adhesion and/or coefficient of thermal expansion mismatch (Yang 2005). Rare earth 
oxide coatings, e.g., yttria-silver and praseodymia coatings, have been tried and the 
performance of coated samples did show better performance than bare ones, but the thin 
layer could not suppress outward diffusion of chromium (Wei 2005). 

It was originally suggested by Larring and Norby that spinel such as MnC0204 
could be promising coating materials for metallic interconnects (Larring 2000). Simner 
et al. (2005) investigated long-term performance of anode-supported thin-film YSZ-based 
SOFCs utilizing a ferritic stainless steel cathode current collector (Crofer22 APU) coated 
with a protective (Mn, Co )304 spinel to prevent Cr volatilization. Two kinds of cathode 
materials were used: La(Sr)Fe03 (LSF) and La(Sr)Mn03 (LSM). The results showed that 
Mn1.5Co1.504 coating effectively mitigated Cr volatilization even at 800°C over long time 
periods (1000 h) when LSM cathodes were used. For LSF cathodes, rapid degradation 
was observed but the mechanism was not investigated. Chen et al. (2005) used a Mn-Co­
o spinel coating on a 430 stainless steel in order to slow down the chromia scale 
formation. Their experiments showed that the area specific resistance (ASR) of uncoated 
UNS 430 at 800°C for 180 h was about one order of magnitude higher than those of the 
coated samples. The ASR for the coated sample, initially oxidized for 60 h at 800°C, 
followed by an additional cyclic oxidation at 850°C for 120 h, is as low as 2.5x10-3 

!l·cm2, which is the lowest value obtained so far for coated UNS 430 at 850°C. By 
modeling, they predicted an ASR of approximately 0.5 !l·cm2 after 50,000 h in air at 
850°C. 

Recent research on spinel systematically studied the conductivity and thermal 
expansion coefficients of the possible candidates, namely, those containing divalent and 
trivalent cations. Based on research of manganite, ferrite, aluminate, and chromite 
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transition metal spinet systems (Hang 2005; Petric 2007), several were particularly 
attractive due to their relatively high electrical conductivity and matching TEC, namely, 
CoxMn3_x04 and CuxMn3-x04. The conductivities of CoxMnJ-x04 and CuxMn3_x04 are 
shown in Fig. 2.1 and 2.2 (Martin 2007). It can be seen that these two materials have 
quite high conductivities in the SOFC operating temperature range. Studies on Co-Mn 
spinet coatings have demonstrated that the coating can effectively stop chromium 
migration, decrease oxidation and improve electrical conductivity of the cell (Chen 2005; 
Sirnner 2005; Larring 2000; Yang 2005). Therefore, these materials could be candidate 
materials for coatings on metallic interconnects. 

1200 1000 800 600 

Temperature (K) 

Figure 2.1 Electrical conductivity of CuxMni-x04 in air: (1) x = 1.08, 
(2) x = 1.19, (3) x = 1.28, (4) x = 1.47, (6) x = 1.58 (Martin 2007) 
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Figure 2.2 Electrical conductivity of CoxMn3.x04 at 800 degree Celsius in air 
(Martin 2007) 

2.2 Electrodeposition of metallic coatings 

Many methods have been tried to form protective oxide coatings for metallic 
interconnects, e.g., pulsed injection metal organic chemical vapor deposition (Burriel 
2005), slurry coating (Kim 2004; Yang 2005), screen-printing (Przybylski 2004), thermal 
spray (Schiller 2000), reactive formation and sol-gel coating (Zhu 2004), etc., and the 
coated samples showed better performance than uncoated ones. Although these methods 
showed some success, they also had some drawbacks, e.g., the process itself is hard to 
control, a special experimental set-up is needed, and applying coatings to a surface with 
intricate shape is difficult. The electroplating method is attractive because it is a very 
mature technology, easy to control and economical. Moreover, it can be applied to parts 
with complicated shape, which can be the case for metallic interconnects. However, 
electroplating is simpler for metallic coatings than oxide coatings but metallic coatings 
can be converted to oxides afterwards, as will be described later. 

As described above, Cu-Mn and Co-Mn spinel have some promising features as 
interconnect coatings and can be applied by electrodeposition of metallic layers. 
Electrodeposition of alloys is well known, and the most important practical consideration 
involved in the codeposition of two metals is that their deposition potentials be fairly 
close together. As the first step, the difference in electrochemical potential can be used 
as an approximate (rough) estimate of the difficulty of codeposition. However, 
equilibrium potential merely indicates the energy change that accompanies a reaction and 
it does not define the conditions under which the reaction can occur. The equilibrium 
electrode potentials of Mn/Mn2

+, Cu/Cu2
+ and Co/ Co2

+ are - 1.18 V, 0.337 V and ­
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0.277 V respectively (Brenner 1963). Clearly there is a large difference between Mn and 
Cu equilibrium potentials, and Mn and Co equilibrium potentials. According to the 
Nernst equation at 25°C: 

E = Eo - 0.059 lga (2.4) 

n 


where n is the number of equivalents per mole, and a is activity of the ion. Changes in 
the equilibrium potential of a metal are proportional to the log of the activity of the ion in 
solution. A hundred-fold decrease in the concentration of a divalent salt of the more 
noble metal would make the potential of the electrode only about 0.06 V more negative. 
Furthermore, the use of a dilute solution of the more noble metal in an alloy bath is 
impracticable, as when the concentration of the more noble metal is less than 1 % that of 
the other, the concentration changes so rapidly during deposition that alloys of 
reproducible composition can not be obtained. In reality, many electrodeposited metals 
are obtained from solution in which the metal is present in the form of a complex, known 
as a chelating agent, instead of in the form of simple ions. The big advantage of baths of 
complex ions for alloy plating is that, in such baths, it is possible to bring the electrode 
potentials of metals closer together, which makes codeposition feasible. However, real 
application of alloy electrodeposition is very difficult in fact, and control of the 
composition of the alloys is almost impossible. Electrodeposition of alloys requires 
much practical knowledge of the electrochemistry of the elements, the solubility of their 
salts and the chemistry of their complexes. Due to the lack of quantitative guiding 
principles, a large number of tests might be needed. Moreover, a large portion of the 
alloy plating procedures in the literature is of no practicable value because they only yield 
very thin deposits of the alloy (Brenner 1963), to say nothing of quantitatively controlling 
alloy composition. Based on this information, the coating approach selected was to 
electroplate Mn, Co and Cu separately. 

2.2.1 Electrodeposition of manganese 

In electroplating, normally, aqueous solutions containing chemical compounds of 
the metals to be deposited, and having good electrical conductivity, are used for the 
electrodeposition of metals. It is well known that Mn is the most electronegative metal 
that can be electrodeposited from aqueous solution. Research on electrodeposition of Mn 
and its alloys began half a century ago (Oaks l 936;Dean 1952; Bradt 193 7), and most of 
the literature is concerned with practical issues in electrowinning of Mn (Araujo 2006; 
Mantell 1967; Coleman 1984; Harris 1977; Ilea 1997; Iwasaki 1968; Mantell 1966; 
Mantell 1969; Mitsui Mining and Smelting Co. 1982; Reynolds 1983; Tilak 1962). 
Recently, research on the electrodeposition of Mn using modern electroanalytical 
techniques has been reported (Gong 2002; Gonsalves 1990). Normally, Mn deposition 
can be obtained through the use of Mn sulfate and chloride, together with corresponding 
ammonium salts (Mantell 1967; Oaks 1936; Lewis 1976; Lewis 1976; Diaz-Arista 2006; 
Dean 1952). The addition of ammonium sulfate to the Mn electrolyte can prevent 
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precipitation of Mn hydroxides during electrodeposition and improves the conductivity of 
the solution (Oaks 1936; Dean 1952). It was reported that ammonium salts can be used 
to suppress precipitation of manganous hydroxide even when the pH value of manganous 
salt solutions is raised to about 9 in the absence of air. In the presence of air, the solution 
becomes gradually unstable due to the precipitation of Mn hydroxide when its pH is 
above 6.5 (Gong 2002). Moreover, the buffering effect of ammonium sulphate at various 
Mn concentrations was also demonstrated. It was believed that the presence of NH4+ 

appeared to increase the difficulty with which hydrogen ions are discharged (Dean 1952). 
Recent research showed that ammonium sulfate increases Mn ion discharge ability and 
provides a desirable buffering effect at pH 2-3.5 and 6-7, and the presence of ammonium 
sulfate is essential to grow Mn coatings with good coverage (Gong 2002). 

Although much has been published in this field, it is difficult to obtain Mn 
coatings with uniform quality from readily available reagent grade chemicals at the 
laboratory scale. Mn metal deposition is very sensitive to any amount of impurity. 
Impurities of different metallic ions and evolution of hydrogen lower the current 
efficiency by about 50 percent (Murti 1986). The impurities having the more detrimental 
effect are Fe, Co, Ni, Sb, As and Cu. It is believed that the deleterious impurities show 
low hydrogen overpotential in basic medium, and contribute to high hydrogen gas release 
and low current efficiency of the process (Araujo 2006). Normally, acceptable Mn 
coatings can be obtained by adding controlled levels of sulfur or selenium compounds as 
additives. In general, these additives increase current efficiency, and decrease the 
deleterious effects of the impurities. According to the literature (Lewis 1976), high 
cathode current efficiencies (85-90%) can be obtained at selenium levels of 0.03-0.06 g/L. 
However, the application of the additives leads to contamination of the Mn metal product 
(Ilea 1997; Gamburg 1999). Although selenium additives are more effective than sulfur 
compounds (Lewis 1976), the advantages of using selenium compounds are countered by 
the danger of selenium inclusion in the product at significantly higher levels than sulfur 
levels. These substances in the Mn deposits definitely decrease corrosion protection. 
Moreover, these additives are toxic and dangerous to the environment. Therefore, it was 
necessary to develop a new method for depositing high quality Mn coatings at room 
temperature without the use of additives. 

2.2.2 Electrodeposition of cobalt 

Electrodeposition of iron-group metals (iron, cobalt, nickel) has been studied for a 
long time (Cui 1990; Dille 1997; Floate 2002; Gomez 2002; Jartych 2002; Jartych 2001; 
Meguid 2003; Pradhan 2001; Sasaki 1998; Schindler 1997) and focused mainly on 
development of thin films (< 1 um). For application of thick coatings (at least several 
microns) following the procedures described in the literature, spallation and detachment 
of the deposit occurred in my preliminary tests. Therefore, it was necessary to develop a 
new approach for Co electroplating. 
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2.3 Transformation of metallic coatings to spinel 

In order to transform metallic coatings to the spinel, oxidizing them at high 
temperature was necessary. Up to now, there is no literature in this field and there are 
few papers reporting oxidation behavior of Co-Mn alloys and Cu-Mn alloys. 

Gesmundo et al. (1979) studied the oxidation of Co-Mn alloys in the range up to 
48 at% Mn at 750-950°C and found that the phases formed in the scale and the cation 
concentration was dependent on oxidation time. The formation of a continuous layer of 
spinel would be favored on the more Mn-rich alloys. Narita et al. (1987) investigated 
oxidation of Co-Mn at higher temperatures (1000-1200°C), and found that when the 
spinel (Co,Mn)304 is continuous and parallel to the alloy-scale interface, it can cause a 
significant reduction in the parabolic rate constant of the oxidation curve, which can be 
attributed to a blocking effect of cation diffusion in spinel. Decreased temperature and 
increased oxygen pressure promote the formation of spinel oxides (Ansel 1993; 
Gesmundo 1979; Nanni 1978; Narita 1987). The Cu-Mn-0 system has some interesting 
features: both metals can form more than one oxide; Cu and Mn oxides are mutually 
soluble to some extent. Therefore, the oxidation behavior of Cu-Mn alloys is complex. 
Ansel et al. (1993) studied the oxidation behavior of Cu-Mn alloys (Mn content less than 
40 at%) in the range of 600-850°C in pure oxygen. They also found that Cu-Mn spinel 
formed more easily at higher Mn concentration and higher temperatures. 

As little research has been done in the field, the oxidation behavior of Cu-Mn and 
Co-Mn alloys are still not well depicted, but we have some idea about the conditions 
under which spinel scales could form: high Mn concentration and intermediate 
temperature. For this thesis, the target compositions of Cu-Mn spinel and Co-Mn spinel 
are 43 at% Cu and 58 at% Co (the spinel with these compositions give high electrical 
conductivities), which clearly meet the needs of composition requirements for the 
formation of spine! scales. 

2.4 Crystal structure analyses 
2.4.1 Crystal structure of Cu-Mn spinel 

Spinel is a large class of compounds isotypic with the mineral spine! MgAh04. 
The most common oxide spinel have the general formula AB204, where A and B are 
divalent and trivalent cations, respectively. The crystal structure of spine! was 
determined independently by Bragg(Bragg 1915) and Nishikawa(Nishikawa 1915). The 
majority of spine! compounds belong to the space group Fd3m. The ideal "normal" 
structure can be thought of as being based on a cubic close-packed array of oxide ions, 
with A2+ ions occupying tetrahedral holes and B3+ ions occupying octahedral holes. The 
primitive unit cell is illustrated in fig. 2.3; it is broken into eight octants, of which there 
are only two kinds, shown on the left. When compounds of general formula AB204 
adopt the "inverse" structure, half of the B3 

+ ions now occupy tetrahedral sites, and the 
remaining half, together with the A z+ ions, occupy the octahedral sites. These materials 
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have found a wide and increasing application as oxidation catalysts and oxide electrode 
materials. 

eA eB 00 

Figure 2.3 Spinel structure 

CuMn204 is a spinel that is not well known but has interesting physical and 
crystallographic properties (Brabers 1973; Fierro 2006; Gillot 1997; Gillot 1991; 
Radhakrishnan 1977; Vandenberghe 1976; Vandenberghe 1976; Waskowska 2001). 
Copper and manganese oxide based catalysts were proposed for the removal of air 
pollutants like carbon monoxide and nitrous oxides from exhaust gas (Broemme 1985; 
Fierro 2006). Moreover, Cu-Mn spinel has high catalytic performance for steam 
reforming of methanol (Papavasiliou 2005). It is also known that Cu-Mn spinel exhibits 
high electrical conductivity (- 200 S•cm-1@ 1073K), and its catalytic activity for oxygen 
reduction is comparable to that of lanthanum manganese perovskite (LSM) and 
stoichiometric CoFe204 and Co2Mn04 spinel at intermediate temperature, which make it 
a promising cathode material for SOFCs (Martin 2007). Interesting physical and 
crystallographic properties were expected in view of the presence of two kinds of Jahn­
Teller (J-T) ions in these materials, e.g., Mn3+ and Cu2+. In systems containing two types 
of Jahn-Teller ions, their interaction makes it difficult to predict the structure type as a 
function of temperature and Jahn-Teller ion concentration. Moreover, the possible 
presence of copper and manganese ions in different oxidation states (Cu+, Cu2+, Mn2+, 
Mn3+, Mn4+) with different site preference energies makes the situation more complicated. 
Therefore, investigation of the cation oxidation state and site distribution in Cu-Mn spinel 
is crucial from the point of view ofunderstanding the detailed structure of the materials. 

Sinha et al. (1958) first reported that CuMn204 has the "normal" spinel structure 
with cubic symmetry. Ghare et al. (1968) proposed that at low temperature the ionic 
configuration is close to (Cu+)[Mn3+Mn4+]04 and it changes to (Cu2+)[Mni3+]04 at 
temperatures greater than 600 K, where the symbols in parentheses refer to tetrahedral (A) 
sites and those in brackets represent octahedral [B] sites of the spinel structure. They 
mentioned that the change of the ionic configuration was due to a transformation 
Cu 1+ + Mn 4 

+ -t Cu 2 
+ + Mn 3 

+ taking place at 600 K. Miyahara (1961, 1962) also 
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reported that copper manganite has cubic symmetry but they only proposed a formula 
(Cu2+)[Mn2

3+]04. They explained the cubic structure as arising from two opposing 
effects, namely, the distortion with c/a> 1 due to Mn3+ ions at B-sites compensated by an 
opposing distortion with c/a<l caused by Cu2+ at the A-sites, with the result that the 
macroscopic structure remains cubic. However, other authors reported that CuMn20 4 
with cubic structure could not be prepared (Blasse 1966; Buhl 1969), and Buhl (1969) 
obtained the compound only with tetragonal structure by quenching from temperatures 
between 750-940°C. 

The investigations on the cation valences and cation distribution of copper 
manganese spinels are also controversial. Bhandage et al. ( 197 5) studied the magnetic 
susceptibility and electrical conductivity of the CuxCd1-xMn204 system. Based on 
magnetic behavior and high electrical conductivity of CuMn204, they proposed the 
following configuration for CuMn204: 

where y- 0.30 and z - 0.10. Kshirsagar et al. (1971) studied several manganites through 
electrical resistivity measurements, and suggested that CuMn204 has the following cation 
distribution: 

(Cu ; cuL+, )[Mn:+ Mn;~2, ]04 (2.6) 
where 0 < z < 0.1. Gillot et al. (1991; 1997) investigated CuxMn3-x04 (0 < x < 1) solid 
solutions through thermogravimetry measurements, infrared spectrometry and electrical 
property measurements based on the samples quenched to room temperature after 
annealing in the temperature range of 900-1250°C for several hours and proposed the 
following cation distributions for CuxMn3-x04 solid solutions for x < 0.6 (2.7) and x > 0.6 
(2.8): 

where y represents a low value (less than 0.2). Vandenberghe et al. (1976) studied 
CuxMn3_x0 4 solid solutions and some similar Cu and Mn containing spinel through X-ray, 
thermal expansion measurements, infrared absorption and magnetic measurements. They 
believed that the ionic distribution over tetrahedral and octahedral sites can change at 
temperatures above 300°C through reactions (2.9) and (2.10): 

+ l,£, 4+ c 2+ l,£, 3+ Cu/elr + lVln oc/ ~ uoc/ + lVln/elr (2.9) 

which shifts to the right at higher temperatures, and 

l"' 3+ l ,£, 3+ l"' 2+ l ,£, 4+ 1nnletr + 1nnoc1 ~ 1nnletr + 1nnoct (2.10) 
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which shifts to the right for the manganese rich compounds. Based on the above 
reactions, they proposed the following formula: 

(2.11) 

for the ionic configuration in the CuxMn3_x04 system, and the parameters a and ~ in the 
expression described by the equilibria of the two reactions. Radhakrishnan et al. (1977) 
studied CuMn204 through neutron diffraction and proposed the following ionic formula: 

(2.12) 

Thel+ believed that the high conductivity of the compound represented the presence of 
Mn+ ions in the system. The presence of Mn4+ ions in turn produces an equivalent 
amount of Cu+ ions in order to keep the charge balanced. The only way to place these 
ions without violating the concept of site preference is to allow Cu+ ions to co-exist on 
the tetrahedral sites along with Cu2+ ions, while Mn4+ ions coexist with Mn3+ on the 
octahedral sites (Radhakrishnan 1977). 

Dubrovina et al. (2001) recently studied the CuxMn3_x04 system through high 
temperature X-ray diffraction, and found that the samples with x=0.5, 0.75, and 1.0 have 
the cubic spinel structure at 900°C in air. However, quenching in air gave rise to 
tetragonal distortion with c/a> l (Dubrovina 1981), which is consistent with the previous 
result on quenched samples (Broemme 1985; Buhl 1969; Kharroubi 1991; Vandenberghe 
1973). Taking into account both the site preference energy of each ionic species and the 
electroneutrality condition, they proposed an ionic configuration: 

As the oxygen deficiency in the system is fairly low (Dubrovina 1981 ), only slightly 
greater than the average standard deviations ( ± 0.02) in the a and b parameters, it is 
ignored in the expression. They suggested that the combination of competitive effects of 
Jahn-Teller ions from tetrahedral and octahedral sites and thermal disordering might play 
a key role in determining the equilibrium structure of CuxMn3_x04 solid solutions. In the 
absence of thermal disordering, the competing cooperative effects on tetrahedral and 
octahedral sublattices decide the structure of the solid solutions, e.g., quenched samples 
(Dubrovina 2001 ). Maunders et al. (2008) investigated the electronic structure of 
Cu1.2Mn1.s04 based on quenched samples by using electron energy loss spectroscopy. 
They determined the Mn components to be 55% Mn4+, 37% Mn3+ and 8% Mn2+ and Cu 
to be present as Cu2+, but they did not find any detectable Cu+ component. Dorris et al. 
(1988) studied electrical properties and cation valency in Mn30 4, and found the high 
electrical conductivity could be well explained by the following disproportionation 
reaction (2.14), and conduction between octahedral Mn4+ and Mn3+ by means of electron 
holes: 
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2Mn3+ ~ Mn 2++ Mn 4+ (2.14) 

Moreover, they proposed a structure for divalent substituted manganites NMn20 4: 


(N 2+ i,r, 2+ )[N2+ i"' 2+ i,r, 3+ i"' 4+ ]0I-y 1viny Y 1vin,_Y1vin 2_2, 1vin, 4 (2.15) 

Waskowska et al. (2001) studied CuMn20 4 and found that the compound had cubic 
symmetry. Cu ions were present in two valence states, Cu2+ and Cu+, in CuMn20 4 based 
on X-ray photoelectron spectroscopy (XPS). They explained the observed symmetry as 
being due to a spin superexchange process via the common 0 2- ion linking the 
tetrahedral-site (A-site) cation to the octahedral-site (B-site) cation in the spinel structure: 
Mn !+ -02

- -Mn!+ ~ Mn~+ -02
- -Mn;+. The replacement of Mn3+ by the JT inactive 

Mn2+ and Mn4+ decreases the fraction of Jahn-Teller ions at the octahedral sites to a level 
below the critical amount of about 55%, which is necessary for tetragonal distortion. 
They proposed the following ionic configuration for CuMn20 4 at normal pressure, 

. h . . c + ,£, 4+ c 2+ l ,£, 3+lassummg t e interact10n utelr + 1vinoc/ <=> uoc/ + 1vin,.,,: 

(2.16) 

It is clear that above investigations give conflicting results for the crystal structure, 
the cation distribution among octahedral and tetrahedral sites and especially the valences 
of Cu and Mn in copper manganite (Broemme 1985; Gillot 1997; Lenglet 1985; 
Radhakrishnan 1977; Vandenberghe 1973). These differences might arise from the fact 
that spinel structure is very versatile and hence features like stoichiometry, cation 
oxidation state and site distribution are strongly dependent on the preparation method, 
sintering temperature, sintering time and subsequent treatments (Vandenberghe 1973). 
Therefore, in-situ analyses at high temperatures is necessary to clarify the ionic 
configuration of CuxMn3-x04 solid solutions. However, a precise determination of the 
degree of inversion by X-ray diffraction is difficult because of the similarity of the 
scattering factors of Cu and Mn atoms. Neutron diffraction is more appro~riate as Cu 
and Mn have neutron scattering lengths of opposite sign [b(Cu) = 0.76xl0-1 

, b(Mn) = ­

0.36xl0-12 cm] (Vandenberghe 1976) to obtain the precise Cu and Mn distribution and 
other crystallographic parameters aided by Reitveld structure refmement. In this study, 
in-situ neutron diffraction was used to determine the structure of the CuxMn3-x04 system 
at high temperatures. 

2.4.2 Cu-Mn-0 phase diagram 

The phase equilibrium in the Cu-Mn-0 system in air above 750°C has been 
studied by Driessens and Rieck (1967) (fig. 2.4). They found that a cubic spinel could be 
prepared if an excess of copper was used. It was deduced that on the manganese rich side 
of CuMn20 4 (x < 1 ), the cubic spinel structure is stable at high temperatures (> 900°C). 
On the copper rich side (x > 1) the stability area becomes narrow and falls with 
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increasing Cu composition. Vandenberghe et al. (1973) studied the stability range of the 
cubic spinel structure below 700°C through more reactive mixtures of Cu and Mn 
hydroxides prepared by coprecipitation (fig. 2.5). They found that quenched single phase 
specimens were tetragonal at room temperature for x<l .06, and cubic for x~l .06. Clearly, 
the stability range of the spinel structure for compositions x > 1 obtained by 
Vandenberghe el al. ( 1973) is much larger than that reported by Dries sens and Rieck 
(1967). 
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Figure 2.4 Phase equilibria in the system Cu-Mn-O(Driessens 1967) 

Recently, Martin et al. (2007) reinvestigated the phase boundary of spinel in the 
Cu-Mn-0 system in the intermediate temperature range, and the results match those from 
Vandenberghe et al. (1973). However, it is clear that the range of spinel stability has not 
been established, and some conflicting results about phase boundaries and crystal 
structures still exist. For example, it is unclear if the tetragonal or cubic spinel structure 
is stable in CuxMn3_x04 solid solutions for values of x near 1 (Vandenberghe 1973). 
Golikov et al. (1994) showed that the Cu-Mn-0 system is unique because its cooling 
from an equilibrium state to room temperature at any rate attainable in practice is 
accompanied by a variation in its phase composition. Therefore, the only way to further 
refine the phase diagram is through in situ investigation of the existing phase equilibria. 
In this investigation, in-situ X-ray diffraction was used to analyze the phase 
transformation at intermediate temperatures. 
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2.4.3 CuMn02 structure 

Driessens et al. ( 1967) investigated the interaction of copper and manganese 
oxides in air between 750°C and 1400°C and reported Cu1+xMn1-x02 to be a crednerite­
like phase with monoclinic structure (0 < x < 0.06) and a delafossite-like phase with 
hexagonal structure (0.08 < x < 0.12). 

Table 2.1 Compositions of reaction products for synthesis carried out in air 

Nominal Product compositions 
compillition 

O~x<O. I Cui +xMn 1-xO? 
(crednerite) +Cu,.Mn.l-,.0 4 (spine!) 

0. 1~x~0. 13 Cui + . ..Mn1-x02 (credneri te) 
0.1 3 <x~o.20 T < 1030 •c Cui +..Mn1-x02 (crednerite) +CuO 

T > 1030 "C Cu1 ....Mn 1_x0 2 (credneri te) +Cu20 

1200 

1100 

-u 
;:- 1000 

900 

800 

S+L 

•• 

• 	 :c + Cu.20 
• S+C C+CuO 

• 
S + CuO 

pineI 
~ uyMn3.yO• ~ 

• 
0.0 	 0.1 0.2 

x in Cu1+xMn1 .xOz 

Figure 2.7 Phase diagram for CU1+xMn1-x02 (0 < x < 0.2) in air (C=crednerite, S=spinel, 
L=liquid) (Trari 2005) 

Trari et al. (2005) prepared Cu1+xMn1-x02 solid solutions by solid state reaction. 
After annealing at high temperatures, the samples were rapidly cooled to room 
temperature and analyzed by X-ray. They reported that solid solutions of CU1+xMn1-x02 
with 0.2 '.'.'. x '.'.'. 0 show single phase products; for x '.'.'. 0.2, the limiting phase Cu1.2Mno.s02 
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coexists with the oxides Mn203, CuO and Cu20 based on the samples prepared in 
evacuated silica tubes. For preparations carried out in air, the phases are shown in table 
2.1. 

According to their results, solid solutions of CU1+xMn1-x02 have monoclinic 
crednerite structure (space group C2/m). Based on the results in table 2.1, 
thermogravimetric analyses (TGA) and differential thermal analyses (DT A), they 
reported the phase diagram in Fig. 2.7. The stability range of the solid solutions of 
Cu1+xMni-x02 in air has a very narrow composition range (0.1:Sx:S0.15). Clearly, there 
is disagreement between the results from Dries sens et al. ( 1967) and Trari et al. (2005). 
In order to clarify the phase equilibrium at the mid-composition of the Cu-Mn-0 system, 
in-situ X-ray diffraction was used. 
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Chapter 3 

Sample preparation and analyses 

3.1 Sample preparation for electrodeposition of metallic coatings 

For electrodeposition experiments, small coupons with dimensions 1ox2ox1 mm, 
cut from commercial ferritic UNS430 stainless steel sheets, were used. The nominal 
composition of the steel is shown in table 3.1. Each coupon was polished with 400 grit 
SiC paper and then cleaned in acetone in an ultrasonic bath and rinsed in water and 
alcohol. No other surface treatment was used. 

Table 3.1 Standard UNS 430 stainless steel com osition in wt.% 
Element Fe C Mn Si P S Cr Ni 

wt% balance < 0.12 <l.00 <l.00 <0.040 <0.030 16-18 <0.75 

For manganese deposition, the experimental preparation was as follows: 
MnS04•H20 (Alfa Aesar, 98+%) and (NH4)2S04 (BDH) were used as supplied. Each 
catholyte sample consisted of 200 g/L MnS04•H20 and 150 g/L (NH4)2S04, dissolved in 
deionized water (D.I. water). The catholyte was adjusted to 3.20±0.05 pH by adding 
dilute sulfuric acid. Each anolyte sample contained 150 g/L (N~)2S04 in D.I. water. 
Two 4x50x 1 mm platinum foil anodes, located on each side of the sample, were used in 
order to obtain complete coverage of the cathode. The anolyte was separated from 
catholyte by fine porosity glass frit tubes. UNS 430 stainless steel was chosen as the 
cathode for this study. All the experiments were carried out at room temperature. The 
electrolysis experiments were carried out in a 400 ml beaker. The electrochemical 
process consisted of two steps: pre-electrolysis of the catholyte followed by deposition of 
the Mn. Pre-electrolysis of the solution is a purification method that was developed in 
the thesis and applied before electrodeposition to remove impurities. The procedure was 
as follows. A UNS 430 coupon was inserted into the solution at a current density of 150 
mA/cm2 for 30 minutes. During the process, a copious amount of brown precipitate 
formed in the solution, and the pH of the solution rose to 6.20. Centrifuging was used to 
separate the precipitates, and the solution was filtered through 1 µm filter paper. The 
process was repeated once more after the pH was adjusted to 3.20±0.05 by dilute 
sulfuric acid. The brown precipitates were washed with deionized water 5 times, and 
dried in a desiccator for several days for XRD analyses. After the pre-electrolysis and pH 
adjustment, the catholyte was used for Mn electrodeposition. During the deposition 
process, the catholyte was vigorously mixed by a magnetic stirrer. 

After deposition, the samples were cleaned with D.I. water, dried in air for 30 
minutes, and stored in a desiccator. An EG&G A273 potentiostat/galvanostat in 
galvanostatic mode was used as power supply. The current efficiency was calculated 
from the weight gain of the samples. The influence of the parameters, e.g., initial pH 
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value of the solution, deposition time and current density, on the current efficiency of Mn 
electrodeposition was also studied, and the working potential of the UNS 430 stainless 
steel substrate was measured. 

For the working electrode potential measurement, a three-electrode cell was used. 
A platinum foil was used as the counter electrode which was separated from the working 
electrode by a diaphragm to avoid the contamination of solution and a saturated calomel 
electrode (SCE) was used as the reference electrode which was in a different 
compartment, separated from the working electrode by a Luggin capillary; the working 
electrode potential cited in the text was measured against the SCE reference. 

3.2 Sample preparation for electrical conductivity measurement 

For electrical conductivity measurement, commercial UNS 430 stainless steel 
rods were chosen as the substrate. The rod sample was 6.3 mm in diameter and 200 mm 
in length. The analyzed composition of the steel is shown in table 3 .2. One end of each 
rod was polished with 400 grit SiC paper, and then cleaned in acetone in an ultrasonic 
bath and rinsed in water and alcohol. Metallic coatings were applied to the polished 
surface of the rod samples by electroplating. For Co-Mn spinel coating, samples were 
first plated with cobalt, then with manganese. For Cu-Mn spinel coating, samples were 
coated with copper, then with manganese. 

As Mn, Cu and Co have much larger thermal expansion coefficients (TECs) than 
that of metallic interconnects of SOFCs, the mismatch between the metallic coatings and 
metallic interconnects can cause high stress, which can result in spallation and 
detachment of the coatings and subsequently formed oxide layers. In order to increase 
the bonding between metallic coatings and substrate, an alloying process was used to 
transform separate layers of Cu, Mn and Co to Cu-Mn and Co-Mn alloy coatings. After 
electroplating, the coated rods were annealed at 800°C in an argon atmosphere for 2 
hours to produce alloy coatings. After cooling, a thin layer of Pt paste was applied to the 
coated ends as an electrical junction. After drying at 200 ° C, four pairs of stainless steel 
rod samples were placed end to end in a furnace, as described in (Wei 2007) (fig. 3.1). 
The electrical conductivity was measured at 750°C in air 4 days later in order to make 
sure that the metallic thin films have transformed to the spinel coatings. A constant DC 
current of 100 mA was applied, and the voltages of the samples recorded by a 4 channel 
voltage recorder (Omega). The resulting ASR values were used to compare electrical 
conductivity of the samples. 

Table 3.2 Anal ses ofUNS 430 Stainless Steel Com osition b ICP in wt.% 
Element Fe C Mn Si P S Cr Ni Mo Cu V 

wt% balance 0.049 0.351 0.205 0.017 0.004 17.47 0.304 0.024 0.112 0.047 
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Figure 3 .1 Experimental set-up for electrical conductivity measurement 

3.3 Sample preparation for studying transformation mechanisms 

Commercial ferritic UNS 430 stainless steel coupon samples with dimensions 
10x2ox 1 mm were prepared for oxidation testing, and the composition is shown in table 
3.2. Each coupon was polished with 400 grit SiC paper and then cleaned in acetone in an 
ultrasonic bath and rinsed in water and alcohol. No other surface treatment was used. 
After application of Mn, Co and Cu metallic coatings, the samples were oxidized in air at 
a heating rate of 3 °C/min within the temperature range 600-950°C. The samples were 
periodically cooled to room temperature and weighed. In order to specifically study the 
transformation mechanism of Cu-Mn at 750 ·c, the samples were put into a furnace at 
temperature, and air quenched to obtain readings. A digital balance with a read-out of 
0.0001 g was used. 

3.4 Sample preparation for in-situ neutron and X-ray diffraction 

Samples for in-situ neutron and X-ray diffraction analyses were prepared from 
high purity CuO and Mn02 through solid state reaction (table 3.3). Stoichiometric 
amounts of the oxides were mixed in a Nalgene container. In order to achieve intimate 
mixing of the constituent oxides, the powders were ball milled in 100% anhydrous 
ethanol with 5 mm diameter yttria stabilized zirconia balls (TOSOH Ceramics). Pure 
ethanol was added to facilitate mixing and flowing of the powder out of the container 
after mixing. Milling of powders was performed for 24 hours. After the milling, the 
powders were transferred to porcelain dishes and heated to approximately 80°C on a hot 
plate to evaporate the ethanol. 

During pressing, a cylindrical die was used and uniaxial pressing was performed 
on a manually operated press (Model K, F.S. Carver Inc., Summit, N.J, U.S.A) to form 
the green body. The pressure was maintained around 80-100 MPa. No organic binder 
was used during the process. The pressed samples were annealed at different 
temperatures in order to obtain pure spinel. The annealing temperatures and time were 
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determined based on the previous research on Cu-Mn-0 system (Broemme 1985; 
Vandenberghe 1973) (table 3.4). 

The composition of the samples was confirmed by inductively coupled plasma 
optical emission spectrometry (ICP-OES). It is clear that the compositions of the powder 
samples were controlled very well (table 3.5). The samples were heated to the 
corresponding annealing temperatures at a heating rate of 5°C/min. After annealing, they 
were quenched to room temperature in air. Afterwards, the samples were ground into 
powder and put into quartz tubes (fig. 3.2). The tubes were sealed with a reduced 
pressure of air inside to compensate for volume expansion and maintain a pressure near 
one atmosphere during high temperature (600-800°C) testing. After neutron analyses, the 
powder samples were analyzed by high temperature x-ray diffraction analyses at the 
University of Manitoba. 

The XRD analyses of the samples before in-situ neutron analyses is shown figs. 
3.3-3.7. It can be seen that for CUo.sMn2.204, Cu1.0Mn2.o04 and Cu1.1Mn1.904, pure spinet 
was obtained, while for CuuMn1.704, spinel plus Mn203 was obtained and the sample of 
Cu1.4Mn1.604 consisted of spinel, CuO and Mn20 3. 

Table 3.3 Nature and _Q_ur!!Y_ of the_Qowders for neutron and x-rl!Y_ diffraction 
Powder Puri~% Mesh Manufacturer 

CuO 99.7 200 Alfa Aesar, U.S.A 
Mn02 99.9 325 

Table 3 4 P r~aration of the sam_.£!es fior Neutron an dX-r~d"ffi1 ractlon ana lyses 
Nominal com_Q_osition 

Cuo.sMn2.204 
AnnealiJ:!g_ tem_Q_erature_i"Cl 

900 
Time_{_d~ 

3 
Cu 1.0Mn2.o04 850 3 
Cu1.1Mn1.904 790 4 
CuuMn1.704 690 5 
Cu1.4Mn1.604 550 20 

Table 3 5 C om_pos1tlon ana!Y_ses of the pow ders b~ICP 
Sam_Q_le Cu Mn 

Cuo.sMn2204 0.80298 2.19702 
Cu1.0Mn2.o04 1.00708 1.99292 
Cu1.1Mn1.904 1.10771 1.89229 
CuuMn1.704 1.30893 1.69107 
Cu1.4Mn1.604 1.43347 1.56653 
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Figure 3.2 Powder sample for neutron diffraction in silica tube 
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Figure 3.3 XRD pattern of the sample with nominal composition ofCUo.sMn2.204 
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Figure 3.6 XRD pattern of the sample with nominal composition ofCuuMn1.704 

-(/)...... 
c 
:::J
0 1000 
()-
c 
::i 

0 

* 


I I 

17 20 30 

* Cu-Mn spinet (cubic structure) 

+ Mnp3 

• CuO 

** 

L* 

I' 

40 50 60 70 

29 
Figure 3.7 XRD pattern of the sample with nominal composition ofCu1.4Mn1.604 
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3.5 Sample analyses 

Microstructure analyses was done by a Philips 515 scanning electron microscope 
(SEM). The spinel composition was analyzed by energy dispersive spectrometry (EDS), 
and the composition of Cu-Mn spinel powder samples were analyzed by inductively 
coupled plasma optical emission spectrometry (ICP-OES). The phase content was 
determined by a Bruker D8 Advanced x-ray diffractometer. The impurity content of 
MnS04•H20 for electrodeposition was analyzed using ICP-OES, inductively coupled 
plasma mass spectrometry (ICP-MS) or instrumental neutron activation analyses (INAA). 
In-situ X-ray diffraction analyses was conducted by using a PANalytical X'Pert Pro 
System at the University of Manitoba. Cu Ka.1 was used for analyses and Kaz/ Ka.1 
intensity ratio was 0.5 . Diffraction patterns were acquired within the 20 range from 10°­
700 with step time of 50 seconds. The diffraction data were analyzed by phase 
identification software of EV A using JCPDS database at McMaster University. 

In order to study the cation distribution in CuxMn3_x04 solid solutions, in-situ 
neutron diffraction was performed due to the similarity of X-ray scattering power of 
copper and manganese. The analyses was conducted at the Canadian Neutron Beam 
Centre, NRC, Chalk River, on the C2 Spectrometer equipped with a silicon 
monochromator. Diffraction patterns were acquired for 0°<20 <120° using two different 
wavelengths: 1.32927 A and 2.37083 A. Rietveld refinement was performed using the 
General Structure Analyses System (GSAS) package with EXP Graphic Users Interface 
(EXPGUI). 
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Chapter 4 

Spinel Coatings for metallic interconnects 

4.1 Electrodeposition of manganese on UNS 430 stainless stee 

The composition of laboratory grade MnS04•H20 as analyzed by ICP-OES, ICP­
MS and INAA is shown in table 4.1. It can be seen that the largest concentration among 
the impurities is that of Fe at 0.112 wt%. During the pre-electrolysis process, no Mn 
deposit was obtained on the sample surface, while a substantial amount of brown 
precipitate formed as described above. XRD patterns of the brown precipitates are shown 
in fig. 4.1. The as-obtained precipitates exhibited an amorphous pattern. After heating at 
600°C for one hour, a pattern matching Fe20 3 appeared, indicating the brown precipitates 
were iron oxides or hydroxides. It is believed that impurities in the solution, especially 
iron, hinder the formation of a Mn deposit and must be removed. 

In acidic solution, the parasitic electrode reaction at the cathode is hypothesized to 
be: 

nH
2
0 +Fen++ ne- ~ Fe(OH)n .J, +!!_H2 t (4.1)


2 


where 'n' could be 2 or 3. Since large amounts of hydrogen gas evolve at the cathode 
surface, hydroxide ions (Off) should be abundant in this region, which results in a local 
pH increase of the catholyte. According to the Pourbaix diagram, the formation of 
insoluble iron(II) hydroxide is very possible (Pourbaix 1966). When these precipitates 
were heated to 600°C in air, they dehydrated and oxidized to form Fe20 3. In previous 
studies of Mn02 deposition, Fe impurities were also found to be responsible for the 
efficiency decrease of deposit formation (Pilla 2004). It is reported that hydrolytic 
removal of iron from Mn sulfate solution is a common practice (A.G.Kholmogorov 2000). 

After filtering, the solution was used as the catholyte for Mn deposition. As a 
result of preliminary studies, several factors were identified as important for the 
production of a coherent, uniform deposit of a silvery white Mn product at high current 
efficiency; namely, initial pH level of the catholyte, the applied current density, and the 
duration of electrolysis. The current efficiency as a function of initial catholyte pH level 
was investigated at a current density of 120 mA/cm2

• The deposition time was set at 5 
minutes. After deposition, homogeneous and silvery bright Mn deposits were obtained 
on all samples. The measured values of current efficiency in Table 4.2 show little change 
at pH values in the range of 2.80 - 6.16. The surface morphology of the samples is 
shown in fig. 4.2. It is clear that there was no significant difference in surface 
morphology of the Mn deposit as a function of initial pH of the solution, in contrast to the 
literature (Gong 2002). As a lower overvoltage for hydrogen evolution was observed at 
pH 2-3, compared with pH values of 3.7, 5.0, and 7.5 (Gong 2002), which resulted in 
increased hydrogen evolution, and Mn dissolution, solutions with pH 2-3 should be 
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avoided. In order to obtain maximum current efficiency, the influence of current density 
on Mn deposition was studied. The pH value of the solution was adjusted to 3.20. Table 
4.3 shows that current efficiency initially increased with current density. However, when 
current densities exceeded 120 mA/cm2

, a lower current efficiency was obtained and 
black deposits formed at the edges of the samples. It is known that at low current 
densities, the efficiency of Mn deposition is affected by self-dissolution of the film. As 
both water electrolysis and Mn dissolution contribute to hydrogen evolution, the 
hydrogen evolution rate is high and the Mn deposition rate appears low (Gong 2002). 
Black deposits on the cathode at too high current densities are well documented 
(H.H.Oaks 1936), and recent research also demonstrated the formation of black films at 
edges of samples at curent densities above 150 mA/cm2 (Gong 2002). These black films 
were amorphous and contained oxyhydroxides that are known to greatly inhibit crystal 
growth, which decreases the current efficiency. 
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Figure 4.1 XRD patterns of brown precipitates removed from the pre-electrolysis step 


and exposed to different levels of heat treatment, compared with a file of 33-664 in 

JCPDS database 
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Table 4.1 Elemental analysis of impurities in MnS04•H20 (ppm by wt) 

Li 
Be 
<1 

B c N 0 

Na 
220 

Mg 
<60 

Al 
630 

Si 
280 

p 

<44 
s 

K 

250 

Ca 
<70 

Sc 
<1 

Ti 

18 

v 
<5 

Cr 
60 

Mn 
Fe 

1120 

Co 
<l 

Ni 
20 

Cu 
<10 

Zn 
<30 

Ga 
9 

Ge 
<0.5 

As 
5 

Se 
8 

Rb 
<l 

Sr 
<2 

y 

<0.5 

Zr 
<4 

Nb 
<0.2 

Mo 
8 

Tc Ru Rh Pd 
Ag 

<0.5 
Cd 

In 
<0.1 

Sn 
<1 

Sb 
0.4 

Te 

Cs 
<0.1 

Ba 
5 

Lu 
<0.002 

Hf 
<0.1 

Ta 
<0.01 

w 
<0.5 

Re Os Ir Pt Au Hg 
Tl 

<0.05 

Pb 
<5 

Bi 
<0.1 

Po 

Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg 

Lanthanoids 
La Ce Pr 

<0.01 

Nd 
<0.05 

Pm 
Sm 

<0.01 

Eu 
<0.005 

Gd Tb Dy: Ho: Er 
Tm 

<0.005 

Yb 
<0.01<0.01<0.05 

Actinoids Ac 
Th 

<0.05 
Pa 

u 
0.02 

Np Pu Am Cm Bk Cf Es Fm Md No 
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Table 4.2 Current efficiency of Mn deposition as a function ofpH 
at current densi of 120 mA/cm2 

Initial Hvalueofcathol te 2.80 3.20 3.58 4.40 5.75 6.16 
Current efficienc 60 62 62 62 61 60 

Table 4.3 Current efficiency of Mn deposition as a function of current density 

for 5 minutes 

Current densi 50 100 120 150 200 

20 53 64 52 50 


Table 4.4 Current efficiency of Mn deposition as a function of electrolysis time 

De osition time min 1 5 10 

The variation of current efficiency with time for Mn deposition was also 
investigated at a current density of 120 mA/cm2

, shown in Table 4.4. It can be seen that 
as deposition time increased, the current efficiency also increased, which is consistent 
with the previous observation that there are differences in current efficiencies between 
short duration experiments and much longer times (Lewis 1976). In order to investigate 
the reason why deposition time influences the current efficiency, the surface morphology 
of Mn deposits was periodically analyzed by SEM (Figures 4.3 and 4.4). An incomplete 
Mn coating can be seen after one minute deposition (Fig. 4.3-a, b ). The coating at the 
edge is more uniform than that in the center (Fig. 4.3-c, d), which correlates with the 
deposition rate at the edges being higher than that in the center. EDS analyses 
demonstrated that the fine and large crystals in Figure 4.3 are all Mn crystals. 
Accordingly, we conclude that Mn crystals nucleate on the surface, and grow until they 
contact each other. However, after 5 minutes of deposition, there is no difference in 
coating morphology between the edge and the center (Figure 4.4), and the coating totally 
covers the surface. Comparing fig. 4.3 with fig. 4.4, it can be seen that Mn deposits are 
more uniform after long duration than short deposition times. Fig. 4.5 shows a cross­
section image of Mn coatings after 5 minutes deposition. 

According to the data, the longer the deposition time, the higher the current 
efficiency of deposition. The reason could be that Mn has higher catalytic activity for 
Mn plating and a slightly higher overpotential for W reduction than stainless steel 
(Conway 1992; Mantell 1966; Gong 2002; Ilea 1997). Due to increasing the hydrogen 
overvoltage and higher catalytic activity of Mn deposition, the reduction of Mn ions was 
favored over that of hydrogen ions after the initial layer of Mn was deposited. The 
working potential of 430 stainless steel during Mn deposition was measured by using a 
three-electrode cell at a current density of 120 mA/cm2 and pH of 3.20. The potential 
was -1.362 V. 
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(a) pHof2.80 (b)pHof3.20 (c)pHof3 .58 

(d)pHof4.40 (e)pHof5.75 (f)pHof6.16 


Fig. 4.2 Surface morphology of Mn coating at different pH values of the solution 

(All deposits were obtained after 5 min deposition at 120 mA/cm2

) 
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(a),(b) at the center (c),(d) at the edge 

Figure 4.3 Surface morphology of Mn deposit after 1 min deposition 


(a) at the center (b) at the edge 

Figure 4.4 Surface morphology of Mn deposit after 5 min deposition 
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Figure 4.5 Cross-section image ofMn coatings after 5 min deposition 
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Figure 4.6 XRD pattern of fresh Mn deposit 

The crystal structure of the fresh Mn deposit and the deposit after 3 months 
elapsed were compared. XRD results showed that the fresh deposit was gamma Mn, 
stabilized by the high hydrogen content of the electrolytic process (Potter 1945); after 3 
months, it turned to alpha Mn (fig. 4.6-4.7). 
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Figure 4.7 XRD pattern of Mn deposit after 3 months in air 

4.2 Electrodeposition of Cobalt and Copper on UNS 430 stainless steel 

Most studies of electrodeposition of iron-group metals (iron, cobalt, nickel) have 
focused on application of thin films(< 1 um) (Cui 1990; Dille 1997; Floate 2002; Gomez 
2002; Jartych 2002; Jartych 2001; Meguid 2003; Pradhan 2001; Sasaki 1998; Schindler 
1997). When I used the procedure in the literature to grow thick coatings (at least several 
microns), there was always spallation and detachment of the coatings. Therefore, based 
on information from the literature, the following recipe for the Co electrolyte was 
developed in this work: an aqueous solution of CoClz·6H20 (Alfa Aesar) at a 
concentration of 300 g/L, and HB03 at a concentration of 30 g/L (BDH). The current 
density used was 15 mA/cm2

• For electrodeposition of Cu (Basu 2005), aqueous solution 
ofCuS04·6H20 (Alfa Aesar) at a concentration of200 g/L, and concentrated H2S04 at a 
concentration of 40 g/L was used. The current density was 48 mA/cm2. D.I. water was 
used as solvent. All electroplating experiments were carried out at room temperature. 

4.3 Electrodeposition of Co-Mn and Cu-Mn metallic thin films 

In order to produce Cu-Mn and Co-Mn spinel coatings, the corresponding 
metallic thin films must be plated. As Mn can easily dissolve in acidic aqueous solution, 
and the solutions for Co and Cu deposition are acidic, Cu and Co coatings were 
electrodeposited as the first layer. Mn was coated on top of them. The experimental set­
up of Cu and Co deposition is the same as that for Mn deposition except that no frit glass 
tube was needed. For fresh solutions, the deposition rates of Co, Cu and Mn are shown in 
table 4.5. For every experiment, six samples were used. It was observed that the Mn 
deposition rate is a little higher on Cu and Co coating than it was on 430 stainless steel, 
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which means that Cu and Co substrates favor Mn deposition. In order to produce 30 um 
thick oxide coatings, the corresponding metallic thin films with a thickness near 10 um 
are necessary. 

T bl e 4 5 D ~os1tlon rate o f meta11" m 1 ms a . ic t h" fil 
Coating substrate Sample Current density 

(mNcm2
) 

Deposition rate 
(g/min•cm2

) 

Cobalt 

430 stainless 
steel 

1 

15 

0.00019 
2 0.00020 
3 0.00020 
4 0.00019 
5 0.00020 
6 0.00019 

Copper 1 

48 

0.000947 
2 0.000948 
3 0.000948 
4 0.000962 
5 0.00095 
6 0.000976 

Manganese 
1 

120 
0.0013 

2 0.0013 
3 0.0013 
4 0.0014 
5 0.00134 
6 0.00129 

Manganese Copper 
coated 430 

stainless 
steel 

1 

120 

0.00140 
2 0.00139 
3 0.001439 
4 0.001429 
5 0.001424 
6 0.001414 

Manganese Cobalt 
coated 430 

stainless 
steel 

1 

120 

0.001538 
2 0.001511 
3 0.001621 
4 0.00159 
5 0.00159 
6 0.00139 

Based on the above information about the deposition rates, the deposition time for 
Cu and Co coatings was set at 4 minutes and 30 minutes respectively, and the deposition 
time for Mn was set at around 3 minutes in order to get compositions with high electrical 
conductivity (for Cu-Mn spinels, CuuMnu04; for Co-Mn spinels, Cou5Mn1.250 4). 

However, since many factors can influence the electrodeposition rate, e.g., solution 
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temperature, concentration, stirring rate, surface roughness, the molar ratio of Cu to Mn 
and Co to Mn could not be controlled with high accuracy. Co-Mn and Cu-Mn metallic 
thin films are shown in figure 4.8. It is clear that fresh Mn deposit can be easily oxidized. 

(a) 

(b) 

Figure 4.8 Multiple metallic thin films with (a) Co-Mn (b) Cu-Mn 


4.4 Co-Mn and Cu-Mn spinel coatings formation 

In order to determine the mechanism of conversion of metal to spinel, test 
coupons were electrodeposited with Co-Mn and Cu-Mn metallic thin films and then they 
were heated to 750°C slowly for transformation. It was found that spalling of the coating 
occurred in many samples after oxidation. It was deduced that spallation was due to the 
stress resulting from the thermal expansion coefficients (TECs) mismatch of Cu, Co and 
Mn oxides with that of UNS 430 stainless steel. In order to reduce the stress, the coated 
samples were annealed at 800°C in argon for 2 hours in order to form Cu-Mn and Co-Mn 
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alloys on the surface and improve the bonding between the metallic thin films and 
substrate. The idea is that when the alloys are oxidized in the air, the metallic elements in 
the alloys will be oxidized simultaneously and the spinel coatings can form through 
reactions among the oxides immediately. As the TECs of Cu-Mn and Co-Mn spinel are 
close to that of the substrate, the stress due to the TECs mismatch can be greatly reduced. 
The experiments showed that spallation was greatly alleviated through annealing at 
800°C in argon. Line scan analyses of the cross-section of Cu-Mn and Co-Mn coated 
coupons after annealing are shown in figs. 4.9 and 4.10. It can be seen that the surface of 
the metallic thin films was a little oxidized (fig. 4.9). Compared with fig. 4.8, it can be 
seen that annealing at 800°C in Ar significantly improves the bonding: the gap between 
the metallic thin films and substrate disappeared. Moreover, the metallic thin films 
diffused into each other, and formed an alloy layer on the surface. 

Figure 4.9 Line scan of Cu-Mn coated sample after annealing in Ar at 800°C for 2h 
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Figure 4.10 Line scan of Co-Mn coated sample after annealing in Ar at 800°C for 2h 
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Figure 4.11 XRD pattern of Cu-Mn coated sample after after 670 hours in air at 750°C 
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Figure 4.12 XRD pattern of Co-Mn coated sample after 670 hours in air at 750°C 


Figure 4.13 Line scan analyses of Cu-Mn spinel coating after 670 hours in air at 750°C 
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Figure 4.14 Line scan analyses of Co-Mn spinel coating after 670 hours in air at 750°C 

For Cu-Mn coating, Cu diffused outward and Mn diffused inward, forming a 
homogeneous solid solution of Cu-Mn near the surface. It can be seen that the 
concentration of Mn in Cu-Mn solid solution was lower than that in Fe-Cr alloy. The 
reason is not clear. A possible explanation is that the chemical potential of Mn in Cu-Mn 
solid solution is higher than that in Fe-Cr alloy at the same concentration of Mn. 
Therefore, Mn diffuses from the Cu-Mn alloy into the Fe-Cr alloy, which results in lower 
Mn concentration in Cu-Mn. Fig. 4.10 shows that Co and Mn coatings form a solid 
solution at the surface during the annealing. After 670 hours oxidation at 750°C, XRD 
analyses (Figs. 4.11 and 4.12) demonstrated that Cu-Mn and Co-Mn metallic thin films 
have transformed to the corresponding spinel. Line scan analyses showed that surface 
layers were composed of Cu-Mn and Co-Mn oxides (figures 4.13 and 4.14). The spinel 
coatings are continuous and relatively dense. Based on the above results, it is clear that 
spinel coatings can be formed through the method of electroplating and subsequent heat 
treatment. 

4.5 Electrical conductivity measurement 

The rod samples which were used for electrical conductivity measurement 
followed the same sample procedure as the coupons. After annealing, the samples were 
heated to 750°C at a heating rate of 3°C/min. The area specific resistances (ASR) of the 
rod samples after oxidation for 1500 hours in air at 750°C are shown in fig. 4.15 . The 
data recording started at the fourth day of the experiment. It is assumed that the 
resistivity of the metallic substrate is negligible compared to that of the oxide layer 
thermally grown on the surface of the steel. It can be seen that the steel with Cu-Mn and 
Co-Mn spinel coating shows no apparent change of ASR, while uncoated steel shows 
gradual increase in ASR. After oxidation at 750°C for 1500 hours, the ASR of both 

42 




PhD Thesis - P. Wei McMaster University - Materials Science and Engineering 

samples with Cu-Mn and Co-Mn spinel coatings was 0.003 Q•cm2
, while the ASR of 

uncoated steel was 0.189 Q•cm2
. The uncoated sample shows a resistance increase by a 

factor of approximately 60 over the coated samples. Chen et al. (2005) showed that the 
ASR of 430 stainless steel with Co-Mn spinel coating at 850°C was 0.0025 Q•cm2

, but 
the sample was initially oxidized for 60 h at 800°C, followed by an additional cyclic 
oxidation at 850°C for 120 h. 

0.2 

rs' 0.15 
() 
I 
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~ 
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Figure 4.15 ASRs of the coated samples with oxidation time 

The cross-sections of the rod samples are shown in Figs. 4.16 and 4.17. From fig . 
4.16, it can be seen that the oxide scales on Cu-Mn coated samples were composed of 
two layers. The line scan analysis shows that the top layer was mainly Cu-Mn oxide with 
some dissolved iron, and the bottom layer was Cu-Mn-Cr-Fe mixed oxide. A cross­
section of the sample of Co-Mn spinel is shown in fig. 4.17. According to the line scan 
analyses, the oxide scale on the surface was composed mainly of Mn and Co with little 
dissolution of iron. Cr oxide forms only at the interface between the spinel and substrate. 
A cross-section of uncoated samples is shown in fig. 4.18. It can be seen that a thin layer 
of Cr oxide has formed on the surface. Based on these results, the spinel coating can 
effectively reduce the contact resistance ofUNS 430 stainless steel. 

Comparing the Co-Mn and Cu-Mn coated samples with the uncoated sample, it 
can be seen that the AS Rs of the coated samples are much lower than that of the uncoated 
UNS 430 sample (fig. 4.15). According to the line scan analyses (fig. 4.16), after 1500 
hours oxidation, a Cu-Mn-Cr-Fe oxide mixture forms at the interface between Cu-Mn 
spinel and the substrate, while a very thin layer of Cr oxide forms at the interface 
between Co-Mn spinel and the substrate (fig. 4.17). Therefore, the line scan analyses 
confirm the previous assertion that Co-Mn spinel is better able to impede the inward 
diffusion of oxygen than Cu-Mn spinel. Literature data on the electrical conductivity 
shows that Cu-Mn spinel has higher conductivity than Co-Mn spinel. (Ling 2005). 
However, the measurement showed no significant difference of electrical conductivity 
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between Cu-Mn and Co-Mn coated samples. For 430 stainless steel with Co-Mn spinel 
coating, the literature (Chen 2005) shows a very similar ASR value to this study. 
However, their testing temperature, pre-oxidation process, and duration time were totally 
different. 

For the uncoated samples, the oxide forming on the surface is normally Cr20 3 
(Kurokawa 2004). As the electrical conductivity of Cr203 is much lower than those of 
Cu-Mn and Co-Mn spinel, it is not strange that the ASR of uncoated samples is much 
higher than those of the samples with Cu-Mn and Co-Mn spinel coatings. Comparing the 
cross-sectional images of the Co-Mn coated sample with that of the uncoated sample 
(figs. 4.17 and 4.18), it can be seen that the Cr oxide forming on the surface of the 
uncoated sample has almost the same thickness as that growing at the interface of the Co­
Mn coated sample. The white external layer is Pt paste in figs. 4.16-4.18. 

~~ ~~ 

Figure 4.16 Line scan analyses of Cu-Mn coated sample after 1500 hours at 750°C 

It is clear that the Cr oxide growing at the interface of the Co-Mn coated sample is 
not Cr203; otherwise, the ASR of the sample should be higher. Based on line scan 
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analyses, the Co content at the interface is higher than that of Mn. According to the data 
(Ling 2005), Co-Cr spinel has a conductivity of 7.1 Siem at 800°C, and its stability is 
relatively high, which means that its formation is highly probable. Therefore, it was 
deduced that the oxide formed at the interface between Co-Mn spinel and the substrate 
was Co-Cr spinel. 

Figure 4.17 Line scan analyses of Co-Mn coated samples after 1500 hours at 750°C 

In order to validate the assumption, point analyses at every micron were done by 
EDS (fig. 4.19). "O" µmin the graph represents the interface between Co-Mn spinel and 
the substrate on the left side. It is clear that an oxide rich in Cr exists only up to 2 µm 
from the interface. The dissolution of Fe in the spinel is very low, and the concentration 
of Cr in the spinel is lower than Fe. There is a Cr depletion zone in the substrate within 1 
um of the interface, which is due to the formation of Cr-rich oxides at the interface. 
Semi-quantitative EDS analyses seems to support the idea that a mixed spinel 
(Mn,Co,Fe,Cr)304 has replaced the corundum layer, but further quantitative analyses is 
required. 
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m~ ~~ 

Figure 4.18 Line scan analyses of uncoated sample after 1500 hours in air at 750°C 
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Figure 4.20 Oxidation behavior of UNS 430 stainless steel with and without spinel 


coatings at 750°C 


4.6 Oxidation behavior of Cu-Mn and Co-Mn coated samples 

In order to study the oxidation behavior of Co-Mn and Cu-Mn coated samples, the 
coupons were annealed at 800°C in argon for two hours before oxidation, following the 
same sample preparation procedure as that of the rod samples. After that, the samples 
were heated to 750°C at a heating rate of 3°C/min. The oxidation behavior of the coupon 
samples with and without the spinel coatings at 750°C is shown in fig. 4.20. It is clear 
that weight gains of the coated samples increase insignificantly after the first few days 
oxidation, which means that protective coatings have formed. It can be seen that, 
compared with the uncoated sample, weight gains of the coated samples are much higher. 
This should be related to the transformation process of the metallic thin films to spinel. 
The metallic thin films oxidized to form the corresponding oxides at first, and then these 
oxides reacted with each other to form the spinel. Considering the thickness of the spinel 
layers was much larger than that of Cr20 3 which formed on the bare sample surface, it is 
not unexpected that the weight gains of the coated samples are much higher than that of 
the uncoated samples. Surface morphologies of the coupon samples after annealing for 
670 hours at 750°C in air are shown in fig. 4.21. It can be seen that both surfaces were 
covered with dense oxide crystals. XRD patterns (Figs. 4.11and4.12) demonstrated that 
the Cu-Mn and Co-Mn spinels formed on the surface. Even after 59 days oxidation at 
750°C, the coatings maintained good bonding with the substrate (Figs. 4.22 and 4.23). It 
is clear that both spinel coatings can effectively improve oxidation resistance of the 
substrate (fig. 4.20). 
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(a) (b) 


Figure 4.21 Surface morphology ofspinel coatings (a) Cu-Mn spinel (b) Co-Mn spinel 


Figure 4.22 Line scan analyses after oxidation at 750°C for 1500 hours (Co-Mn) 

4.7 Transformation mechanisms of Cu-Mn metallic thin films to the 
spinel coating 

Although the method to obtain the spinel coatings on the metallic substrate has 
been presented, the mechanism of transformation from metal to spinel was unknown. 
Moreover, further improvement on coating quality is necessary for real applications. If 
we compare cross-section images of the coated samples (figs. 4.16-4.17), we can see that 
oxidation behavior of Cu-Mn coated samples is more complicated than that of Co-Mn 
coated samples. Therefore, Cu-Mn coated coupons were chosen for the study in order to 
understand the transformation mechanism from metallic thin films to spinel coatings. 
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f-------~ 20lMll 

Figure 4.23 Line scan analyses after oxidation at 750°C for 1500 hours (Cu-Mn) 

4.7.1 Oxidation of Cu-Mn coatings at different temperatures 

The surface morphologies of the coated samples after oxidation at different 
temperatures are shown in fig . 4.24. It can be seen that as the oxidation temperature 
increases, the grain size of the oxides on the top surface increases. There were cracks on 
the oxide layer after oxidation at 950°C. The weight gains of the coated samples are 
shown in fig. 4.25 and table 4.6. It is clear that the weigh gains increase with oxidation 
temperature. At oxidation temperatures below 850°C, after an initial quick increase, the 
weight gain approached a constant value with time but oxidation at 950°C resulted in a 
continuous weight increase. 

a e eigi _gams of t d sam~T bl 4 6 W . ht coa e es atd1'ffierent t emr>_eratures 
Temp./time 600°C/96 hours 750°C/208 850°C/120 950°C/24 hours 

hours hoursihl 
0.0122 0.0030 0.0030 0.0066Weight ~ain 

(g/cm} 

As discussed before, weight gains of the coated samples included those due to 
oxidation of the metallic thin films, which resulted in the initial high oxidation rate. The 
higher levels of weight gains at higher temperatures (850°C, 950°C) can be correlated to 
the oxidation of the substrate. Cross-sectional images also showed that the thickness of 
the oxide scales at 850°C and 950°C was much larger than those at 600°C and 750°C (fig. 
4.26). After oxidation at 950°C, cracks occurred in the oxide layer (fig. 4.26), and they 
probably happened during cooling to room temperature. Line scan analyses showed that 
a transition layer formed between the top dense coating and substrate at 850°C and 950°C 
(fig. 4.27 and 4.28). The layer was composed mainly of Fe-Cr oxides with dissolved Cu 
and Mn, which meant that the formation of the transition layer was due to oxidation of 
the substrate. Clearly, the Cu-Mn spinel coating on the surface can effectively protect the 
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substrate based on the insignificant variation of the weigh gains after its formation at 
temperatures up to 850°C (fig. 4.25). 

600°C I 24 hours 750°C I 24 hours 

850°C I 24 hours 950°C I 24 hours 

Figure 4.24 Surface morphology of Cu-Mn coated samples 


At 950°C, formation of the cracks in the spinel coating facilitated the inward 
diffusion of oxygen during cycling, and resulted in further increase of the weight gain 
during the subsequent oxidation periods. It was proposed that the transition layer 
forming at 850°C and 950°C should happen before the formation of the spinel coatings. 
Otherwise, the weight gain should keep increasing with time at 850°C. Clearly, the 
transformation of the metallic coating to the spinel coating took some time, during which 
there was no protection for the substrate. This resulted in heavier oxidation of the 
substrate with increasing temperature, which is consistent with the results from fig. 4.25. 

Comparing the curve at 600°C with that at 750°C in fig. 4.25, it can be seen that 
the weight gain at 600°C at last reaches the same level as that at 750°C. As 600°C is a 
relatively low temperature, the oxidation of the substrate during the spinel transformation 
process should be very small. Thus, we can conclude that the total weight gain of the 
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oxidation at 750°C is due to the oxidation of the metallic thin films. The oxidation of the 
substrate at this temperature during the transformation process is negligible. At 600°C, 
XRD analyses showed that the coating was composed of Mn20 3, CuO, a tetragonal phase, 
and a cubic phase Cu-Mn spinel within the first 6 hours oxidation. The tetragonal and 
cubic phases could be Cu-Mn solid solution or Mn30 4. 

The Mn-0 phase diagram (fig. 4.33) shows Mn304 with cubic structure exists 
only at temperatures above l l 70°C. The later high-temperature x-ray diffraction data 
show that Cu-Mn spinel with tetragonal symmetry can only occur with Cu less than 0.8 . 
Therefore, high concentrations of Cu in the coating can't lead to formation of Cu-Mn 
spinel with tetragonal symmetry. Therefore, the cubic phase is Cu-Mn spinel and the 
tetragonal phase is Mn304. After 24 hours, Mn304 was gone and the remaining phases 
were Mn203, CuO and Cu-Mn spinel (fig. 4.29). Even after 96 hours at 600°C, there 
was no significant change of the phases in the oxide scale. 
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Figure 4.25 Temperature and time dependence of oxidation of Cu-Mn coated stainless 

steel 

According to the Gibbs phase rule, three phases can't coexist in a binary system 
except at an invariant temperature. Obviously, the equilibrium state was not reached in 
the experiment. The initial oxidation of copper and manganese coatings led to formation 
of Mn304 and CuO, both of which were not equilibrium phases at this temperature. As 
oxidation continued, Mn304 disappeared and CuO reacted with Mn203 to form spinel. 
At 750°C, the oxide scales consisted of CuO and Cu-Mn spinel (fig. 4.30) after one day, 
and this did not change even after 59 days oxidation (fig. 4.31), which means that 
transformation of Cu-Mn metallic thin films to the spinel took one day or less. This 
result is consistent with that shown in fig. 4.25, where the weight gain at 750°C did not 
change after 24 hours oxidation as the spine! coating prevented the substrate from further 
oxidation. 
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._____,,.,_ 

600°C I 24 hours 750°C I 24 hours 

850°C I 24 hours 950°C I 24 hours 
Figure 4.26 Cross-sectional images of Cu-Mn coated samples 

A single Cu-Mn spinel phase formed on the surface after oxidation at 950°C for 
one day (fig. 4.32). Fig. 4.33 shows a line scan analyses after oxidation at 600°C for 1 
day. Clearly, Cu and Mn compositions in the coating were not homogeneous. The outer 
and inner layers were rich in Cu and the middle was mainly Mn. There was rapid 
outward diffusion of Cu through Mn. EDS analyses showed that the inner layer (next to 
the substrate) was composed of Mn, Cu, Fe, Cr and oxygen, and it is hard to tell which 
phases existed in this layer (table 4.7). The middle layer was a solid oxide solution of Cu 
in Mn, and the top layer contained mainly Cu and a little Mn. If we combine the analyses 
from XRD and EDS, the phases at the top layer should be Mn20 3, CuO and Cu-Mn spinel, 
but it was difficult to locate the spinel. Formation of the oxides is due to inward diffusion 
of oxygen. Clearly, the diffusion rate of Mn in Cu is much lower than that of Cu in Mn. 

After oxidation at 750°C for one day or more, the phases were CuO and Cu-Mn 
spinel (fig. 4.30 and 4.31 ). Line scan analyses showed that the outer surface was rich in 
Cu. In other areas, the distribution of Cu and Mn was homogeneous (fig. 4.23 and 4.35). 
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The longer the oxidation time, the more homogeneous the distribution of elements in the 
oxide scales (fig. 4.23). EDS analyses (table 4.8) suggests that the top surface is CuO 
with some dissolved Mn, and the bottom layer is spinel phase, which is consistent with 
XRD analyses (fig. 4.30). 

Line scan analyses after oxidation at 950°C for 1 day 
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Figure 4.29 XRD pattern after oxidation at 600°C 
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Figure 4.30 XRD pattern after oxidation at 750°C for one day 
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Figure 4.31 XRD pattern after oxidation at 750°C for 59 days 
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Figure 4.32 XRD pattern after oxidation at 950°C for one day 
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Figure 4.33 Mn-0 phase diagram (Dorris 1988) 

Figure 4.34 Line scan analyses of the coated sample at 600°C after 1 day 

.d .T bl e 4 7 EDS 1 . f the ox1.de 1~ers fl or I d a ana1ys1s o a ter ox1 at10n at 600°C fl ~ 
1 2 3 

Elements Wt% At% Wt% At% Wt% At% 
0 14.09 37.94 20.47 14.32 13 .29 37.30 
Cr 2.25 1.87 0.42 0.48 
Mn 7.36 5.77 72.75 79.93 12.76 10.43 
Fe 29.00 22.37 0.21 0.22 
Cu 47.30 32.06 6.16 5.06 73.94 52.27 
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1 . f thTable 4 8 EDS anaiy_s1s o e ox1'de 1'!Y_ers after ox1'dat'10n at 750°C £or Id'!Y 
T~ thin l'!Y_er Bottom ll!Y_er 

Element We~ht% Atomic% Weight% Atomic% 
OK 19.68 49.20 25.68 55.89 

MnK 2.27 1.65 38.53 24.42 
CuK 78.05 49.15 34.73 19.03 
FeK 1.06 0.66 

Figure 4.35 Line scan analyses after oxidation at 750°C for 1 day 
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Figure 4.36 XRD pattern after oxidation at 750°C for 10 minutes 
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Figure 4.37 XRD pattern after oxidation at 750°C for 60 minutes 

4.7.2 Transformation mechanisms studying at 750°C 

Based on the previous analyses, the formation of the spinel needs some time, and 
750°C is an optimum temperature for transformation of the metallic thin films to the 
spinel layers. Higher temperature caused heavy oxidation of the substrate (~ 850°C), and 
lower temperatures (:S 600°C) needed longer time to form the protective layer. In order 
to investigate the details of the transformation at 750°C, two samples were put into a 
furnace after 750°C was reached, and held for 10 or 60 minutes. XRD analyses showed 
that MnO, Mn304, CuO and Cu-Mn spinel formed in the coating within the first 10 
minutes (fig. 4.36). After 60 minutes, the phases did not change, but the intensity of CuO 
increased very quickly (fig. 4.37). 

EDS results are shown in tables 4.9 and 4.10. Gold in the EDS analyses came 
from the sputtered gold film. After 10 minutes oxidation, the top surface consisted of 
MnO and Mn30 4 (fig. 4.38a and table 4.9a). Next to it is (Fe,Mn)20 3 (point 2 in fig. 
4.38b). Point 3 (fig. 4.38b) consists of metallic copper and (Fe,Mn)O, and point 5 
contains metallic copper and (Fe,Cr,Mn)30 4. Clearly, most of the copper (white area in 
the middle represented by points 3 and 5) still exists in metallic form within the initial 10 
minutes. A grey area surrounded by points 3 and 5 (point 4) shows FeO plus CuO. The 
layer next to the substrate is (Fe,Cr,Mn)304. All the phases in the oxides are shown in fig. 
4.39 based on EDS analyses. It can be seen that the manganese coating is quickly 
oxidized but most of the copper remains in its metallic form after the first 10 minutes of 
oxidation. Iron diffuses outward through copper and forms iron oxides underneath the 
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manganese oxides. Chromium does not diffuse outward but forms an oxide layer next to 
the substrate. 

Table 4 9 EDS 1 . f th "d mmues aa ana1ys1s o e ox1 e sea e a 1 fter 10 · t t750°C 
la lb 

Elements Wt% At% Wt% At% 
0 27.15 56.45 22.92 50.78 
Cr 0.15 0.10 
Mn 59.51 36.04 70.71 45.63 
Fe 11.94 7.11 5.14 3.26 
Cu 0.26 0.14 0.25 0.14 
Au 0.98 0.17 0.98 0.18 

T bl 4 9b EDS l . f h . d l f1 10 .a e ana!Y_s1s o t e ox1 e sea e a ter mmutes at 750°C 
2 3 4 5 6 

Elements Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% 
0 30.55 60.70 1.32 5.07 21 .77 49.67 5.57 18.76 28.22 57.41 
Cr 0.28 0.17 0.47 0.55 1.18 0.83 4.00 4.14 24.26 15.19 
Mn 28.22 16.33 1.38 1.54 12.50 8.30 2.26 2.21 3.78 2.24 
Fe 39.35 22.40 3.49 3.83 57.16 37.36 7.85 7.57 42 .25 24.63 
Cu 0.44 0.22 91.77 88.52 6.35 3.65 79.03 66.96 0.83 0.42 
Au 1.16 0.19 1.57 0.49 1.03 0.19 1.29 0.35 0.67 0.11 

T bl 4 10 EDS l . f h . d l f1 60 .a e ana!Y_s1s o t e ox1 e sea e a ter mmutes at 750°C 
1 2 3 4 5 

Elements Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% 
0 13.27 40.36 20.69 50.18 19.40 48.00 8.27 27.12 23.31 52.89 
Cr 0.30 0.22 0.63 0.48 7.75 7.82 22.84 15.94 
Mn 4.32 3.83 16.12 11 .39 5.42 3.90 1.92 1.83 1.44 0.95 
Fe 1.19 1.04 50.84 35.33 63.85 45.25 12.42 11.66 43 .64 28 .36 
Cu 66.86 51.22 1.23 0.75 0.51 0.32 59.08 48 .76 0.63 0.36 
Au 14.36 3.55 10.81 2.13 10.18 2.05 10.56 2.81 8.14 1.50 

After one hour oxidation, a CuO layer forms on the outer surface (point 1 in fig. 
4.40 and table 4.10). Points 2 and 3 (fig. 4.40) are a mixture ofFeO and Mn30 4• Point 4 
(fig. 4.40) contains metallic copper plus (Fe,Cr)J04, and point 5 is (Fe,Cr)J04 . All the 
phases in the oxide layers are shown in fig. 4.41. Clearly, copper diffuses very quickly 
outward through manganese and iron oxide and forms CuO at the top surface, but some 
as-deposited copper coatings remain unoxidized. (Fe,Cr)30 4 forms at the interface 
between the oxides and substrate, and there is no outward diffusion of chromium. 
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(a) (b) 

Figure 4.38 Cross section after 10 minutes oxidation at 750°C 


Figure 4.39 Phase analysis after 10 minutes oxidation at 750°C 
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Figure 4.40 Cross-sectional view after 60 minutes oxidation at 750°C 

Figure 4.41 Phase analysis after 60 minutes oxidation at 750°C 

Clearly, EDS results (fig. 4.39 and 4.41) are quite consistent with XRD data (fig. 
3.36 and 3.37). Moreover, based on XRD analysis, there is CuO existing in the oxides 
after the first 10 minutes oxidation. However, no detectable amount of CuO is 
determined by EDS (fig. 4.39). This is probably because the amount of Cu-Mn spinel 
and CuO in the oxides is very low at the initial oxidation stage, which makes their 
analyses through EDS difficult. XRD analyses shows that the amount of CuO at the 
surface increases significantly after 60 minutes oxidation (fig. 4.37), compared with that 
after 10 minutes oxidation (fig. 4.36). EDS also found a thick CuO layer formed on the 
top surface. Based on this information, it is deduced that CuO forms at the surface 
through outward diffusion of copper. As manganese oxides and iron oxides are more 
stable than copper oxides, the formation of copper oxides inside the coating is not 
favored. After 24 hours oxidation, the oxide structure is composed of a thin CuO layer at 
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the top surface and thick bottom layer of Cu-Mn spinel (fig. 4.35 and table 4.12). 
Formation of Cu-rich oxide on the top surface was also reported in the literatures when 
studying oxidation of Cu-Mn alloys (Ansel 1993; Nanni 1979). Clearly, Cu-Mn spinel 
layer forms through reactions between copper oxides and manganese oxides. As CuO is 
scare at the initial oxidation stage, Cu-Mn spinel is not detectable by EDS. Oxidation of 
manganese, iron and the metallic substrate is through inward diffusion of oxygen. The 
nature and sequence of formation of the underlying layers correspond to the formation of 
oxides which are more stable. The chemical potential of oxygen from the external 
surface decreases to the alloy interface. 

If we compare the phases at 600°C with those at 750°C, we find that the oxide 
scales consist of Mn304, Mn203, CuO and very little Cu-Mn spinel within the first 6 
hours of oxidation at 600°C. 24 hours later, Mn304 disappears. Mn20 3, CuO and spinel 
phase exist after 96 hours oxidation at 600°C (fig. 4.29), while MnO, Mn30 4, CuO and 
the spinel formed within the first hour of oxidation at 750°C (fig. 4.37). Clearly, Mn20 3 
persists at low temperature (600°C), while Mn304 are the stable phases at the higher 
temperatures and lower oxygen pressure, which is consistent with the phase diagram (figs. 
2.4 and 2.5). The literature (Ansel 1993) mentions that for Cu-36%Mn (atomic weight 
percent) alloys oxidized at 760°C for 100 hours, the outside layer was CuxMn3_x04 and 
the internal layer was MnO, between which was a layer of Mn30 4. This supports the 
observation that MnO + Mn304 are more stable than Mn20 3at 750°C. 

According to a refinement of the partial Cu-Mn-0 phase diagram (Broemme 1985; 
Vandenberghe 1973) (fig. 4.40), for the composition prepared in this thesis 
(CuuMnl.704), the equilibrium phase is pure spinel at 600°C but at 750°C and 950°C, 
the phases are CuO and spinel. As the diffusion rate is low at 600°C, the equilibrium 
state clearly was not reached after 96 hours. The phases detected at 750°C were 
consistent with the phase diagram, and the phases did not change even after 59 days 
oxidation, which means that one day is enough for Cu-Mn-0 system to reach the 
equilibrium state. However, the results at 950°C were not consistent with the phase 
diagram. The oxide scale was composed of a single Cu-Mn spinel phase after oxidation 
at 950°C for one day. Based on the results of the experiment at 750°C, the equilibrium 
state should have also been reached after one day at 950°C. The discrepancy between 
these results and the phase diagram (Vandenberghe 1973) could be due to the upper 
phase boundary of Cu-Mn-0 being incorrect or the amount of CuO in the oxide scale 
being too low to be detected by XRD. An analysis of the experimental results revealed 
that oxidation of the metallic thin films was quite complicated, and a clear understanding 
of the mechanisms requires knowledge of the main features of the ternary Mn-Cu-0 
phase diagram and of the thermodynamic properties of the phases. As this system is 
intricate and our knowledge of it is still inadequate, a further investigation of the system 
was necessary. 

4.8 Conclusions 

An electrolysis method was developed for the removal of deleterious components 
of catholyte solutions prior to Mn deposition. Bright silvery and uniform Mn deposits 
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were obtained on UNS 430 stainless steel from the resulting beneficiated solutions 
prepared from reagent grade MnS04. The results show that the current efficiency of Mn 
deposition is influenced by the applied current density and the elapsed electrolysis time. 
The initial pH level of the catholyte solution does not show significant influence on 
current efficiency and surface morphology of Mn deposits over the pH range of 2.80 ­
6.16. The maximum current efficiency of Mn deposition was obtained at a current 
density of 120 mA/cm2

• Current efficiency increases with increased deposition time. 
Cu-Mn and Co-Mn spinel coatings were formed by a method of electroplating and 

subsequent heat treatment. Clearly, annealing at 800°C in Ar is beneficial to form a 
strong bond between the coatings and substrate. Spinel coatings can provide an effective 
electronic path to the metallic substrate. It is also demonstrated that the outward 
diffusion of Cr can be virtually suppressed by the spinel coatings. 

Transformation of Cu-Mn metallic thin films to the spinel coating occurs due to 
reactions between CuO and Mn oxides. 750°C is an optimum temperature at which 
metallic Cu-Mn coatings can transform into Cu-Mn spinel without clear oxidation of the 
substrate. The higher the oxidation temperature, the heavier the oxidation of the substrate. 
The manganese coating was oxidized to Mn304 plus MnO through inward diffusion of 
oxygen and CuO formed at the top surface through outward diffusion of copper. The 
oxidation of the metallic substrate is due to inward diffusion of oxygen. Some iron 
diffused from the substrate into the spinel coating during the transformation; chromium 
was confined to the metal substrate/coating interface. 
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Chapter 5 

Arrangement of Cations and Extent of Spinet Solid 
Solution in the Cu-Mn-0 System 

5.1 Background introduction 

Based on the results from previous chapters, it can be seen that both Cu-Mn and Co­
Mn spinels are promising coating materials for metallic interconnect of SOFCs. Cu-Mn 
spinel was found to have the highest electrical conductivity among spine! (225 Siem at 
750°C), much higher than that of Co-Mn spinel (60 Siem at 800°C) (Petric 2007). This 
value is close to the electrical conductivity of the most popular cathode material, 
strontium doped lanthanum manganite (LSM) (290 Siem at 1000°C) (Minh 1995). 
However, the mechanism of high conductivity in Cu-Mn spinel is not clear. The crystal 
structure information of the material is the key to understand its electrical properties. 
Moreover, for its application as a protective coating, it is very important to know single 
phase spinel boundary in Cu-Mn-0 system as previous research (Martin 2007) has shown 
that its conductivity decreases as the second phase appears. 

Investigation of the oxidation behaviors and electrical conductivities of the spinel 
coatings was described in chapter 4. In this chapter, high temperature x-ray and neutron 
diffraction analyses were used to study cation distribution in Cu-Mn spinel and phase 
boundary in Cu-Mn-0 system. As Cu-Mn spinel coating was thick (-30 µm), the 
crystallographic information obtained from powder method can be applied to 
understanding the physical properties of the spinel coating. 

5.2 In-situ XRD results 

The sequence of X-ray analyses is shown schematically in fig. 5.1. All samples 
were initially equilibrated as single phase spinel and quenched. Each sample was then 
analyzed by X-ray diffraction at a series of temperatures. For Cu0.8Mn2.20 4, the powder 
sample was heated to 900°C within a few seconds, and then the temperature was 
decreased in steps of 25°C to 600°C. After analysis at 600°C, within a few seconds, the 
sample was reheated directly to 900°C and then stepwise to 1150°C. For Cu1.1Mn1.90 4, 
the starting point was 790°C, followed by analyses at temperatures decreasing to 535°C. 
Then, the temperature was increased to 790°C within a few seconds and stepwise to 
l l00°C. For Cu1.3Mn1.404, the starting point was 750°C, and analysed with decreasing 
temperature to 375°C step by step. For Cu1.4Mn1.604, two samples were tested. For the 
first one, the starting point was 550°C, and then the temperature was decreased gradually 
to 400°C. After that, temperature was increased to 550°C rapidly and further to 850°C 
step by step. For the second sample, the temperature was increased from room 
temperature to 1125°C step by step. Increasing and decreasing temperature from one step 
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to another takes only a few seconds. At each temperature, ten sets of data were collected 
and each set of data was collected for 24 minutes. 
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Figure 5.1 Sequence of temperatures for XRD measurement of each composition 

5.2.1 The XRD analyses of Cu1.1Mnl.904 

The phase identification results of in-situ XRD data are shown in appendix 1. It 
can be seen that the phases at 535°C are Mn20 3 and cubic spinet. When temperature 
increases directly to 790°C, Mn20 3 quickly disappears, leaving only single spinet phase 
with cubic structure. From fig. 3.5, it can be seen that the spinet has cubic symmetry 
after quenching. A comparison of the patterns at 790°C at the beginning of the in-situ 
analyses and after 535°C shows that there is no difference between them, which means 
that the equilibrium state can be reached very quickly at this temperature. Single spinet 
phase with cubic symmetry exists at 725°C. As temperature decreases to 700°C, small 
peaks corresponding to Mn20 3 appear and the Mn20 3 phase becomes apparent at 675°C. 
Clearly, Mn20 3 starts forming at 700°C, and 700°C is regarded as the phase boundary 
between single phase (cubic spinet) and the two phase area (spinet plus Mn103). CuO 
and cubic spinet phase coexist at temperatures of 825°C and 850°C . As no CuO is found 
at 790°C, CuO may start forming at 825°C. Therefore, 825°C is taken as the phase 
boundary. 
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Phases at 925°C are CuO and cubic spinel. As temperature increases to 950°C, a 
third phase corresponding to CuMn02 with hexagonal structure appears and the amount 
of this phase further increases at 975°C. Meanwhile, the content of cubic spinel in the 
sample decreases markedly. As temperature further increases to 1000°C, CuO starts to 
disappear. At l025°C, CuO can't be seen, which indicates that the phase boundary is 
near 1000°C. From 1000°C to 1100°C, the coexisting phases are cubic spinel and 
CuMn02 with hexagonal symmetry. The cubic spinel phase fraction begins to increase 
after 1075°C, which signals the limit of stability of CuMn02 and its transformation to 
spinel. Driessens et al. (Driessens 1967) investigated the interaction of copper and 
manganese oxides in air between 750°C and 1400°C and reported that Cu1+xMn1_x02 was 
a crednerite-like phase with monoclinic structure (0 < x < 0.06) and a delafossite-like 
phase with hexagonal structure (0.08 < x < 0.12). At 1060±10°C, the delafossite structure 
transforms to the crednerite structure. Trari el al (2005) analyzed the structure of 
quenched samples of Cu1+xMn1-x02 through X-ray diffraction, and found only the 
monoclinic distortion of crednerite. However, our in-situ X-ray analyses of CuMn02 did 
not detect monoclinic symmetry at temperatures up to 1100°C. It seems that the state of a 
sample can greatly influence the cation distribution in CuMn02, which is the same as the 
situation in CuxMn3-x04 solid solutions. Quenching (metastable) normally decreases cell 
symmetry. This could be due to more Jahn-Teller ions, e.g., Mn3

+, which can form on 
octahedral sites and increase the degree of distortion. In order to accommodate these 
Jahn-Teller ions, the cell elongates along the c axis, resulting in tetragonal distortion. At 
high temperatures, as cations have more room, distortion is not necessary to 
accommodate these Jahn-Teller ions, and cubic symmetry can be maintained. The 
existence of three phases, CuO, cubic spinel and CuMn02, can only be explained by a 
non-equilibrium state. 

5.2.2 The XRD analyses of Cuo.sMnu04 

X-ray diffraction analyses at 600°C shows that the phases are Mn20 3and cubic 
spinel. Single spinel phase with cubic structure is present at 900°C and there is no 
difference between the patterns at 900°C at the beginning of the analyses and after 
analyses at 600°C. The Mn20 3which coexists at 600°C disappears when temperature 
increases to 900°C, which means that the equilibrium state can be reached very quickly at 
this temperature. Figure 3.3 shows that the phase obtained after quenching in air from 
900°C is tetragonal spinel. This study demonstrates that the structures obtained from in­
situ and quenching experiments can be different. 

Single spinel phase with cubic symmetry exists at 800°C. As temperature 
decreases to 775°C, small peaks corresponding to Mn20 3 appear and Mn20 3 phase 
becomes prominent at 750°C, which indicates that 775°C is the probable phase boundary 
between single phase (cubic spinel) and the two phase area (spinel plus Mn203). It can 
be seen that single spinel phase with cubic symmetry exists at 950°C. As temperature 
increases to 975°C, small peaks corresponding to CuMn02 with hexagonal symmetry 
appear, and this phase becomes more apparent at 1000°C, which means that CuMn02 
with hexagonal structure forms at 975°C. Therefore, 975°C is regarded as the phase 
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boundary. As temperature increases from l 100°C to l 125°C, the amount of CuMn02 
decreases. At l l 50°C, only single spinel phase with cubic symmetry exists. Therefore, 
1125°C is regarded as the transformation temperature. 

5.2.3 The XRD analyses of Cuu Mn1.104 

For CuuMn1.704, CuO and cubic spinel phase exist at 725°C and 750°C. As 
temperature decreases to 600°C, there is a small amount of CuO second phase, which 
disappears at 575°C. At 550°C, single spinel phase with cubic structure exists. Therefore, 
575°C is taken as the phase boundary at this composition. As temperature further 
decreases to 450°C, only single spinel phase exists. At 425°C, a tiny peak corresponding 
to Mn20 3 phase occurs, and the peak grows at 400°C. Therefore, 425°C is regarded as 
the phase boundary. However, at these low temperatures, the degree of uncertainty is 
higher. 

5.2.4 The XRD analyses of Cu1.4Mnl.604 

For this composition, two samples were analyzed in-situ. Although the heating 
processes were different, the patterns matched very well. It can be seen that the phases 
are CuO, cubic spinel and Mn20 3 at 675°C. At 700°C, Mn20 3 becomes less prominent 
and it disappears at 725°C. At temperatures below 700°C, three phases, CuO, cubic 
spinel and Mn20 3, coexist. This observation is consistent with that of CuuMn1.904, in 
which Mn20 3 started to form when temperature decreased to 700°C. It is assumed that 
the existence of CuO at low temperatures is due to the sample preparation process. Fig. 
3.7 revealed that there were small amounts of CuO in the quenched sample before thesis 
in-situ analyses. As the in-situ analyses started from low temperatures, CuO did not 
dissolve. Clearly, the equilibrium state had not been reached, and phase boundaries can't 
be determined at intermediate temperatures. At 900°C, there are two phases (CuO and 
cubic spinel) coexisting. As temperature increases to 925°C, CuO disappears and 
CuMn02 with hexagonal structure appears. At 950°C, the phases are CuMn02 and cubic 
spine!. Therefore, 925°C is the assumed phase transformation temperature for the onset 
of the CuMn02phase. The CuMn02peaks diminish as temperature further increases. At 
1100°C, CuMn02 has almost vanished, and single spinel phase remains above 1125°C, 
from which 1100°C can be estimated as the phase boundary. Above 1125°C, single 
spinel phase with cubic structure is stable. 

In the investigated temperature range, we can see three peaks at around 39.5°, 46° 
and 67 .2° that can't be identified. Intensities of the peaks at 39 .5° and 46° do not change 
with temperature and the intensity of the diffraction at 67° increases a little with 
temperature. Sometimes, this peak coincides with CuO, but clearly it does not belong to 
CuO as CuO disappears at temperatures higher than 925°C. These peaks are attributed to 
unknown impurity phases. 

The phase boundaries from our XRD study and those from Vandenberghe et al 
(Vandenberghe 1973) are shown in tables 5.1and5.2 for comparison. The question mark 
appearing in table 5.1 for the sample of Cu1.4Mn1.604 means an impurity phase which 
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could not be identified. It is clear that the spinel boundaries from our XRD data of 
Cu0.8Mn2.204 and Cu1.1Mn1.904 matched closely with the mid-composition investigation 
of Vandenberghe et al. (1973). However, at compositions of CuuMn1.104 and 
Cu1.4Mn1.604, there is poor match between our results and theirs. This difference could 
be due to a failure to reach equilibrium in the samples of Cu13Mnu04 and Cu1.4Mn1.60 4 
in our experiments at temperatures below 750°C. 

Trari et al. (2005) found that above l 150°C, the following reaction occurs: 

In my experiments on CUo.sMn2.204, single spinel phase was found at 
temperatures above 1125°C. Liquid phase may also exist in this temperature range, but 
can't be identified by XRD. For Cu1.1Mn1.90 4, as the highest temperature tested was 
1100°C, nothing can be concluded. For Cu1.4Mnl.604, it is clear that CuMn02 phase 
disappears, and single phase spinel forms at temperatures above 1100°C, which is 
consistent with the phase diagram (Trari 2005). 

T bl a e 5 1 Phase bound . base 1anes d on m-s1tu X-ray_d"ffract10n ana!Y_ses 
Lowest test 
tem...Q:J'.'Cl 

600 

535 

350 

400 

Highest test Sample 
tell!Q._(°C} 

1150 

Cuo.sMn2204 

1100 

Cu1.1Mn1.904 

750 
CuuMn1.104 

1125 

Cu1.4Mn1.604 

Phase region 

S_Qinel + Mn203 
~inel 

~inel + CuMn02 
~inel 

S_Qinel + Mn203 
~inel 

S_Qinel + CuO 
~nel + CuO + CuMn02 

~inel + CuMn02 
S_Qinel + Mn203 

~inel 
S_Qinel + CuO 

Spinel + Mn203 + 
CuO+? 

Spinel + Mn203 + 
CuO+? 

S_Qinel + CuO+ ? 
~inel + CuMn02+ ? 

S_pjnel +? 

Phase boundary 

f'Cl 
600 - 775 
775 - 975 

975 - 1125 
1125 -1150 
535 - 700 
700- 825 
825 - 950 

950 - 1000 
1000 - 1100 
350 - 425 
425 - 575 
575 - 750 
400 - 550 

550 - 750 

750 - 925 
925 - 1100 
1100 - 1125 

'?'means unknown impurity phase. 
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Table 5.2 Phase boundary of the single spinel from the literature (Vandenberghe 1973) 

Com_l)_osition Cu0.8 Cul.O Cul.I Cul.2 Cul.3 Cul.4 
Single spinel 

2_hase area _(°Cl 
800-1000 720-950 700-820 610-750 540-680 500-610 

T bl a e 5 3 T em_l)_erature ran_g_e ofCuMn0 2 ormat10n fi 
Sam2_le Phase r~on Phase bound~Cl 

Cuo.sMn2.204 S..E_inel + CuMn02 975 - 1125 
S~nel + CuO + CuMn02 950 - 1000 

Cu1.1Mn1.904 ~inel + CuMn02 1000 - 1100 
Cu1.4Mnl.604 ~inel + CuMn02+ ? 925 - 1100 

'?'means unknown impurity phase. 

From table 5.3, it can be seen that the temperature at which CuMn02 forms in the 
compositions of Cuo.sMn2.204, Cu1.1Mn1.904 and Cu1.4Mn1.604 are consistently in the 
vicinity of 950°C. Therefore, it is assumed that the onset of CuMn02 formation is 950°C. 
The three-phase analyses of the Cu1.1Mn1.90 4 sample at 950-1000°C might be due to a 
metastable state of the sample. Our experiments show that CuxMn3_x04 spinels have 
tetragonal structure for x ~1.0 and cubic symmetry with x > 1.0 through quenching in air 
after annealing at high temperatures (fig. 3.3-3.7). The results are consistent with the 
literature (Dubrovina 2001; Vandenberghe 1973). The samples with nominal 
composition of CuuMn1.704 and Cu1.4Mn1.604 could not be annealed to pure spinel phase, 
but consist of a mixture of the spinel plus CuO, or the spinel and Mn203. This may be 
due to the slow diffusion at temperatures below 750°C, and consistent with the literature 
(Vandenberghe 1973). However, no matter what crystal symmetry the spinel have after 
quenching in air, they have cubic symmetry at high temperatures, and transformation of 
cubic to tetragonal structure was not observed by the in-situ X-ray diffraction analysis. 
These results are summarized by a Cu-Mn-0 phase diagram calculated using F ACTSage 
that included in-situ x-ray data and the subsequent neutron diffraction analyses (fig. 5.2). 

5.2.5 Conclusions 

The major finding was that the spinel boundaries from our XRD study matched 
closely with the mid-composition investigation of Vandenberghe et al. (Vandenberghe 
1973). The inconsistency in phase identification at x>1.1 in CuxMn3_x04 could be due to 
unattainability of the equilibrium state at intermediate temperatures. The phase 
transformation between cubic and tetragonal structure near x=l.O in CuxMn3_x04 solid 
solutions was not demonstrated by in-situ X-ray analyses. All the CuxMn3-x04 solid 
solutions showed cubic symmetry. During heating to high temperatures, there is a 
decomposition of CuMn02 to cubic spinel, and the transformation temperature is 
estimated at 1125°C. This is quite consistent with previous results (Driessens 1967; Trari 
2005). In-situ X-ray diffraction shows that CuMn02 at high temperatures in air has 
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hexagonal structure, and in the composition range investigated, CuMn02 with monoclinic 
structure was not found. 
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Figure 5.2 Cu-Mn-0 phase diagram 

P(0,)=0.21 

5.3 In-situ neutron diffraction analyses 
5.3.1 Experimental procedure 

For in-situ high temperature neutron diffraction, CuxMn3_x04 compounds were 
prepared by mixing CuO and Mn02 following the standard ceramic technique. The 
mixtures were reacted in air at high temperatures in order to produce pure spinel phase 
according to the phase diagram (Martin 2007; Vandenberghe 1973). Based on previous 
literature, it is clear that different opinions exist regarding the cation distribution and 
valences of the cations in CuxMn3_x04 solid solutions. It was suggested that the 
stoichiometry, cation oxidation state and site distribution in CuxMn3_x04 solid solutions 
were strongly dependent on the preparation method, sintering temperature, sintering time 
and subsequent treatments (Vandenberghe 1973). Temperatures could also influence the 
cation valences and distributions in the compounds (Dorris 1988; Ghare 1968; Sinha 
1958; Vandenberghe 1973; Vandenberghe 1976). As most of the previous research was 
based on quenched samples, in-situ analyses was considered an advantage to clarify the 
structure of CuxMn3_x04 solid solution. Although some research has been done through 
in-situ X-ray diffraction to study the structure, as the difference between the scattering 
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powers of Cu and Mn in X-ray diffraction is small, the resolution is insufficient. Neutron 
diffraction, in many cases, can give an unambiguous picture of the cation distribution as 
neutron coherent scattering lengths of elements adjacent to each other in the periodic 
table may different significantly. In the case of CuxMn3_x04 solid solution, as Cu and Mn 
have neutron scattering lengths with opposite signs, in-situ neutron diffraction is regarded 
as an appropriate technique to obtain precise information on cation distribution in 
CuxMn3_x04 solid solutions and other crystallographic parameters. 

In-situ neutron diffraction analysis was conducted at the Canadian Neutron Beam 
Centre. Two wavelengths were selected, 1.32927 A and 2.37083 A, so as to resolve low 
d-spacing with a maximum collection of 115°. In order to optimize the intensity of the 
signal and the accuracy of lattice parameter, the acquisition time was fixed at two hours. 
The spectra obtained with the smaller wavelength are shown in appendix 2, along with 
the refined difference spectra. Rietveld refinement was used to determine copper and 
manganese site distribution and lattice parameters. 

5.3.2 Refinement results 

The cation distribution and lattice parameters of the spinels based on Rietveld 

refinement using a model with Fd3m space group are shown in the following tables 5.4­
5.11. Rp is the total R-factor and wRp is the weighted profile R-factor. 

According to figs. 5.3 and 5.4, it can be seen that the cubic lattice parameter of the 
spinel phase increases with temperature, and decreases with increasing Cu content in 
CuxMn3_x04 solid solutions. The cell parameter increases with temperature should be due 
to thermal expansion of the crystal structure. Vandenberghe et al. (1973) also observed 
that the lattice parameter diminished with increasing x in in CuxMn3-x04 solid solutions, 
and they proposed that the copper ions will distribute in a specific way over the 
octahedral and tetrahedral sublattices, and the lattice parameter decreased with increasing 
tetrahedral copper concentration. The cation distribution from our refinement does show 
an increase of tetrahedral copper concentration as a function of copper content x in 
CuxMn3_x04solid solutions (tables 5.5, 5.7, 5.9 and 5.11). As ionic radii of Cu+ and Cu2+ 
on tetrahedral sites are smaller than that of Mn2+ on the same sites (Shannon 1976), the 
lattice parameter decreases when copper ions replace manganese ions on tetrahedral sites. 

Table 5 4 L att. ice_12_arame ers o f the s_Q_meIC n2.20 4. Uo.8M 

Tem_12_eraturef'Cl 700 800 900 1000 
Spinel, cubic 
a=b=cJ..Al 

8.470 8.488 8.494 8.509 

x in CuxMn3_x04 ~nel 0.7626 0.7768 0.7724 0.7518 
R_12_ 0.0481 0.0476 0.05 0.0477 

wRj>_ 0.0624 0.0613 0.0635 0.0617 
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T bl 5 5 C f d. tr"b f . th . l h fl tha e a ion is i u ion m e ~ne _Q! ase or e com_..2._0Sl"fton cUo.8 Mn2.20 4 
Temperature OccUI>_ancy_at tetrahedral sites OccUI>_ancy_at octahedral sites 

(OC) Cul Mnl Cu2 Mn2 
700 0.5608 0.4392 0.1009 0.8991 
800 0.5376 0.4624 0.1196 0.8804 

0.5484900 0.4516 0.1120 0.8880 
1000 0.5242 0.4758 0.1138 0.8862 

T bl 5 6 L . . lC M 0a e att1ce _Qarameters o fht e SQ_me U1.o n1.o 4 
Tem_Qerature_{°Cl 750 800 850 950 

Spinel, cubic 
a= b = c_(_Al 

8.446 8.459 8.470 8.481 

X in CuxMn3.x04 SQ_inel 0.9634 0.89 0.9084 0.9166 

RJ2.. 0.0528 0.055 0.056 0.0515 
wR_..2_ 0.0671 0.073 0.0747 0.0663 

T bl 5 7 C f d. tr"b f . th . l h fl tha e a ion is l u ion m e ~ne _Q! ase or e com_..2._0Sl"fton cU1.oMn2.00 4 
Temperature OccUI>_ancy_at tetrahedral sites OccUI>_ancy at octahedral sites 

(OC) Cul Mnl Cu2 Mn2 
750 0.6630 0.3370 0.1502 0 .8498 

0.6554800 0.3446 0.1173 0.8827 
0.6554 0.3446850 0.1265 0.8735 

950 0.6526 0.3474 0.1320 0.8680 

T bl 5 8 L . . IC M 0a e att1ce _Qarameters o fht e SQ_me U1.1 n1.9 4 
Tem...12..erature_t>C_l 650 700 790 900 950 

Spinel, cubic 8.429 8.434 8.448 8.465 8.467 
a= b = c_(AJ. 

X in CuxMn3-x04 1.0393 1.0003 1.0028 1.0034 1.0046 
~nel 

RJ2.. 0.056 0.0521 0.05 0.054 0.0541 
wR_..2_ 0.0716 0.0675 0.0641 0.0701 0.07 

T bl 5 9 C f d. tr"b f . th . I h fl tha e a ton is i u ion m e ~ne 21 ase or e com_..2._0Sl"fton cU1.1 Mn1.90 4 
Temperature OccUI>_ancy_at tetrahedral sites OccUI>_ancy_ at octahedral sites 

(OC) Cul Mnl Cu2 Mn2 
0.7387 0.2613 0.8497650 0.1503 

700 0 .7325 0.2675 0.1339 0.8661 
790 0.712 0.288 0.1454 0.8546 

0.7032 900 0.2968 0.1501 0.8499 
950 0.7040 0.2960 0.84970.1503 
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T bl 5 10 L . fh . IC Mn 0a e att1ce .R_arameters o t e ~me U1.3 1.7 4 
Tem__Q_erature_(°Cl RT 550 600 690 800 850 

Spinel, cubic 
a=b = c_(Al 

8.336 8.392 8.401 8.422 8.430 8.44 

x in CuxMn3_x04 ~nel 1.1448 1.1535 1.1535 1.2265 1.2173 1.1919 
R_Q 0.0593 0.0584 0.0571 0.0573 0.0635 0.0587 

WR_.£_ 0.0756 0.075 0.0738 0.0737 0.0801 0.0746 

T bl 5 11 C . d. "b . . h . 1 h fi ha e . atlon 1stn ut1on m t e ~me _.£! ase or t e com_.£_os1tton CU1.3Mn1.704 
Occl.!Q_an~at octahedral sites Temperature Occl.!Q_an~ at tetrahedral sites 

(OC) Cu2 Mn2Cul Mnl 
0.8774 0.8663 25 0.1226 0.1337 

0.8498 550 0.8531 0.1469 0.1502 
0.8403 600 0.8341 0.1659 0.1597 

0.8643 0.1811 0.8189690 0.1357 
0.8591 0.1409 0.1791 0.8209800 

850 0.8545 0.1455 0.1687 0.8313 
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Figure 5.3 Lattice parameter of the spinel as a function of temperature 
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Figure 5.4 Lattice parameter of the spinel as a function ofx in CuxMn3-x04 

In-situ neutron diffraction results confirm the findings of in-situ x-ray diffraction 
that CuxMn3_x04 solid solutions have cubic structure at high temperatures. The literature 
(Vandenberghe 1973) mentioned that CuxMn3_x04 solid solutions had cubic structure for 
1.06:'.Sx:'.Sl.50 and tetragonal structure for 0.98:'.Sx<l.06 in CuxMn3.x04 when quenched 
samples were used. However, this transformation of tetragonal symmetry to cubic 
structure of the spinel at x-1.0 in CuxMn3_x04 solid solutions (Vandenberghe 1973) was 
not observed by our in-situ analyses. 

Dubrovina et al. (2001) studied CuxMn3.x04 solid solutions with compositions of 
0.5 :'.S x :'.S 1.0 at 900°C in air through in-situ x-ray diffraction and also found that CuxMn3_ 
x04 solid solutions had cubic structure at high temperature, but quenching in air gave rise 
to tetragonal distortion, which was confirmed in our experiments, e.g., Cu0.8Mn220 4and 
Cu1.0Mn2.o04 (fig. 3.3 and 3.4). The disagreement between our results and those in the 
literature (Buhl 1969; Vandenberghe 1973) demonstrated that quenching is not a suitable 
method to obtain correct information about crystal symmetry of CuxMn3-x04 solid 
solutions at high temperatures. According to the phase diagram (fig. 4.33), Mn30 4 at 
intermediate temperatures has tetragonal structure and the cation distribution of 
(Mn 2+)[Mn 3+Mn 3+]04 was proposed for this symmetry (Dorris 1988). That CuxMn3-x04 
spinel with the composition investigated show cubic structure means that there is a 
transformation of tetragonal to cubic symmetry, and this transformation should be related 
to the change of ionic configuration in CuxMn3-x04. It is reasonably deduced that the 
transformation of tetragonal to cubic symmetry in CuxMn3.x04 occurs at x<0.5 based on 
the results ofDubrovina et al. (2001) and ours at high temperatures. 
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Different ionic configurations have been proposed for CuxMn3_x04 solid solutions 
(table 5.12). Cation distributions from our in-situ neutron analyses were compared with 
those of others (figs. 5.5-5.8). The label of 'Wei' in the ligend represents the data from 
our experiments. As cation distributions in CuxMn3_x04 spinel did not show significant 
variation at intermediate temperatures in our experiments (tables 5.5, 5.7, 5.9 and 5.11), 
average values were taken for comparison with others. Symbols of 'Dubrovina' and 
'DubrovinaQ' in the figures mean the data from in-situ analyses and room temperature 
analyses based on the quenched samples ofDubrovina et al. (2001). 

According to figs. 5.5-5.8, it can be seen that the cation distributions from 
Maunders et al. (2008) (quenched samples), Dubrovina et al. (2001) (quenched samples), 
Radhakrishnan et al. (1977) and Vandenberghe et al. (1976) matched with our in-situ 
data better than others. Radhakrishnan et al. ( 1977) studied CuMn204 after quenching 
between 850 and 900°C through neutron diffraction, and the cation distribution was 
solved as (Cu 0_ )[Cu025 Mnu5 ]. Vandenberghe et al. (1976) reported a cation 15 Mn025 

distribution of (Cu 0.16 Mn0.24 )[Cu0.24 Mnl.76] in CuMn204 through quenching from 940°C. 
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Table 5 12 Cation distributions in CuxMn3_x04 

Reference 
 Cationic distributions 


CuxMn3_x04 

Maunders et al. 


Year x in 

1.22008 (cu;.~56Mn;.:44 )[cu;,;44 Mn~.:66Mn~.;9 ] quenched 

(Maunders 2008) 


~ 

Dubrovina et al. 0.5 (Mn;.~5 Cu;, 15 )[cu;,;5 Mnt:5 Mn~.;0 ] at 900°C 

(Dubrovina 2001) 
 2001 

(Mn12~ )[cu;.; 1Mn~;8 Mn~; 1 ] quenched 

0.75 (Mn;;2 Cu; 25 Cu;;3 ) [Cu ;;1Mn;,; 1Mn~.;2 ] at 900°C 

(Mn;.:4cu;25cu;.; 1 )[cu;.:9Mn,3;7 Mn~.:4 ]quenched 
1.0 (cu;0 )[Mn;.~ 1 Mn~.;9 ] at 900°C 

(Mn;; 1 cu;;9 )[cu;.; 1 Mn;,;8 Mn~.; 1 ] quenched 

Waskowska et al. 
 2001 x=l (Cu ;,2 Mn;~)[cu;~Mn~;Mn1

4~] 
(Waskowska 2001) 

R. Metz (Metz 2000 0 :sx < 0.3 (Cu; Mn1
2_+J[Mni~xMn:+ J quenched 

2000) 0.3:::; x < 1.0 (Cu;_Y Mn,2_+x+y)[Cu~+ Mni~x-yMn:+] quenched 

Kharroubi et al. x<0.61991 (Cu ; Mn 2_+J[Mni~xMn:+ ] quenched1
(Kharroubi 1991) 1.0 > x > 0.6 (Cu+ Mn 2+ )[Cu 2+Mni+ Mn 4+] *quenchedx-y 1-x+y y -x-y x 

Radhakrishnan et 1977 x=l (cu;,;0 cu;.25Mn~;5 )[cu;;5 Mn:;0Mn~;5 ] quenched 
al. (Radhakrishnan 

19771 
Vandenberghe et 1976 x=l (cu;.76Mn~.;4 )[cu;;4Mnt~Mn~;6 ] quenched 

al. (Vandenberghe 
(Cu;,16Mn~;4 )[cu;,;4Mn~;6Mn:~] quenched

197~ 
Sinha et al. (Sinha 1958 x=l (Cu +)[Mn3+ Mn 4+] 

19581 

*: y represents a low value (less than 0.20), and is taken as 0.1 m our calculat10ns. 
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Figure 5.8 Manganese cations on octahedral sites of CuxMn3_x04 

Figure 5.9 Cation distribution in CuxMn3-x04 from in-situ neutron diffraction 
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Although the cation distributions in CuMn204 from Vandenberghe et al. (197 6) 
and Radhakrishnan et al. (1977) are consistent with each other, the ionic configurations 
they proposed are quite different (table 5.12). Our in-situ neutron diffraction analyses 
show that the sample with a nominal composition of Cu1.1Mn1.904 has a cation 
distribution of (Cu 0_ )[Cu0_ Mn170 ] at 900°C (table 5.9). The nominal spinel 703 Mn0297 30 

composition of Cu1.1Mn1.904 has a refined composition of Cu1.003Mn1.99704. The 
difference of the cation distribution between our results and the literatures can be 
attributed to the state of the samples, either equilibrium state (in-situ analyses) or 
metastable state (quenching). The comparison demonstrates that quenching is unable to 
give accurate information about the cation distribution and crystal symmetry of the 
materials at high temperatures. Although quenching can freeze the cation distribution in 
CuxMn3.x04 at high temperatures to some extent, for example, the cation distributions 
from Maunders et al. (2008), Vandenberghe et al. (1976), Dubrovina et al. (2001) 
(quenched samples), and Radhakrishnan et al. (1977) are very close to our in-situ 
analyses, caution must be taken where using quenched samples to study crystal structure 
of the materials, as most of the data from quenching experiments deviate significantly 
from the in-situ analysed data. 

Dubrovina et al. (2001) mentioned that the competing cooperative effects of the 
Jahn-Teller ions on tetrahedral and octahedral sublattices play a decisive role in 
determining the structure of the solid solutions. Cubic symmetry existing at high 
temperatures while tetragonal structure existing in quenched samples could be attributed 
to a large entropy contribution to the free energy of the solid solution at high 
temperatures, which impedes interaction between Jahn-Teller ions. The thermal factor 
probably plays an important role in determining the equilibrium structure of CuxMn3_x04 
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solid solutions at high temperatures. However, up to now, no suitable theory has yet been 
formulated to describe the combined effect of Jahn-Teller ions. 

In-situ diffraction has been demonstrated as an effective method to provide direct 
information about crystal structure of materials at high temperature. As Cu and Mn have 
different neutron scattering lengths with opposite sign, in-situ neutron diffraction can 
give accurate and direct information about the structure and cation distribution in 
CuxMn3_x04. However, as copper and manganese have multi valences, even neutron 
analyses can't provide comprehensive information about valence of copper and 
manganese ions on the octahedral and tetrahedral sites. 

The complicated situation in CuxMn3_x04 solid solutions where copper and 
manganese ions have multiple valences makes the determination of copper and 
manganese cation distributions in the spinel difficult. Since no technique is available 
which can give direct information about valence of elements at high temperatures in air, 
several methods have to be combined in order to get cation distribution in the solid 
solutions. Although CuxMn3-x04 has been studied for long time, the results about their 
ionic configuration are always controversial, which means that not only the materials 
themselves are complicated, but also there is no developed theory which can give clear 
description about the relationship among their structure, sample state, composition and 
temperature. Although many mechanisms have been proposed, it is impossible to tell 
which is more accurate. 

From previous neutron diffraction data on the cation distribution in CuMn204 
(Buhl 1969; Radhakrishnan 1977; Zaslavskii 1969), it follows that the Cu ions have a 
preference for the tetrahedral sites. Our experiments also found that more Cu ions go to 
the tetrahedral sites than the octahedral sites with increasing x in CuxMn3_X04 solid 
solutions. From fig. 5.9, it can be seen that at intermediate temperatures, the 
concentration of copper ions on tetrahedral and octahedral sites increases with increasing 
copper concentration in CuxMn3_x04, and the former increases more quickly than the 
latter. The concentration of manganese ions on tetrahedral and octahedral sites decreases 
with increasing copper concentration, and the former decreases more quickly than the 
latter. It is possible that manganese ions move from the tetrahedral sites to octahedral 
sites. Vandenberghe et al. (1973) proposed the following equilibrium based on the above 
neutron diffraction analysis, taking into account a random distribution at high 
temperatures: 

Cutetra. + Mnoct. <=> Cuoct. + Mntetra. (5.2) 

which shifts to the right at high temperatures. Based on magnetic susceptibility 
measurements on CuMn204, Vandenberghe et al. (1976) proposed the equilibria given by 
5.3 and 5.4 in CuxMn3_x04, while Dubrovina et al. (2001) proposed the equilibrium in 5.5. 

Cu,:,, +Mn;;, <=>Cu~;, +Mn;,;, (5.3) 

Mn!;, +Mn~;, <=> Mn,:;, +Mn;;, (5.4) 
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Clearly, the mechanisms they proposed are different. Equation 5.4 shows that Mn3+ on 
tetrahedral and octahedral sites can transform to Mn2+ and Mn3+, while equation 5.5 
shows that Mn3+ only exists on octahedral sites, and transforms to Mn4+. Dorris et al. 
(Dorris 1988) proposed the following equilibrium to explain the transformation of 
tetragonal to cubic structure in Mn304, and expanded the theory to other manganites. 

It has been widelt accepted that tetrahedral distortion in Mn-rich spinels can be attributed 
to octahedral Mn + on account of its 3d4electronic configuration, which is consistent with 
equilibrium (5 .5). As Mn3+ transforms to Mn2+ + Mn4+, the concentration of Mn3+ 
decreases and the extent of tetragonal distortion decreases. When Mn3+ concentration 
falls below a critical concentration, the cubic structure replaces tetragonal distortion. 
Waskowska et al. (2001) also mention that the amount of the distorting ions is the key to 
crystal symmetry in CuxMn3_x04. They estimated the critical fraction of distortive ions 
on octahedral sites to be about 55%. The replacement ofMn3+ by Mn2+ and Mn4+ plays a 
key role in suppressing the tetragonal distortion (Yamada 1996). 

As variation of the cation distribution with temperature in CUo.sMn2.204, 
Cu1.0Mn2.004 and Cu1.1Mn1.904 at high temperatures was not significant (figs. 5.10-5.12), 
no rule could be drawn based on those data. The cation distribution in CuuMn1.704 
showed a clear trend between room temperature and high temperatures. However, there 
is no clear trend in the variation at high temperatures (table 5.11), the reason for which is 
not clear. In order to avoid this problem, it was assumed that the cation distribution at 
850°C was representative of high temperatures (table 5.11). It can be seen that (Cu"ltetra. 
and [Mn"+]oct. decrease, while [Cu"+]oct. and ([Mn"+]tetra. increase as temperature increases. 
Clearly, Some Cu"+ ions transfer from tetrahedral to octahedral sites, and Mn"+ moves in 
the opposite direction at the same time as temperature increases. Buhl proposed the 
following thermally activated site exchange reaction (Buhl 1969): 

It is clear that as temperature increases, the above equation shifts to the right side: 
(Cu2ltetra. and [Mn2+]oct. decrease, while [Cu2+]oct. and [Mn2+]tetra. increase with 
temperature. 

Based on the above analyses, it is clearly seen that equation 5 .2 can explain the 
cation distribution in CuxMn3_x04 solid solutions. However, the valences which can be 
assigned to copper and manganese ions on both sides of the equation are not consistent, 
which makes final determination of the ionic configuration impossible. The 
compositions of the cubic spinel can be calculated based on the refined distribution for 
manganese and copper as well as the site multiplicity for tetrahedral and octahedral sites 
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following the equation: Cu,0101 = Cu 1. + Cuocia . The compositions of the spinel based on 

refinement are quite different from ICP analyses (table 3.5). The probable explanation is 
that ICP analyses gives compositions of the whole sample, not a specific phase. 
Moreover, ICP analyses has a greater level of uncertainty. 

Although the results of early studies on CuxMn3-x04 solid solutions were 
controversial, they can provide some useful information on cation distribution of copper 
manganites: 

1, 

• 	 The tetragonal distortion of Mn-rich spinels can be attributed to octahedral Mn3+ 
(Dunitz 1957; Goodenough 1955); 

• 	 Manganese is present in the compounds in three valence states: Mn2+, Mn3+ and 
Mn4+. It is generally accepted that the high electrical conduction of copper 
manganites is dominated by thermally activated electron exchange between Mn3+ 
and Mn4+ ions on the octahedral sublattices; 

• 	 As Mn3+ and Mn4+ have high preferences for octahedral sites, the tetrahedral 
concentration of either species is expected to be very small (Dunitz 1957; 
Navrotsky 1967; O'Neill 1984); 

• 	 The presence ofMn4+ ions will result in an equivalent amount of Cu+ ions in order 
to keep the charge balance (Radhakrishnan 1977); 

• 	 It has been confirmed that Mn2+ has strong preference for tetrahedral sites 
(Lucchesi 1997). Therefore, Mn2+ will preferentially occupy tetrahedral sites; 

• 	 Copper can be present in two valence states, Cu+ and Cu2+. If Cu+ exists, it will 
occupy tetrahedral sites due to its low octahedral site preference; 

• 	 Cu2+ also has a strong preference for octahedral sites, and competes with Mn3+ 
and Mn4+, but its occupancy on tetrahedral sites is possible to a significant extent. 

Determination of the concentration of each cation in Cu ..Mn3_..0 4 solid solutions is not 
available yet, as no theory can uniquely describe the equilibria between all species. 

5.4 Conclusions 

In-situ x-ray and neutron diffraction reveal that CuxMn3-x04 spinel have cubic 
structure with x from 0.8 to 1.4 at high temperatures. CuMn02 with hexagonal structure 
was detected at high temperatures, and monoclinic symmetry at the temperatures up to 
1100°C was not observed in our in-situ x-ray diffraction analyses. Clearly, quenching 
(metastable) normally decreases cell symmetry of Cu-Mn oxides, and is not a reliable 
way to determine equilibrium structure in Cu-Mn-0 system. High temperature neutron 
diffraction confirmed the x-ray diffraction results that Cu-Mn spinel has cubic symmetry. 
Cation distributions from refinement of high-temperature neutron diffraction data show 
that the cubic lattice parameter of the spinel phase increases with temperature, and 
decreases with increasing Cu content in CuxMn3-x04 solid solutions. More Cu goes onto 
tetrahedral sites than octahedral sites. As Cu content in the solid solution increases, Cu 
concentration on tetrahedral sites increases more quickly than that on octahedral sites. 
Meanwhile, Mn was replaced by Cu, and its concentration decreases. 
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Chapter 6 
Summary and conclusions 

This work has developed a new method to obtain metallic manganese deposits 
through electrodeposition without any additives. Cobalt-manganese and copper­
manganese spinel coatings were obtained by electrodeposition and subsequent oxidation. 
It was demonstrated that the spinel coatings can provide an effective electronic path to 
the metallic substrate and the outward diffusion of chromium can be virtually suppressed 
by the spinel coatings. 

Studies on the transformation of copper-manganese metallic thin films to spinel 
show that manganese was oxidized through inward diffusion of oxygen and CuO formed 
by outward diffusion of copper. The reaction between manganese oxides and CuO 
resulted in the formation of the spinel. 750°C can be a suitable temperature at which 
metallic thin films transform to the spinel coatings. The higher oxidation temperature can 
result in formation of transition layer, which is due to oxidation of the substrate alloy. 

In-situ x-ray and neutron diffraction analyses provide clear insights into the 
crystal structures of CuxMn3_x04 solid solutions and CuMn02 at high temperatures. 
CuxMn3_x04 spinel has cubic symmetry and CuMn02 has hexagonal structure at high 
temperatures. The following equation was confirmed by our in-situ analysis data in 
CuxMn3_x04 solid solutions: 

Cutetra. + Mnoct . ~ Cu oct. + Mntetra. 

Many equilibrium reactions have been proposed for CuxMn3_x04 solid solutions, but their 
applicability is in question, which makes determination of the concentration of 
manganese and copper ions on the tetrahedral and octahedral sites in CuxMn3_x04 solid 
solutions difficult. Through comparing our in-situ data to those with quenched samples, 
we found that quenching can not prevent change of crystal symmetry of Cu-Mn oxides 
and is not a reliable way to determine equilibrium structure in Cu-Mn-0 system. 

As Cu-Mn spinel coating has a thickness of around 20 µm, its physical properties 
is the same as the bulk material. The crystal structure information obtained from the bulk 
materials can be extended to understanding of Cu-Mn spinel coating. 
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Phase Identification of In-Situ X-ray Diffraction Data 
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Figure 5 X-ray diffraction pattern of Cu1.1Mn1.90 4 at 700°C 
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Figure 6 X-ray diffraction pattern of CuuMni.90 4 at 725°C 
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Figure 7 X-ray diffraction pattern of Cu1.1Mn1.90 4 at 825°C 
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Figure 8 X-ray diffraction pattern ofCu1.1Mn1.904 at 850°C 
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Figure 9 X-ray diffraction pattern of Cu1.1Mn1.90 4 at 925°C 
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Figure 10 X-ray diffraction pattern of Cu1.1Mn1.904 at 950°C 
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Figure 11 X-ray diffraction pattern ofCu1.1Mn1.90 4 at 975°C 
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Figure 12 X-ray diffraction pattern ofCu1.1Mn1.90 4 at 1000°C 
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Figure 13 X-ray diffraction pattern of Cu1.1Mn1.90 4 at 1025°C 
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Figure 14 X-ray diffraction pattern ofCu1.1Mn1.90 4 at 1050°C 
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Figure 15 X-ray diffraction pattern ofCu1.1Mn1.90 4 at 1075°C 
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[i]00-041-0400 (•) - Copper Rhodium Oxide- CuRh02/CuMn02 HT - Y: 10.00 %- d x by: 1. -Wl: 1.5406- Hexagonal (Rh) - a 3.07400- b 3.0 

[i]o1-074-2103 (C) - Spinel group - Cu0.5MnFe1 .504 - Y: 8.00 % - d x by: 1. - WL: 1.5406 - Cubic - a 8.57265 - b 8.57265 - c 8.57265 - alpha 

Figure 16 X-ray diffraction pattern ofCu1.1Mn1.90 4 atl100°C 
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[i]00.024-0508 (C)- Bixbyite-0, syn - M1203- Y: 7 .00 % -d x by: 1. - WL: 1.5406 -Orthorhombic - a 9.41610 -b 9.42370-c 9.40510 - alpha 9 
[i]01 -071-1144 (C)- Copper Manganese Oxide- Cu1 .2Mn1 .804 - Y: 16.00 %- d xby: 1. -WL: 1.5406- Cubic- a 8.38343 -b 8.38343- c8.38 

Figure 17 X-ray diffraction pattern ofCUo.8Mn2.20 4 at 600°C 
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!1;JFile: 138_900raw- Type : 2Th/Th locked- Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s- Temp.: 25 ~(Room)- Time Start 

[ilo1-071-1144 (C) - Copper Manganese Oxide - Y: 9.28 %- d x by: 1. -WL: 1.5406- Cubic- a 8.49555 -b 8.49555- c 8.49555- alpha 90.000 

Figure 18 X-ray diffraction pattern ofCu0.8Mn2.20 4 at 900°C after 600°C 
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[i]o1-071-1144 (C) - Copper Manganese Oxide- Y: 16.00 % - d x by: 1. -WL: 1.5406- Cubic -a 8.4m5- b 8.47775- c8.4m5 -alpha 90.00 

Figure 19 X-ray diffraction pattern of CUo.sMn220 4 at 900°C at the beginning 
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[1]01-071-1144 (C) - Copper Manganese Oxide - Y: 19.00 %- d x by: 1. -WL: 1.5406- Cubic - a 8.45661 - b 8.45661 - c8.45661 -alpha 90.00 


Figure 20 X-ray diffraction pattern ofCUo.sMn2.204 at 800°C 
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l?iJRle: a_l67 _775.raw- Type: 2Th/Th locked- Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1 . s- Temp.: 2511J (Room)- Time St 

IIJ]o1-071-1144 (C) - Copper Manganese Oxide - Y: 19.00 %- d x by: 1. -WL: 1.5406- Cubic -a 8.45661 - b 8.45661 - c8.45661 -alpha 90.00 
IIJ]00-041-1442 (*) - Bixbytte-C, syn - Mn203- Y: 6.00 %- d x by: 1. -WL: 1.5406- Cubic -a 9.46399-b 9.46399- c 9.46399 -alpha 90.000 - b 

Figure 21 X-ray diffraction pattern ofCUo.sMn2.204 at 775°C 

114 

71 



PhD Thesis - P. Wei McMaster University- Materials Science and Engineering 

60000 

50000 

40000 -(/)-c 
:::I 
0 
030000..__... 
c 

:.::i 

20000 

10000 

0 

10 20 30 40 50 60 71 

2-Theta - Scale 
~File: a_l79_750.raw- Type: 2Th/Th locked - Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp.: 25 lil (Room)- Time St 

[1]01-071-1144 (C) - Copper Manganese Oxide - Y: 22.25 %- d x by: 1. -WL: 1.5406 - Cubic -a 8.45661 - b 8.45661 - c8 .45661 -alpha 90.00 

[il00-041-1442 (*) - Bixbytte-C, ~ - Mn203 - Y: 7.25 %- d x by: 1. -WL: 1.5406 - Cubic - a 9.46399 - b 9.46399 - c 9.46399 - alpha 90.000 - b 

Figure 22 X-ray diffraction pattern of Ct1-0.8Mn2.20 4 at 750°C 
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i;AIRle : W32_950raw - Type : 2Ttv'Th locked- Start: 10.015 ?- End : 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp.: 25 ~ (Room) - Time Start 
[i]01 -071 -1144 (C) - Copper Manganese Oxide- Cu1 .2Mn1.804 - Y: 18.39 %- d x by: 1. - WL: 1.5406- Cubic- a 8.50638 -b 8.50638- c8.50 

Figure 23 X-ray diffraction pattern ofC1J-0.8Mn2.204 at 950°C 
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[i]00-041-0400 (*) - Copper Rhodium Oxide - CuRh02/CuMn02 HT - Y: 6.00 % - d x by: 1. - WL: 1.5406 - Hexagonal (Rh) - a 3.06248- b 3.06 


[i]o1-071-1144 (C) - Copper Manganese Oxide- Cu1 .2Mn1 .804- Y: 18.39 %- d x by: 1. -WL: 1.5406 - Cubic - a 8.50638 - b 8.50638- c8.50 


Figure 24 X-ray diffraction pattern ofCUo.sMn2.20 4 at 975°C 
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litiJl86_1000- File: 186_1000.raw- Type: 2Thffh lcx:ked - Start: 10.015 ?- End: 69.988 ?- Step: 0.017 ?-Step time: 50. s - Temp.: 25 lfi (Room 

~erations : Y Scale hid 8000 IY Scale Add 3000 IBackground 0.068, 1.000 I Import 

lli]o1-071-1144 (C) - Copper Manganese Oxide - Cu1 .2Mn1.804- Y: 16.00 %- d x by: 1. -WL: 1.5406- Cubic- a 8 .52058 - b 8.52058 - c 8.52 

lli]00-041-0400 (*) - Copper Rhodium Oxide - CuRh02/CuMn02 HT - Y: 8.00 % - d x by: 1. - WL: 1.5406 - Hexagonal (Rh) - a 3.06248 - b 3.06 

Figure 25 X-ray diffraction pattern ofCUo.sMn2.204 at 1000°C 
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~Rle: c_l4_ 1100.raw- Type: 2Th/Th locked - Start 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp.: 25 ~(Room) - Time St 
[1]01-071-1144 (C) - Copper Manganese Oxide - Cu1 .2Mn1.804- Y: 14.81 %- d x by: 1. -WL: 1.5406- Cubic- a 8.56674 - b 8.56674- c8.56 
[i]00-041-0400 (*) - Copper Rhodium Oxide - CuRh02/CuMn02 HT - Y: 4.27 % - d x by: 1. - WL: 1.5406- Hexagonal (Rh) - a 3.07269- b 3.07 

Figure 26 X-ray diffraction pattern of CUo.8Mn2.204 at 1100°C 
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[i]o1-071-1144 (C) - Copper Manganese Oxide- Cu1 .2Mn1 .804 - Y: 14.73 %- d x by: 1. -WL: 1.5406 - Cubic- a 8.58136 -b 8.58136 - c8.58 
[i]00-041-0400 (*)-Copper Rhodium Oxide- CuRh02/CuMn02 HT - Y: 8.00 %- d x by: 1. -WL: 1.5406- Hexagonal (Rh) - a 3.07269- b 3.07 

Figure 27 X-ray diffraction pattern of CUo.8Mn2.20 4 at 1125°C 
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QiJ128_1150, Cu.8Mn2.204, CuxMn3-x04, x=.8, Mario - File: 128_1150.raw - Type: 2Th/Th locked - Start: 10.015 ?- End: 69.988 ?- Step: 0.017 


Operations: mport 

[i]o1-071-1144 (C) - Copper Manganese Oxide- Cu1 .2Mn1.804- Y: 48.48 %- d x by: 1. -WL: 1.5406 - Cubic- a 8 .58136 -b 8.58136- c8.58 


Figure 28 X-ray diffraction pattern ofCUo.sMn2.204 at 1150°C 
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~Rle : 111_750raw- Type : 2Tt\1Th locked - Start: 10.015 ?- End : 69.992 ?- Step: 0 .017 ?- Step time: 1. s - Temp.: 25 !Ji (Room) - Time Start 

[i]00-045-0937 (•) - Tenorite, syn - CuO - Y: 6.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 4.75186 - b 3.44473- c 5.14275 - alpha 90.000 ­

[]]00-034-1400 (I)- Copper Manganese Oxide- CuMn204- Y: 20.00 % - d xby: 1. - WL: 1.5406- Cubic- a 8.41968 -b 8.41968- c8.41968 ­

Figure 29 X-ray diffraction pattern of CuuMnu04 at 750°C 
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11iJRle: 123_725raw- Type: 2Th/Th locked - Start: 10.015 ?- End : 69.992 ?- Step: 0.017 ?- Step time: 1. s- Temp.: 25 Iii (Room) - Time Start 
[i]00-045-0937 (*)- Tenorite , syTi - CuO- Y: 6.00 %- d xby: 1. -WL: 1.5406- Monoclinic- a 4.75186 - b 3.44473- c 5.14275 - alpha 90.000­
[i]00-034-1400 (I)- Copper Manganese Oxide - CuMn204 - Y: 20.00 %- d x by: 1. - WL: 1.5406- Cubic- a 8 .41968 - b 8.41968 - c 8.41968 ­

Figure 30 X-ray diffraction pattern ofCuuMn1.104 at 725°C 

123 



PhD Thesis - P. Wei McMaster University- Materials Science and Engineering 

90000 

80000 

70000 

60000-en...... c 
5soooo 

(.)-
.S40000 
_J 

30000 

20000 

10000 

0 

10 20 30 40 50 60 7, 

2-Theta - Scale 
b'!iJRle: 183_600.raw-Type: 2Th/Th locked-Start: 10.015 ?- End : 69.992 ?- Step: 0 .017 ?- Step time: 1. s-Temp.: 25 m(Room)- Time Start 
[il00-034-1400 (I)- Copper Manganese Oxide- CuMn204 - Y: 25.00 %- d x by. 1. -WL: 1.5406- Cubic-a 8.38137 -b 8.38137 - c8.38137 ­

[i]00-045-0937 (*) - Tenorite, svn - CuO - Y: 6.00 % - d x by: 1. - WL: 1.5406 - l\OOnoclinic - a 4.75186- b 3.44473- c 5.14275- alpha 90.000 ­

Figure 31 X-ray diffraction pattern ofCuuMnu04 at 600°C 
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li&)Rle: 195_575raw- Type : 2Th/Th locked- Start: 10.015 ?- End : 69.992 ?- Step: 0.017 ?- Step time: 1. s- Temp.: 25 ~ (Room) - Time Start 
[i]00-034-1400 (I) - Copper Manganese Oxide - CuMn204- Y: 25.00 % - d x by: 1. -WL: 1.5406- Cubic- a 8 .38137 -b 8.38137 - c 8.38137 ­

[i]00-045-0937 (*) - Tenorite, syTl - CuO - Y: 4.00 % - d x by: 1. - WL: 1.5406- IVonoclinic- a 4.75186 - b 3.44473 - c 5.14275 - alpha 90.000­

Figure 32 X-ray diffraction pattern ofCuuMn1.704 at 575°C 
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i;tiJRle : 1107_550.raw- Type: 2Th!Th locked - Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp .: 25 1'I (Room) - Time Star 

lli]00-034-1400 (I) - Copper Manganese Oxide - CuMn204 - Y: 30.00 %- d x by. 1. -WL: 1.5406- Cubic- a 8 .38137 - b 8.38137 - c 8.38137 ­

lli]00-045-0937 (•) - Teno rite, syn- CuO - Y: 8.00 % - d x by. 1. - WL: 1.5406 - Monoclinic - a 4.75186- b 3.44473 - c 5.14275- alpha 90.000­

Figure 33 X-ray diffraction pattern ofCu13Mn1.704 at 550°C 

126 


71 



PhD Thesis - P. Wei McMaster University - Materials Science and Engineering 

90000 

80000 

70000 

60000 ......... 
en-c 
:::J
050000 

u-c
:.J 40000 

30000 

20000 

10000 

0 

10 20 30 40 50 60 


2-Theta - Scale 
~Rle : 1155_450.raw- Type: 2Th/Th locked - Start: 10.015 ?- End: 69.992 ?- Step : 0.017 ?-Step time: 1. s - Temp .: 25 1i (Room) - Time Star 


[il00-034-1400 (I)- Copper Manganese Oxide - CuMn204- Y: 12.46 % - d xby: 1. -WL: 1.5406- Cubic- a 8 .35700 -b 8.35700- c8.35700 ­

Figure 34 X-ray diffraction pattern ofCuuMnu04 at 450°C 
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tiJRle : 1167_425.raw - Type: 2Th/Th locked - Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp.: 25 R (Room) - Time Star 
[i]00-034-1400 (I)- Copper Manganese Oxide- CuMn204- Y: 12.46 %- d xby: 1. -WL: 1.5406- Cubic- a 8.35700 -b 8.35700-c8.35700 ­

[i]00-041-1442 (*) - Bixby~e-C, syn - Mn203 - Y: 6.00 %- d x by: 1 . - WL: 1 .5406 - Cubic - a 9 .4091 0 - b 9.40910 - c 9 .40910 - alpha 90.000 - b 

Figure 35 X-ray diffraction pattern ofCuuMnu04 at 425°C 
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it;;!Rle : 1179_400.raw- Type: 2Th/Th locked- Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?-Step time: 1. s - Temp.: 25 1lJ (Room) - Time Star 

[i]00-034-1400 (I)- Copper Manganese Oxide - CuMn204- Y: 12.46 %- d x by: 1. -Wl.:. 1.5406- Cubic- a 8 .35700 -b 8.35700- c 8.35700 ­

lli]00-041 -1442 (*) - Bixbytte-C, syn- Mn203- Y: 6.00 %- d x by: 1. -Wl.:. 1.5406- Cubic -a 9.40910 - b 9.40910 - c 9 .40910 -alpha 90.000- b 

71 

Figure 36 X-ray diffraction pattern ofCuuMn1.704 at 400°C 
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[[]01-071-1144 (C) - Copper Manganese Oxide- Cu1 .2Mn1 .804 - Y: 19.83 %- d x by: 1. -Wl: 1.5406 - Cubic - a 8.38343 - b 8.38343 - c8.38 


[i]00-045-0937 (*) - Teno rite, syn - CuO - Y: 8.00 % - d x by: 1. - Wl: 1.5406 - Monoclinic - a 4. 7 4 792 - b 3.45130 - c 5.15353 - alpha 90.000 ­

Figure 37 X-ray diffraction pattern of Cu1.4Mn1.60 4 at 725°C 
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fliJRle: 1159_700.raw- Type: 2ThfTh locked - Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?-Step time: 1. s - Temp.: 25 ~ (Room)- Time Star 


[i]00-024-0508 (C) - Bixbyite-0, syn - Ml203-Y: 6.00 % -d x by: 1. - WL: 1.5406-0rthorhombic- a 9.41610 -b 9.42370-c 9.40510- alpha 9 

[i]01-071-1144 (C)- Copper Manganese Oxide- Cu1 .2Mn1 .804- Y: 19.83 %- d xby: 1. -WL: 1.5406- Cubic-a 8 .38343 -b 8.38343- c8.38 


[i]00-045-0937 (•) - Tenorite, syn - CuO - Y: 8.00 %- d x by: 1. - WL: 1.5406- Monoclinic- a 4.74792 - b 3.45130 - c 5.15353- alpha 90.000­

Figure 38 X-ray diffraction pattern ofCu1.4Mn1.60 4 at 700C°C 
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bt;JRle: 1147_675.raw · Type: 2TtVTh locked· Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s ·Temp.: 25 m(Room)· Time Star 

[i]00-024-0508 (C) - Bixb~e-0 , syn - M1203 - Y: 6 .00 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 9.41610 - b 9.42370 - c 9.40510 - alpha 9 

[[]01-071-1144 (C) - Copper Manganese Oxide - Cu1 .2Mn1.804 - Y: 19.83 %- d x by: 1. - WL: 1.5406 - Cubic- a 8 .38343 - b 8.38343 - c8.38 

[i]00-045-0937 (*) - Tenorile. syn - CuO - Y: 8.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 4.74792 - b 3.45130 - c 5.15353 - alpha 90.000 ­

Figure 39 X-ray diffraction pattern ofCu1.4Mnl.604 at 675°C 
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l:/iJ10.015355630 5894.0- File : 187_550.raw- Type: 2Th/Th locked - Start: 10.032 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp.: 25 

[il00-024-0508 (C) - Bixbyite-0, syn - Mi203- Y: 4.73 %-d x by: 1. - WL: 1.5406-0rthorhombic- a 9.41610 -b 9.42370-c 9.40510- alpha 9 

[il00-045-0937 (*) - Tenorite, syn - CuO - Y: 3.46 %- d x by: 1. - WL: 1.5406 - Monoclinic - a 4.74792 - b 3.45130 - c 5.15353 - alpha 90.000­

[ilo1-071-1144 (C)- Copper Manganese Oxide- Cu1 .2Mn1 .804- Y: 21 .44 %- d xby: 1. -WL: 1.5406- Cubic- a 8.35892 -b 8.35892- c8.35 

Figure 40 X-ray diffraction pattern of Cu1.4Mn1.60 4 at 550°C 
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Figure 41 X-ray diffraction pattern ofCu1.4Mn1.60 4 at 900°C 
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~Rle : 159_925raw- Type: 2ThfTh locked- Start: 10.015 ?- End : 69.992 ?- Step: 0 .017 ?- Step time: 1. s- Temp.: 25 III (Room)- Tine Start 

[i]00.045-0937 (•) - Teno rite, syn - CuO - Y: 4.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 4.74792 - b 3.45130- c 5.15353- alpha 90.000 ­

[i]01-071-1144 (C) - Copper Manganese Oxide - Y: 18.00 %- d x by: 1. -WL: 1.5406 - Cubic -a 8.47785- b 8.47785 - c8.47785 -alpha 90.00 

[i]00.041-0400 (•)-Copper Rhodium Oxide- CuRh02/CuMn02 HT - Y: 6.00 %- dxby: 1. - WL: 1.5406- Hexagonal (Rh)- a 3.06119- b 3.06 

Figure 42 X-ray diffraction pattern ofCu1.Mn1.60 4 at 925°C 
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l?iJRle: 171 _950raw- Type: 2ThfTh locked- Start: 10.015 ?- End: 69.992 ?- Step: 0 .017 ?- Step tine: 1. s- Temp.: 25 1fi (Room) - Tine Start 
[i]00-045-0937 (*) - Tenorite, syn - CuO - Y: 6.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 4.74792 - b 3.45130 - c 5.15353 - alpha 90.000 ­
[i]00-041-0400 (*)-Copper Rhodium Oxide- CuRh02/CuMn02 HT - Y: 8.00 % - d xby: 1. - WL: 1.5406 - Hexagonal (Rh) - a 3.06119- b 3.06 

[i]o1-071-1144 (C) - Copper Manganese Oxide - Y: 50.00 %- d x by: 1. -WL: 1.5406 - Cubic -a 8.52024 - b 8.52024 - c8.52024 - alpha 90.00 

Figure 43 X-ray diffraction pattern ofCu1.Mn1.604 at 950°C 
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i:liJRle: 183_975raw - Type: 2ThfTh locked- Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s- Temp. : 25 '1ff (Room) - Time Start 
[i]00.041-0400 (*) - Copper Rhodium Oxide - CuRh02/CuMn02 HT - Y: 5.00 % - d x by: 1. - WL: 1.5406- Hexagonal (Rh) - a 3.07400- b 3.07 
[i]o1-074-2103 (C) - Spinel group- Cu0.5M1Fe1 .504 - Y: 12.50 % - d x by: 1. - WL: 1.5406- Cubic- a 8.53336- b 8 .53336 -c 8.53336- alpha 

Figure 44 X-ray diffraction pattern ofCu1.Mn1.60 4 at 975°C 
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11iJRle: 195_1000.raw-Type: 2Th!Th locked - Start: 10.015 ?- End: 69.992 ?- Step: 0.017 ?- Step time: 1. s - Temp .: 25 ;ig (Room) - Time Star 

[i]00-041-0400 (*) - Copper Rhodium Oxide - Cu Rh02/CuMn02 HT - Y: 4.00 % - d x by: 1. - WL: 1.5406 - Hexagonal (Rh) - a 3.07400 - b 3.07 

[i]o1-074-2103 (C)- Spinel group- Cu0.5M1Fe 1.504- Y: 18.00 %- d x by: 1. -WL: 1.5406 - Cubic- a 8.53336- b 8.53336 -c 8.53336 - alpha 

Figure 45 X-ray diffraction pattern of Cu1.4Mn1.60 4 at 1000°C 
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[ilo1-074-2103 (C) - Spinel group- Cu0.5MlFe1.504 - Y: 30.00 % - d x by: 1. - WL: 1.5406- Cubic- a 8.55469- b 8 .55469 - c 8.55469- alpha 

Figure 46 X-ray diffraction pattern of Cu1.4Mn1.60 4 at 1025°C 
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[1]01 -074-2103 (C) - Spinel group - Cu0.5M1Fe1 .504 - Y: 10.00 % - d x by: 1. - WL: 1.5406 - Cubic- a 8.58314 - b 8 .58314 -c 8.58314- alpha 

[il00-041-0400 (•) - Copper Rhodium Oxide - CuRh02/CuMn02 HT - Y: 2.00 % - d x by: 1. - WL: 1.5406 - Hexagonal (Rh) - a 3.09577 - b 3.09 

Figure 47 X-ray diffraction pattern ofCu1.4Mn1.60 4 at 1075°C 
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[!]01-074-2103 (C)- Spine! group- Cu0.5M1Fe1.504- Y: 10.00 %- d x by: 1. - WL: 1.5406- Cubic- a 8.58314- b 8 .58314 -c 8.58314 - alpha 

[il00-041-0400 (*)-Copper Rhodium Oxide- CuRh02/CuMn02 HT - Y: 2.00 %- d x by: 1. - WL: 1.5406- Hexagonal {Rh)- a 3.09577- b 3.09 

Figure 48 X-ray diffraction pattern ofCu1.4Mn1.60 4 at 1100°C 
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DJ]o1-074-2103 (C) - Spinel group - Cu0.5MnFe1 .504 - Y: 10.00 % - d x by: 1. -WL: 1.5406- Cubic - a 8.61551 - b 8.61551 


Figure 49 X-ray diffraction pattern of Cu1.4Mn1.60 4 at 1125°C 
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Figure 1 Neutron diffraction pattern of Cuo.sMn2.204 at 973 Kin air superimposed 

with the calculated and difference spectra 
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Figure 2 Neutron diffraction pattern ofCUo.sMn2.204 at 1073 Kin air superimposed 

with the calculated and difference spectra 
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Figure 3 Neutron diffraction pattern ofCu0.8Mn220 4 at 1173 Kin air superimposed 

with the calculated and difference spectra 
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Figure 4 Neutron diffraction pattern of CUo.sMn2.204 at 1273 Kin air superimposed 

with the calculated and difference spectra 
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Figure 5 Neutron diffraction pattern ofCu1.0Mn2.o04 at 1023 Kin air superimposed 

with the calculated and difference spectra 
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Figure 6 Neutron diffraction pattern of Cu1.oMn2.o04 at 1073 K in air superimposed 

with the calculated and difference spectra 
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Figure 7 Neutron diffraction pattern of Cu1.0Mn2.o04 at 1123 Kin air superimposed 

with the calculated and difference spectra 

x 

Figure 8 Neutron diffraction pattern of Cu1.0Mn2.o04 at 1223 Kin air superimposed 

with the calculated and difference spectra 
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Figure 9 Neutron diffraction pattern of Cu1.1Mn1.90 4 at 923 Kin air superimposed 

with the calculated and difference spectra 
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Figure 10 Neutron diffraction pattern of Cu1.1Mn1.904 at 973 Kin air superimposed 

with the calculated and difference spectra 
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Figure 11 Neutron diffraction pattern ofCu1.1Mn1.904 at 1063 Kin air superimposed 

with the calculated and difference spectra 
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Figure 12 Neutron diffraction pattern ofCu1.1Mn1.904 at 1173 Kin air superimposed 

with the calculated and difference spectra 
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Figure 13 Neutron diffraction pattern of Cu1.1Mn1.90 4 at 1223 Kin air superimposed 

with the calculated and difference spectra 
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Figure 14 Neutron diffraction pattern ofCuuMn1.704 at room temperature in air 

superimposed with the calculated and difference spectra 
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Figure 15 Neutron diffraction pattern ofCuuMn1.704 at 823 Kin air superimposed 

with the calculated and difference spectra 
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Figure 16 Neutron diffraction pattern ofCuuMn1.704 at 873 Kin air superimposed 

with the calculated and difference spectra 
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Figure 17 Neutron diffraction pattern of Cu13Mn1.704 at 963 Kin air superimposed 

with the calculated and difference spectra 

x 

x Qi.. 

x 

x 

Figure 18 Neutron diffraction pattern of CuuMn1.704 at 1073 Kin air superimposed 

with the calculated and difference spectra 
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Figure 19 Neutron diffraction pattern of CuuMn1.104 at 1123 Kin air superimposed 

with the calculated and difference spectra 
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