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ABSTRACT

PHASE EQUILIBRIA AND THERMODYNAMIC STUDIES
IN ThL MnO-NiOwCr203 SYSTEM AT 1300°C.
KOG NURSEN
M.S. in Metallurgical Engineering
Supervisor: Prof.Dr. Muharrem Timug¢in

January, 1981. 100 + XII page.

Equilibria between metallic nickel, a gas phase of
known oxygen partial pressure and the solid solution phases
in the MnO - NiO - Cr,0, system at the temperature 1300°C

have been determined by the quenching technique.

The stability field of chromite solution and
direction of conjugation lines between the coexisting oxide

and chromite solid solutions were determined.

The standard free energy of formation of the

compound NiCr204 was measured as -17, 484,8 %140 J/gfw, and

that of MnCr204 was calculated as ~-41,588 J/gfw.
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OZET

MnO*NiO#Cr203 SISTEMININ 1300°C DE KATI HAL TERMO-

DINAMIGI VE FAZ ILISKILERI UZERINDE CALISMALAR

KOC NURSEN
Met. Mih. B&l. Yiksek Lisans Tezi.

Tez Y®neticisi: Prof, Dr. Muharrem Timugin
Subat, 1981, 100 + XII sayfa.

1300°C de MnO-NiO-Cr,0, sistemindeki metalik nikel,

oksijen basinci bilinen gaz fazi ve kati eriyikler arasindaki

denge ani sodutma teknidi ile belirlenmistir.

Kromit ve oksit eriyikleri arasindaki denk faz ba§
¢izgilerinin yYnleri ile kromit eriyiklerinin kararlailik -

alani belirlenmigtir.

NiCr204 bilesifinin standard serbest olusum =nerjisi

-17484.8 F 140 J/gfay olarak dlglilmis ve MnCr,0, bilesiginin

ki -41588 J/gfad olarak hesaplanmistar,

1=
<
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CHAPTER I

INTRODUCTION

The system MnO~NiO~Cr203 is a great deal of technological
and scientific interest among metallurgists as well as
ceramists and crystal chemists. This system is characterized

at subsolidus temperatures by two distinct series of solid
éolutions as illustrated in Fig.l. At the base of the
MnO—NiOwCr203 composition triangle MnO and NiO, each with

the simple cubic structure, form an unbroken series of

solid solutions. Along the binaries MnO~Cr,0, and

273

2O3 the chrom;te comppunds MnO,Cr203 and N:LO.CrZO3

form, respectively. These compounds belong to the class

NiQ~Cxr

of double oxides, having the formula XY204 ,which crystallize
with the same general structure as the mineral spinel

Mg A1204.

The ideal spinel structure is cubic, and the smallest

cell of the spinel lattice contains eight formula units, e.9.
the elementary cell of the double oxide XY204 will be
{XY204]8, Hence the unit cell of spinel will contain 8X,16Y,
and 32 oxygen atoms. In the spinel structure,~thel1xiatpmﬂy
large 0%~ anions form a f.c.c. lattice. Within this lattice
there are 64 tetrahedral and 32 octahedral interstitial sites
available to bé occupied, respectively, by 8X and 16Y metal

cations., Because of the large number of available

interstitial sites the arrangement of the cations may vary



Cr2 03

Mn0.Crp O3 NiO.Crp O3
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Figure 1 : The scolid solution series MnO - NiO and

MnCr204--N1Cr204 in the MnO-"Nlo—'Cr203

systemn.



considerably within certain limits., A “normai“ double oxide
spinel is defined as one in which all X ions occupy the
tetrahedral and all Y ions occupy the octahedral sites. An
"inverse" spinel has tetrahedral sites occupied by half of
the Y ions, while the octahedral sites are occupied by X

and remaining half of the Y ions. Between these two

extreme cases intermediate distributions are also possible.
The variations in distribution of cations in the X and ¥
positions cause marked changes in electrical and magnetic
Properties of the spinels. Hence the crystal chemists are

interested in this aspect of spinel structure.

NiO,Cr2Q3, and ManCrQO3 are identified as
normal spinels. These two compounds can form a continous
series of solid solutions as shown in Fig. 1. One
Particular field of application of transition metal spinel
compounds in ceramics is their use in producing uniformly
4 and MnCrzoé, as well as their

solid solutions,are useful for such applications.

colored bodies, Both NiCrzO

In metallurgy, the system Mn0O = NiQ ~ Cr203
comes into consideration in connection with the oxidation
behavior of heat-resistance alloys. The nickel-chromium
system has formed the basis for superalloys and heater

materiale for many Years; hence, many studies have been



made on the oxidation of nickel base alloys. These
studies revealed that in alloys having more than 30 wt
pet Cr a protective layer of chromium sesquioxide (Cr203)

. . R Y
forms which decreases the rate of oxidation. '

At lower
chromium concentrations a complex scale of NiO, NiCr204,
and Cr203 forms which is also protectiveo2 In ordexr to

protect steel and copper from oxidation in air at high
temperatures, these materials are coated by Ni- Cr alloy,3
the protection is found to be due to the formation of a
thick layer of NiCr204° The addition of Mn to Ni~ Cr alloys
improves their. oxidation resistance with the formation of

an adherent, protective layer of Mn(“,‘r204,4 Lowell5
conducted one of the most comprehensive studies on the
oxidation of Ni-Cr alloys; from X-ray diffraction and
electron microprobe analyses of oxide layers formed at
1100°C and 1200°C he concluded that the source of improved
protection of Ni-Cr-Mn alloys was the formation of adherent

MnCr.,0, and (Mn,Ni}Cr lavers. Hence the spinel solid

2%4 2%4
solutions (MnO-NiO)Crzo3 are the products of oxidation of

Ni-Cr~Mn alloys at elevated temperatures.

~Although the kinetics of oxidation of Ni-Cr-Mn
alloys appear to be well-studied, at least for commercial
alloys, the thermodynamics of (Mn,Ni)Cr204 spinels are not
examined at all. Consequently, the aim of the present
thesis work was to obtain activity and phase equilibrium

data in the systen MnO*NiO*Cr203 with particular attention



to the spinel solid solutions. The specific objects of the
present work, at the experimental temperature of 13000C,

weres:

1. To determine the stability of the NiCrgo4

compound ,

2. To determine the activites of NiO in solid solution
phases and in some two-phase regions of the MnO--NiO-nCrzo3

system,

3. To determine the compositions of conjugate oxide

and spinel solutions, and

4, To derive information on the stability of the

MnCr compound and activity-composition relations in

294

NiCr204~-MnCr204 solid solut10§sn



CHAPTER IT

PREVIOUS WORK

A complete thermodynamic study covering all the
phases present in the system MnO= NiO- Cr203 is not available
in the previous literature. However, portions of the system
are exdmined in some detail., The information gathered in

earlier investigations_are'presented in the following.
2.1 The Mn-O System

Phillips and Muan6 determined the phase relations in
the system Mn—0O as a fupction of temperature and oxygen
partial pressuieg within the composition interval Mn-—Mn203o
The phase diagram resulting from their work is shown in Fig.2.
The solid lines of the aiagram are phase boundaiies and the
dashed lines represent the bxygen partial pressures in
equilibrium with the condensed phases. According to this
diagram, MnQO is a non- stoichiometric compound, with
considerable excess of oxygen.over the stoichiometric formula,
particularly at temperatures above 1000°%¢. At 1300%, for
example, it is possible to prepare Mno of compositions
ranging from point (a) to point (b) by manipulating the
oxygen partial pressures of the gas phase. Mno at point (b)

is perfectly stoichiometric, and the partial pressure of
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Figure 2 : The phase diagraﬁ for the system Mn-O between

Mn and Mn203‘conpositions. After Phillips and
6

Muan.
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s ¥
oxyden for the coexistence of MnO and Mn is 1.45x 10

atm.7

2.2, The Ni~0 Svystem

Phase relations between nickel and oxygden were
investigated by Bogatski.8 The phase diagram shows that
NiC is stoichiometric at all temperatures up to its melting

point of 1960°C.

The conditions for the coexistence of metallic nickel
and nickel oxide were studied by Hahn and Muan9 in the
temperature interval 1100° to 1400°c. For the equilibrium

reaction:

Ni +1/2 0, = NiO ' (1)
" Hahn and Muan 9 obtained:
log B, (atm) = + 9.043-—35%19 ‘ (2)

2

Thus, the standard free energy of formation of Nio

can be expressed by:

AG = - 236802 + 86.61L T J/9fw. . (3)
Tretjakow and Schmalzriedlo detefmined the standard

free energy change of Reaction (1) in the interwval 1000 -

1500 X by solid electrolyte emf studies; their results were

expressed by the eguation:



AC = - 234625 +85.39 T I/ gfw (4)

Steele, and more recently Davies and Smeltzer12
conducted enf measurements on Reaction (1) using solid
electrolyte galvanic cells. The gtandard free enerdy
equations resulting from these studies yield AGP values
within "} 250 J/gfw of those calculated from Equations (3)

and (4) at 1300°cC.
2.3. |The MnO =~ NiO System:

Most of ourx thermodynamic information on solid
soluﬁions of numerous oxide systems hasbam1acmmmlauxiby€iﬁ
pioneering work‘of Muan(ﬁ) and co-workers in this field
ﬁithin the past 20 years. The Mn0O - NiO solid solutions
were among the first model systems in which the activities
of NiO were determined bY Hahn and Muan9 as early as 1961

Their measurements wWere carried out by .gafrﬁﬁui%ibr@?ipn_)

@S and the activities of NiO were obﬂéiﬁé&miﬁnfhe

Eemperature range 11000 to lBOOOC as shown in Fig 3.

Following the work of Hahn and Muan, two papers
have béen published bringing the results of solid state
galvanic cell studies on this system 1nto attention.
geetharaman and Abraham13 used a Thozm Y203 solié electrolyte
to measure NiO activities in MnO - NiO solid solutions at

82205 EZ?O and 1027°c. shortly after this work Cameron and

( *) Arnulf Muan: Formerly Professor of Metallurgy, now
Professor of Mineral Sclences; The Pennsylvania State

University., USA.



s 1100°C

ol g 1200°C

cmren o 1300°C

Figure 3 : Activity - Composition relations in MnO ~ Ni0O

solid - solutions. After Hahn and Muan
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Ungerl4 reported their emf results at 9000, 1000° 1100°
and 1200°c obtained from cells using CaO - ZrO2 solid
electrolyte. Both emf studies confirmed the positive
departures from ideality illustrated in Fig.3; furthermore,
in general, the NiO activities of Cameron and Unger14

were in good agreement with those of Hahn and Muans

particularly at 12OOOC.

2. 4. The Systems NiO—Cr203and MrO-Cr O

2°3°
The phase diagrams of the system NiO- C 3 and
MnO- Cr203 are not knownj; previous gtudies on these systems

were confined to the measurement of the stabilities of

N:LC:L’204 and MnCr2-04

above system. In connection with these studies, it has

which happen to be the members of the

been established that, in the solid state , the mutual

solubilities 6f NiO and Cr203, and MnO and Cr203are negligible.

Several studies are made to determine the standard
free energy of formation of NiO. Cr2 3eith@r by emf methods
or by gas equlllbrlatlon technlques Runnmann, Rogers, and

Wbldls measurai the equlllbrlum CO/CO ratios for the reaction:
2

+ Ni = Ni
cO NlCrzo4 Ni + Cr203$ CO2 (5)

Their data, obtained in the temperature range

1073-1380 K, could be converted into the expression:

AGP = - 98438 + 60.92 T  J/gfw (6)

i1



which gives the standard free energy of formation. ot

NlO.Cr203

reaction:

from ¥1i0 and Cr203according to the following

NiQ + Cr203-> NiCr204. {(7)

For Reaction (7), the emf studies of Tretjakow and

SchmalzriedlO yvielded:

£GP = _54125 + 21.64 T T (400) 3/gfw (8)

10 to be valid at temperatures

Equation (8) is specified
between 1000 to 1500 K. For the same reaction, Levitskii,

Rezukhina, and Dneproval6 obtained from emf measurements:

A= - 73464 - 4 .48 T J/gfw. (9)
Lenev and Novakbatskiil7 investigated the equilibrium
CO/C02 ratios for Beaction (5) in the temperaturé range

o

900°- 1200°C. Their data yields the following AG®

expression for Reaction (7):

AGC = - 51212 + 6.23 T J/9fw. (10)

Most recent data on the standard free energy of
formation of NiO.CrZOB from NiQ and Cr203comes from the emf
' 11
measurements of Davies and Smeltzer. Their tabular data

in the interval 900° - 1100°¢C can bé expressed by the

following linear regression equation:

AGC = -61400 + 23.02 T J/gfv. (11)

12



Various equations available for AG® of NiO,Cr203 as
described above are displayed graphically in Figure 4,
This figure shows clearly that the data on AG® are in gross

conflict.

In contrast to the abundance of data on AGP of

NiCr,O

2747

has remained virtually unknown until Jacob and Fitznerla

the standard free energy of formation of MnCr,O,

reported avalue of -59065 J/gfw at 1100°C for this. quantity.

This value represents an indirect estimate obtained from

a study of equilibria between CoO-MnO and CoCr204~MnCr204

so0lid solutions.

13
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,CHAFTER ITI

EXPERIMENTAL PROCEDURE
3.1 Outline of the Experimental Procedure:

Numerous samples belonging to the sysfem
MnO—NiO—Cr203 were prepared by mixing the powders
Cr203,Mn304, and NiO in desired proportions and sintering
the p@lleté of these mixtures at elevated temperatures
under controlled oxygen partial pressures. Thié preliminary
_treatmeﬁt converted Mn304 to MnO and allowed to obtain

partially homogenized starting samples of the MnO-NiO-Cr,0,

ternary.

For determination of conjugatioh lines between
(Mn,Ni)O solid solutions and (Mn,Ni)Cr,0, solid solutions
at 1300° thersamples having these phase assemblages were
equilibrated with a gas phase of knbwn Poz. After equilibrium
was reached, these two - phase samples were quenched to room
tenperature. The compositions of the conjugate phases were
determined by X-ray diffraction analyses performed on the
quenched samples. This same procedure was applied for the
estimation of the phase.boundaries, the X~ray analyses in

this case being supplemented with microscopic examinations

of the polished sections of the samples.

15



The activities of NiQO in samples belonging to
MnO - Ni0, NiO -Cr,0,, MaCr,0, - NiCr,0, joins, and also
in samples within the non-stoichiometry area of chromite
solid solutions were established by determining ?@e partial
pressure of oxygen at which metallic nickel precipitates
from members of these systems. The mixtures of 002 and Hz‘

or CO2 and CO were used to generate the necessary oxygen.

potentials over the samples.
3.2 Details
3.2.1., Star?ing Oxides:
The oxides that were used in sample preparation

and their characteristics were as follows.

a- Chromium Oxide: Analytical grade reagent powder of BDH

chromic oxide was the source of Cr203. The manufacturer
disclosed the existence of following impurities in the

powder:

Chloride 3 0.01 wt. pct max.

Sulphate : 0.20 wt pct max.

Water soluble matter : 0.20 wt pct max.

Loss at 6000C : 0.50 wt pct max.
Chromium oxide of specifications indicated above was
heated at 700°C for 12 hours in a platinum crucible. Thus

the volatiles and any free H20 that could be present were

16



driven off and the purity of Cr203 was improved to better

than 99.5 wt pct prior to its use.

b- Manganese Oxide: The source of MnO was Mn304 which,

in turn, was obtained by thermal decomposition of the
commercially available manganous oxide MnOQ. The Riedel-de
Haen AG manganese dioxide powder was specified to have

the following maximum limits of impurities:

Chloride : 0.04 wt. pct.
Sulphate. : 0.01 wt pct.
Iron :-0.03 wt. pct.
In érder to obtain Mn,0, from MnO

374 2

powder was placed in a platinum crucible and heated in

, manganese dioxide

a muffle furnace at 1100°C for 24 hours. The resulting
sintered mass of Mn304 was crushed and ground to -100

mesh after cooling it to room temperature.

c~ Nickel Oxide : NiO was obtained by heating Riedel-de

Haeén AG biack nickel oxide powder in a platinum crucible

at 1000°C for 12 hours. The black color of the nickel

oxide powder comes from 1,045 when nickel oxide is
processed'as deécribed above Ni203\decomposes and the

whole mass becomes green NiO. The NiO obtained by this
treatment is a lnosly sintered mass and can be used.&irectlyﬁ
without any preliminary grinding. No sbecifications are
given for the impurities present in the starting nickel

oxide powder; a spectrographic analysis performed oi green

NiO revealed theexistence of very weak lines for Fe. Thus,

17



the starting NiO could be accepted as an analar reagent.

3.2.2. Preparation of Oxide Mixtures:

Oxide samples of desired compositions were prepared
by weighing the powders Cr203, NiC, and Mn304 in calculated
proportions. These powders were mixed by grinding them
under acetone in an agate mortar. In order to obtain a
homogenous distribution, the mixing time was kept rather
long, i.e., 30 minutes. When the acetone has evaporated
completely, the mixtures were pressed under a load of

6000 kg/cm2 into dense cylindrical pellets 1 cm. in diameter.

Each pellet was placed in a platinum crucible and

heated in air at 1100°C for 48 hours in a muffle furnace.
This treatment resulted in reactions to occur between NiO

and Crzo3 so that NiO-—NiO.Cr203 phase assembleges would
develop. The mixtures containing Mn304 received an additional
~thermal treatment. These pellets, after préreacting in air

at llOOOC, were heated at 1300°C in a ﬁertical tube furnace
for 12 hours, each under a controlled atmosphere having a
partial pressure of oxygen sz = 10m6 atm, This atmosphere
was generated by a COZ-—H2 gas mixture, the induced oxygen
pressure was sufficiently low to reduce Mn, 0, to MnO but

it was oxidizing enough not to cause any precipitation of

metallic nickel. The two +hermal treatments described

18



above allowed Cr203, NiO, and MnO react to yield homogenized
pellets which served as the starting samples in the

subsequent equilibration runs.
3.2.3. Equilibration Experiments:

The equilibration experiments consisted of reacting
portions of the previously homogenized pellets with a gas
ohase of known oxygen partial pressures. During an
equiiibration run, the oxide sample exchanges oxygen with
the gas phase. TheJduration of each run was kept'sufficiently
long so that these exchange reactions would cease and
the phases present in ﬁhe sample would gdjust their
compogitions correspcnding to the eqﬁilibrium staté. The
pieces of therexperiméntal set-up involved in equilibration

runs and the procedures related thereof are described in

the following sections.
3.2.3.1., Eqgquilibration Furnacei

A vertical tube furnace was used to perform the
equilibration experiments at a constant temperature of
1300°C. The furnace was heated by a helical Crusilite
element capable of reachiné 15000C. The reaction chamber,
a mullite tube, was inserted into the héllow space of

the heating element , a pyrex glass joint with a side
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arm for gas admission was cemented to the bottom of the
furnace tube. The female half of the pyrex joint was
shaped into a quench cup, this part carried a U~tube glass

extension for admitting the guenching water.

The furnace was powered from an external electrical
circuit, the basic units of which were a Variac and a
Pye~Ether Digi temperature controller. One leqg of the
Crusilite element was connected to the wariac outlet and
the other leg was connected to the outlet of the controller.
The controller, coupled to a thyristor, was actuated with
the aid of a Pt-Pt 13 pct Rh thermocouple. This power and
control curcuit allowed to maintain the temperature

" constant in the furnace tube within 72,
3.2.3.2. Gas Atmospheres:

The gaseous atmospheres with controlled oxygen
partial pressures wererobtained by using metered mixtures
of CO, and CO gases. A single cylinder of Matheson CP
grade CO was available at the beginning of the experiments;
when this cylinder was emptied H2 gas replaced COnin
C02-CO mixtures,

The equilibrium between CO,CO2 and O2 can be

described by:
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02 = CO2 (12)

ol

co +

The equilibrium constant for the above reaction is

- 104844

K , at 13000C,19 Hence from the expression:

P

CO2
R = 5 (13)
"CO. vV P
2
we obtains
P
I N " CO.
VBy =107 (2 (14)
2 CO
Cco
Equation (14) enables to calculate the o ratios which
will generate well defined P, values in the reaction
2

chamber.

The calculation of the proportions in which CO2

and H2 should be mixed in order to obtain a specific

P, is a little more complicated. Consider the reaction:
2

= CO + H,O {(15)

CO 2 5

2 + H

o 3 e d . . 19
at 1300°C, the eguilibrium constant for Reaction (15) is

K = 100°464, Hlence, from:
PCO LPH 0
K = e (16)
P P
COZ..H2
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We have:

_ 2 - 10464
Fco, . FH,

(17)

Assume that (r) moles of 002 and 1 mole of H2 are mixed
initially, so that the initial mixing ratio is denoted

by:

_ 92
r——--......—..-m
H,
At equilibrium, if (x) mole of CO forms from this mixture,
{x) mole of H20 also form according to the stoichiometry
of Reaction (15). Thus, in the equilibrium mixture, the

number of moles of each gas and the corresponding partial

pressures at Pp = 1 atm will bes

n o e - Lo X
C02 = r=-3x mole, PCO2 T atm,
Ny = 1 - x mole P = l-X atm
2 H2 r+1 ’
Ny.o =x mole P = X atm
2 OL€y HZO r +1 e
n — - X
Co bt mole, PCO 1 atm.

When the expressions for partial pressures are inserted
into Equations (14) and (17), upon rearrangement, we

obtain the following set:

r = (1 + 10484 \/5&;) x (18)
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PR b.4

2
0, 102308 (1 - x)

(19)

For a desired Py , first, x is solved from Equation (19)
' 2

and then r is evaluated from Equation (18) by using the

(\/EB; , %) combination of the previous step.

in order to obtain C02-CO and Cozw-H gas mixtures

2
of definite compositions a gas mixer similar to the one
described by Darken and Gurrylg was used. This device,

ghown in Figure 5 contéins two differehtial manometers;

each manometer has a levelling bottle which aéjusts the
height of the manometer fluid. The open ends of a manometer
are connected with a removable Capillary tube. The levelling
bottle and its extensions are filled with adueous copper
sulfate. The flow - rate is a function of both the manometer
height and the diameter of the capillary tube attached to
the open ends of the U-tube. The flow rate is kept constant
at any desired value by clampiﬁg the levelling bottle to

a vertical rod and letting the excess of the gas escape

through the bleeder tube.

The individual caéillaries for 002, C0o, and H2
gases were calibrated against manometer heights by the
soap~bubble column method. A vertical 50 cc capacity
burette with a soap reservoir at the bottom was used for
this purpose. The time necessary for the gas to pick up a

bubble and travel through 40 cc volume permitted calculation
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of the flow rate in cc/sec. Figures 6,7,8, and 9 show flow

‘rate charts for the individual gases.

- The gases Co,, CO, and H, were purified from
thelr oxygen by passing them through a coloumn of copper
chips heated to 500°C. The moisture in the gases were
eliminated by passing them over Drierite. The gases coming
from individual ménometers are mixed in a glass chamber
filled with glass wool., The gas mixture was fed to the

furnace tube from bottom.
3.2.3.3. Equilibration Runs

For an equilibration run, the fragments of

previously feacted pellets were placed in a Pt crucible

and suspended into the hot zone of the equilibration .
furﬁace by a thin Pt wire. The top of the furnace tube

was covered by a refractory lid with a hole for sample
suspension and an additional hole for admitting the sample
thermocouple., The flow rates of the gas mixtures were
adjusted within 1-1,5 cc/sec so that the effects of thermal

segregation would be eliminated.

The duration of an eguilibration run was about 8
hours. This was 'much longer than the time necessary to
reach equilibrium; in the preliminary experiments it has

been established that nickel precipitation could occur
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within the first 3 hours of equilibration. The relatively
short eguilibration time was evidently due to the
homogenization of the pellets under reducing conditions in

the sample preparation stage.

The temperatures within the furnace tube were
meagured at regular inteivals by a standardized Pt-Pt 13 % Rh
 thermocouple. At the end of an equilibration run, the
sample was cooled gquickly to room temperature by dropping
it into water contained in the guenching cup at the bottom

of the furnace tube.
3.2.3.4. Sample Examination:

Phase identifications in guenched samples were
done by examining their polished sections under microscope:
For this purpose, portions of the samples were mounted in
epoxy resin and the sections were pxepared by conventional
metallographic techniques. No eﬁching was necessary since
the difference between the reflectivities of various
phases permitted their identification eésily. The samples
belonging to the spinel +oxide phase assemblage field
were subjected to X = ray diffraction analyses. These
analyses were aimed primarily at determining the location
of dZOO peaks of oxide solid solutions, so that their
compositions would be ascertained with reference to a

previously known d200 versus composition chart.
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CHAPTER IV

DATA and RESULTS
The data obtained in equilibration experiments and
the thermodynamic calculations performed through their use
are presented in the following sections.

4.1. The Ni-Ni0 Equilibrium

The equilibrium between metallic nickel and nickel

oxide was expressed in Section 2.2 by the reaction

Ni + % 0, = Ni0 (1)

In the present study the partial pressure of oxygen
which satisfies the equilibrium Reaction (1) at 1300°C has
been determined by subjecting a pure Ni0 pellet to the
reducing action of C02-~H2 gas mixtutes. The converéion of
nickel oxide to metallic nickel could be observed either
by poiishing the guenched sample or directly by naked eye.
The results are given in Table I. As would be seen from
this table a gas mixture having the ratio r = Egg = 32.50

"5

results in the coexistence of Ni +NiO ; hence this represents

the equilibrium gas. The partial pressure of oxydgen

~srresponding to this specific ratic 1s PO = 10_6°6742 atm

N 2
as calculated from Equations (18) and (19). The value of
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TABLE I : Critical runs for the determination of the egquilibrium

NiO = Ni + -15 0, at 1300°C

Co
Specimen composition r = “};"1""2" -log P, Present Phases
2 2
NiO 32.91 6.6037 NiO
NiO 32.50 6.6742 NiO + Ni (trace)
NiO 31.94 6.6961 Ni
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P obtained from the data of Hahn and Muan9 (Eguation 2)

0
2 _6.6786
a

ig 10 tm. The very good concordance of two P

0,

values can be taken as an indication of the fact that the
present set up will produce accurate data on equilibrium

gas ratios, and hence accurate PO values.
2

4.2. Activity-Composition Relations in MnO-NiO Solid

Solutions

For a MnO-NiO solid soclution of given composition
the equilibrium between metallic nickel, oxygen, and oxide

solid solution can be described by the reaction

Ni(s) + % Oz(g) = NiO{=ss). (20}

where the subscripts s,g,ss denote,respectively, the

solid metal phase, gas, and the oxide solid solution. .
The eguilibrium constant for Reaction (20) is ;

qN'O
1
K = e e . (21)

In the pure Ni-0 system the activities of Ni0 and Ni are

taken as unity, then :
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Combining Equations (21) and (22), we obtain for the activity.

of NiO :
(! P02 ’/2 .
aNio T U % ; . (23)
Fo
2 .
Here, PO represents the equilibrium partial pressure of
2 ' .
* - P
oxygen for Reaction (20}, and P4 ig 10 6.6742 _in at 1300°C.Y
2

In the present work values of PO for the equilibriwum
2
Reaction (20) were measured for some MnO-NiO s0lid solutions,

This is done by subjecting the solid solutions selected to

gas mixtures of decreasing §Z~ ratios until the precipitation
of metallic nickel is_observed. The results are tabulated

in Table TI, and are shown graphically in Figure 10 on the
activity-composition plot for NiO. 1In general, the present

NiO activities are in good agreement with the previously reported

9,14 The Ni0 activities of Cameron and Ungerl_4 were

values.
extrapolated to 1300°% by the procedure outlined in Appendix L.

The smooth Ni0 curve shown in Figure 10 is passed from the

average of data points belonging to this work and those of

earlier studies.g'l4

The corresponding MnO activities could be obtained
by a Gibbs-Duhem treatment of ay, data using the following

equation :

NMno.dlog 7Mn0~%NNiO.dlog Ynio = 0. {24)
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TARLE I : Activity measurements of NiO in the MnQ - NiO  System.

Sample Composition  Measured Equilikbrium  Present Nickel Oxide
(mole fraction)
NMnO NN:LO ~Jog PO2 -log P02 Phases Activity
0.80 0.20 7.6112 ss
7.6371 S8
7.6639 SS +Ni
7.6504 0,325% 0,002
0.65 0.35 7,0484 | ss
7.3300 58
7.3736 8S + Ni (trace)
7.3973 88 + Ni
7.3737 0.4477F 0.002
0.50 G.50 7.1546 85
7.1686 SS + Ni
7.1625 0.570% 0,003
0.30 0.70 6.9333 Ss
6.9499 S5+ Ni
6.9416 0.735F 0.004
G.27 0.73 6.8735 SS
6,9013 8s
6.9184 88 + Ni
6.9417 56 +Ni
6.9126 ’ 0.760F 0.004

35



O.J. Comeron and A.E.Unger
W.C. HAHN. Jr ond A, Muan.

o Present work

S
B~
9 mno
™
. +
? &
° 51
=
[w]
Al
3
O
2+
.‘}.
V4
o) ] ] i i t i ! i i
(o) | 2 3 r:3 B B 7 8 R 1.9
MnQ NNLO N
Figure 10 : Activity of Ni0 and MnO as a function of
- Ni0 svstem at l300oC.

composition in the MnOC



Activities of MnO were calculated by using Eguatlons
(27) and (28). The results are given in Table III, and are

shown in Figure 10.

4.3. Determination of the Nonstoichiometric Region
of Nickel Chromite and Activities of NiO and Crzo3 in the

Cr203~N10 System.

As mentioned earlier in Section 2.4. the terminal
solid solubilities of NiO in Cr203 and Cr203 in NiO are
negligible. In the previous studies no attempts were made
to establish whether.or not N:i,Cr204 is a perfectly
Stoichicmetric compound. In the present work non-stoichiocmetry
in NiCr204 is examined by measuring NiO activities in seven
samples having the compositions ingicated in Takle IV. The
activity of NiC in the exactly stoichiometric nickel chromite
and in samples with more Cr203 than the stoichiometric
NiCr2O4 composition is 0.255. In contrast when the NiO
content increases above that in the stoichiometric formula,
the activity of NiO increases sharply within a narrow

composition interval as shown in Table V and in Figure 1.

Following conclusions can be drawn from Figure 1l:

1. Nickel chromite is a solid solution phase within

the composition range NNiO=O.50 to N =0.53.

NiO
Hence NiCrzO4 can exist as a non-stoichicmetric
compound with an excess of NiO over the

stoichiometric representation.
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TARIE TII : Activities of MnO in the MO - Ni0O solid solutions.

Sample Composition o Wio

(mole fraction) 0 = (l-—Nl = 5 Yo A0
Nyio -~ Mwmo N10
0.10 0.90 0.662 1.0024 0.902
0.20 0.80 0.669 1.0171 0.814
0.30 0.70 0.627 1.0590 0.741
0.40 0.60 0.190 1.1078 0.664 .
0.50 0.50 0,340 1.1647 0.582
0.60 0.40 0.529 1.2726 0.509
0.70 0.30 0.512 1.3682 0.410 .
0.80 0.20 | 0.403 1.4983 0.299
0.90 0.10 0.443 1.6623 0.166
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TABLE IV : Activities of nickel oxide as a function of

camnposition along the NiO - Cr203 join at 1300°C

Sarmp. Sample Composition Measured  Equilibrium present Nickel Oxide
(mole fraction)
No. . Neio Nor o -log P, -log P Phases Activity
273 2 2
29 0.40 0.60 7.8352 58 *
7.8619 S5 + Ni (trace)
7.9180 S5+ Ni
7.9779 £S + Ni
7.8619 0.25%¢0.00% -
30 0.45 0.55 7.8352 8s
7.8619 SS + Ni {trace}
7.9180 S5 +Ni
7.8619 0.25570.001
31 0.48 0.52 7.6681 55
7.75% 85
7.8619 SS + Ni (trace)
7.9180 SS + Ni 0.2550.001
7.8619
32 0.50 0.50 7.8352 sS
7.8619 SS + Ni (trace)
7.9180 S5+ i
7.9779 85+ Ni
8.1121 SS +Ni
7.8619 0.25570.001

(&) - Solid solution
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TARLE IV 3

{Continued)

Samp. Sarple Composition Measured Equilibrium Presint Nickel Oxide
(mole fraction)
No. NN]'_O NCr 0 =109 PO -1log PO Phasass Activity
273 2 2
33 0.51 0.49 6.7853 SS
6.8205 88
6.8735 S8
6.9126 S+ (trace)
6.9126 0.76070.004
34 0.52 0.48 6.7139 8S
6.7433 SS
6.7738 sg+NL (trace)
6.7738 0.892%0.005
35 0.54 0.46 6.6737 8s
6.6742 83 +N1 (trace)
6.6961 S8+Ni
6.7416 S8.+N1
6.7510 gsINL
6.7557 Sg4NL
6.6742 1.000%0.005
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TABLL V : Activities of Ni0 ard Cr,04 in nickel chromite sclutions

i, N . - log 2. B0 .- log a a

N10 NiO : NiO nCr203 T Cr203 ‘ (:3:203
1,255 0.500 0.5935 1.000 0 1000
.340  0.501 0.4685 1.004 0.1255 0.749
600 0.505 0.2218 | 1.024 0.3755 " 0.421
760 0.510 0.1192 1.0408 0.4813 0.330 -
900 0.530  0.04575 1.0833 0.5591 0.276 -

.000 0.540 0 1.1276 0.60%7 0.246"
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2. Exactly stoichiometric NiCrZO4 exists at 1300°C

without any excess of Cr203.

The Cr,05 activities in the chromite solid solution
can be obtained by a graphical integration of the following

Gibbs~Duhem edgquation:

"Nio
diogaCr 0. =" dlogaNio . (29}
273 Cr,0
273
| NiO
At the point where Ewwmww-ml, the activity of chromium
Cr203

oxide is unity. The results of the integration of Equation
(29) are summarized in Table V and the variation of chromium
oxide activities with respect to composition is shown in

Figure 11.

The formation of N;i..Crzo4 from nickel oxide and

chromium oxide is represented by the reaction:
NiO(s)+Cr203(s)==NiCr204(s)° | (30)

The standard free enexgy change of Reaction (30) is given

by:

o aNiCr2O4
AG™ = =RT1in = . {31)

= N
Cr203 NiO

At the exactly stoichiometric NlCrzo4 compOSltlon!aNiCr204

and 3y 0 are unity, so the standard free enerdy change
273

can be written as:
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o
AG ._RTinaNiO. {32)

Activity of nickel oxide was measured as 0.255 {Table IV)
hence, the standard free energy of formati&gméf NiCr204 |
can be caliculated as ~17484.8 J/gfw. This represents the

standard free energy of formation of NiCr204 from its

oxide components NiO and Cr,0, at 1300°¢C.

4.4. The Stability of Manganese Chromite at 1300°C

Similar to the situation for nickel chromite, the
stability field of manganese chromite has not béen examined
in previous studies. In their work on the system CoO*MnO~Cr203
Jacob and Fltznerl8 suggested that Mncr O may have some
ﬁexcess of Cr2 3 over the stoichiometric formula. In order
to establi;h the stablllty £ield of manganese chromite
along the MnO~ Cr203 join six samples were prepared and were

equilibriated with a gas phase of PO =10 -8.18 atm for 32

hours at 1300°C. These samples were éuenched to room
temperature and the phases present‘in them were determined
by x-ray diffraction and by metallographic examinations.
The compositions of the samples studied and thé results of
phase identification are given in Table VI. In accordance

with these results, MnCr,0O appears a solid solution phase

274
having a considerable excess of MnO over the stoichiometric
representation. At 1300°C the manganese chromite solid

solution field extends from NMnO=0'500 to NMHOWO.595.
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2

TABLE VI : Phases present in the samples along the
MnO - Cr203 join. (T'= 1300°%C PO = 10“8°18 atm.)

2
Sample Sample Composition Phases Present after
{(mole fraction)
No. NMnD NCr203 Equilibriation.
: Z .
36 0.45 O.ﬂ% Manganese chromite + Cr2035
37 0.48 0.48 Manganese chromite + Cr,Os¢
38 0.50 0.50 Manganese chromite
39 0.55 0.45 Manganese chromite
40 G.59 0.41 Manganese chromite
41 0.60 0.40 Manganese chromite + MnO -

46



4.5, The Spinel +0xide Phase Boundary

The results presented the previous two gsectlons
show that spinel solid solutions should have a stability
field within the MnO*NiO-Cr203 ternary so that a boundary
line should exist to deliniate the seperation of chromite
and oxide solid solutions. In Figure 12 this boundary 1is
shown by the dashed lines extending from NMHO=O.595 on the
MnO-"Crzo3 jein to NﬁioﬂO.SBO on the NiO"Cr203 join. There
are four additional points within the ternary field which
help to define the iocation of this boundary. These points

are indicated in Figure 12 and they are tabulated among

data which will be presented in Section 4.6.2.

4.6, NiQ Activities within'ﬂuaMnO~NiO~Cr203 Ternary

Twenty eight samples, compositions of which are
marked in Figure 12, were selected within the ternary field
for the measurement of NiO activities. For various phase
fields shown in Figure 12 the following procedure was

adopted in determining NiO activities.

4.6.1. NiO Activities in the Spinel*‘Cr203 Field

Samples marked from (1) to {(5) are within this two
phase field. These samples were equilibriated with gas

atmospheres of continously decreasing PO until the
2
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precipitation of metallic nickel is observed on polished
sections of the samples under microscope. The data on %).

2
are given in Table VII.

4.6,.2. NiO Activities in the Spinel Field

samples (6) to. (19) are within this field. Sample
number (14) happensAto lie slightly outside the phase
boundary while samples (15) and (18) are estimated to be

on the phase boundary. The method of Ni0O activity
determination in all these samples was the same as described

in Section 4.6.1. The pertinent data are summarized in

Table VII.

4.6.3. NiQ Activities in the Spinel + Oxide Field

The samples'numbered from (20) to (28) are within
this field. The NiQ activities of these samples were
obtained, mainly, by determining the conﬁug@tion lines passing
through them. A conjugatien line, or a tie-line, is the
line which connects the compositions of equilibrium phases.
The conjugate phases which are located at the terminals of

a conjugation line share the same thermodynamic properties.

In order to determine the directions of conjugation
lines passing from samples (20) through (28), these samples
were egullibrated at 1300°C for 12 hours each with gas

atmospheres having partial pressures of oxygen slightly
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TARLE VII : Data obtained in quenching experiments in the system -
MnO -~ NiO - CJ:203

Sample Sample Composition — Measured Equilibrium Present Nickel Oxide
No. (mole fraction)
NMnO Nuio NCr2O3 -log Py -log Pq Phases Activity
2 2
1. 0.10 0.35 0.55 7.9321 58
7.9700 S5 + NL
8.0507 S5 + Ni
7.9508 0.230% 0,001
2. 0.18 0.27 0.55 7.9509 S5
7.9700 55
8.1167 . 8S + Ni (trace)
8.1543 55 +Ni
8.1167 0.190% 0.001
3. 0.25 0.20 0.55 7.9937 S8
8.0940 S8
8.1882 85
8.2393 SS + Ni
8.2812 SS + Ni,
8.2143 0.170% 0.001
4, 0.30 0.15 0.55 8.0984 88
8.1680 S8
8.2436 : ss
8.3758 sSs
8.5604 5SS + Wi
8.4735 0.126 % 0,001
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TARLE VII :

(continued)

Sample Sample Composition

Measured  EBquilibrium Present

Nickel Oxide

No. (mole fraction}
NMnO NNiO NCr203 ~1log P02 -log P02 Phases Activity
5. 0.39 0.06 0.55 8.6785 ss
8.8197 55
8.8724 88
9,0135 ssS
9.1165 ss
9.1789 SS + Ni
9.1179 0.060F 0.000
6. 0.10 0.40 0.50 7.9180 SS
8.0507 SS + Ni.
7.9470 0.231F 0.001
7. 0.20 0.30  0.50 7.9223 S5
8.0333 ss
8.1118 SS + Ni (trace)
8.1874 S8+ Ni
8.2572 SS + Ni _
8.116l 0.191% 0.001
8. 0.30 0.20 0.50 8.3515 SS + Ni (trace)
8.3855 SS + Ni
8.3515 0.145% 0.001
9. 0.40 0.10 0.50 8.3954 S8
8.5015 SS
8.6499 S8S
8.6967 ss
8.7425 SS
8.8197 8s
8.8722 SS + Ni {trace)
8.9876 8S + Ni
8.8722 ¢.080F 0.000
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TABLE VII : (continued}

Sample Sample Composition Measured Equilibrium Present Nickel Oxide
No. (mole fraction)

NMnO NN:LO NCr203 —lpg PO2 -log I?O2 Phases Activity
10. 0.15 0.38  0.47 6.7188 S8 + Ni (trace)
6.7369 85 + Ni
6.7188 0.950F 0,005
11. 0.23 0.30 0.47  6.8765 - 88
6.8900 88
6.9077 | 85 +Ni
6.9452 - SS + Ni
6.8987 0.772% 0.004
12, 0.35 0.20 0.47 6.8146 ss
6.8259 sS
6,9044 sS
6,9883 SS
7.0484 SS + Ni (trace)
7.0484 0.650% 0,003
13,  0.43 0,10 0.47 8.1161 SS
8.2163 ss
8.2496 SS + Ni
8.2745 SS + Ni
8.2328 0.166 ¥ 0.001
14. 0.35 0.20 0.45 6.7032 s
6,7142 SS
6.7373 SS +Ni
6,7896 S5 +Ni
6.8095 8S + Ni
6.7235 0.945% 0.005
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TABLE VIT ¢ (continued)

Sample Sample Composition Measured  Equilibrium Present Nickel Oxide
NG. (mole fraction)
Moo Mo NCr203 -1og B ~log %, Phases Activity
15. 0.40 0,15 0.45 6.7416 SS
6.7510 SS
6.7853 s8S
6.8083 SS 4+ Ni
6.7902 0.875 ¥ 0.004
16. 0.45 0.10 0.45  7.5861 | ss
7.6372 Ss + Ni
7.6113 0.3403 0.002
17. 0.53 0,02 0.45 8.1925 88
8.2769 SS
8.,5150 SS 4+ Ni
8.,5647 SS + Ni
. 8.3819 0.140% 0.001
18, 0.50 0.07 0.43 6.7605 sS
6.8248 ss
6.8509 Ss
6.9169 SS
7.0716 SS
7.1036 SS
7.1267 S5 + Ni
7.1107 0.6057F 0.003
19. 0.55 0.02 0.43 7,2056 SS
7.2806 SS
7.4321 'sS
7.4833 SS
7.4966 SS + Ni
7.4911 0.390% 0.002
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TABLE VIT : (contined)

Sample Sample Composition Measured Equilibrium Present Nickel Oxide
No. (mole fraction)
Npno NNiO NCr203 -1log P02 -1log P02 Phases Activity
25. 0.50 0.25 0,25 7.0893 SS
7.1178 $S + Ni(trace)
7.1178 0.600F 0,003
26, 0.58 0.17 0.25 7.3172 S8
7.3700 SS + Ni
7.3430 0.463 ¥ 0.002
27. .65 0,10 0.25 7.6424 S8
7.7228 - S5 +Ni
7.6831 0.313% 0.002
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higher than that required for Ni precipitation. After
equilibration, the samples were guenched, dried, and
powdered for x-ray diffraction work. In x—ray analyses,
the location of d200 peaks of oxide golid solutions were
determined by using Cu-Ka radiation at a scanning speed of
10/8 min. d200 peaks correspond to refractions from (200)
crystallographic planes, such peaks have the highest

intensities compared-u:refractions £yom Other planes.

The variation of the interplanar spacing dZOO with
the composition of MnO-Ni0 solid solutions has been
measured by Hahn and Muang; the graph illustrating this
relationship is shown in Figure 13. Hence, by comparing
the 6200 values obtained from x-ray analysis of the present
study with the graph shown 1in Figure 13 it has been possible
to determine the compositions of the (Mn,Ni}O solid
solutions present in two phase samples. A straight line
passing throudh +he sample and the composition of the oxide
s0lid solution on the MnC-NiO join gives the direction of the
conjugation line for that sample. In Table VIII the values
of 26 measured for (200) peaks, the corresponding d200
spacings, and the compositions of the conjugate oxide solid
solutions as read from Figure 13 are given for samples
nelonging to the gpinel +0xice field. The last coloumn of
this table shows ay, 4 and BMn0 values obtained by inserting
the oxide compositions in Figure 10. Because, conjugate
phases have the same thermodynamic properties, the activities

of NiO and MnO at the points where the coniugation lines
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Figure 13 : Changes in d - spacing with composition in the

system MnO - NiO. After Hahn and Muang
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Table VIIL : d200 as a function of composition in the sy

MO - NiO - Cr O
23

stem

, and activities of NiO and MnO.

57

Samp. Sample Composition Composj,tioh’ér of ke
No. (mole fraction) the conjugate Activities
Nyo Mnio Ner,oq 20 (08 oride N};_ZSQ o 2o
20 0.06 0.69 0.25 43.319 2.0889 0.990 0.990 0.012
21 0.125 0.625 0.25 43,317 2.0890 0.976 0.980 0.033
22 0.20 0.55 0.25 43.174 2.0956 0.946 0.950 0.054
23 0.30 0.45 0.25 42,983 2,1045 0.825 0.850 0,260
24 0.40 0.35 0,25 42.638 2.1207 0.675 0.713  0.433
25 0.50 0.25 0.25 42,214 2.1410 0.505 0.590 0.590
26 0.58 0.17 0.25 41,660 2.1682 0.350 n.463  0.692
27 0.65 0.10 0.25 41,200 2.1913 0.200 0.307 0.814
28 0,70 0.05 0.25. 40.880 2.2077 0.098 0.170  0.904
(%) From Figure 13
(k%)  From Figure 10



meet the Spinel +0Oxide phase poundary are those listed in
Table VII. The activities of NiO in samples (25), (26), and
(27) were determined also by nickel precipitation
experiments, the values of Pcz are listed in Table VII.
Both the dzoo-spacing measurements and direct activity

determination yield nearly identical values for an1i0 in

these samples.

4.7. Other Thermodynamic Calculations

From the data presented in the previocus sections
"opn NiO activities within the system MnO*NiO*Cr2O3 at EBOOOC
calculations can be made to gain information on.the
thermodynamic properties of spinel solid solutions at this
temperature. In the following, first, the NiO data will be
gummarized graphically, and then we will proceed to calculate

activities of other components of interest.

4.7.1. Graphical Representation of NiO Activities

The activities of NiO given in Tables IV, VII, and
VITI are shown in the form of isocactivity curves for NiO
in Figure 14. Within a two phase field, like Spinel + Oxide

or Spinel: Cr,0 an iso-activity curve assumes the form

3'
the fact that in such fields

there is only one degree of freedom at the constant

temperature of 1300°C.
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4.7.2. Activities of MnO and Cr203 in the Spinel Field

The activities of MnO and Cr,04 in spinel solid
solutions can be calculated by ternary Gibbs-Duhem

integration of the measured NiO activities.

According to the method suggested by Schuhmanngl,
when the activities of component 1 in a ternary 1-2-3
systems, are determined.experimentally, the activities of,

for example, component 5> can be obtained from the eguation:

- JE
log a
1 an
loga1i=;loga1-'f (~ﬁ;) dloga E (33)
2 i 2 T an, gy 1!
1 log al :1’]2/1'13
! .

In Eguation (33), nz/n3 indicates that the integration
should be performed along paths of constant nz/n3 ratio.
such paths are straight lines originating from the apex

ll of the composition triangle and terminating at the 2-3
gide of it. The term (anl/anz)al,n2 is called the "tangent-
intercept" term. In order to obtain (anl/an)'at each known
aq the procedure outlined in the achematic drawings of
Figure 15 1s followed. In short, this procedure consists

of drawing tangent to the iso-activity curves of component
1 at the points where the integration path nz/n3 cuts these
curves. The intercept of a tangent on the 1-2 side of the
triangle converted to the mole fraction ratio nl/n2 gives
the value of the tangent-intercept (anl/anz) at the

particular a, value.
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The integral on the right-hand-side of Equation (33)
is evaluated graphically by measuring the area under the
(Bnl/an versus logal curve between the points l@gaiand
loqai?. Tor complete evaluatlon of Equation (33) along any

integration path n2/n3, the value of 1oga£ must be known

at the starting point of integration.

For the activities of Cr203 and Mn0Q, Eguation (33)

can be written as:

i l@%ma%m

1T
logasy, o = Lga - f Cessann .d log
Cr03 1777 G T T r.0, aNILO' cr 0, wo| | Ner o
. 9 810 3 Y28y,
(34)
™ lc«galiI -
: |
11 _ | 10 9ngig !

I i n
18 ayio J nMnO/ Cr,0,

(35)

Tn order to obtain Cr203 artivities within the spinel field
Equation (34) was evaluated along several constant nN.. O /
3

. . 1
NyMno paths. The starting values of logaCrzo are taken

along the NiCr,0 Man204 join where an.. g =1, since this

274 r,04

join represents the Crzo3 saturation boundary.

For MnO activities Equation (35} was evaluated
along the same path chosen for Equation (34), the starting

ELx;a;nO; values at each integration path was taken from
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the Spinel + Oxide phase boundary, since aMnO values are
known aiong this boundary from the conjugation lines

petween spinel and oxide golid solutions.

The activities calculated from Equation (34) and
(35) could be cross—checked by another equation obtained
directly from the starting Gibbs-Duhem Equation of the

following form:

.d 1log a.. g =0 (36)

nNiO"& log aNiO + nMnO'd log aMnO +nCr203 05

1f, for example, we consider a constant 2ni0 path, then:

Ly

nNLnC)“d log ay ot nCr203"d log aCrzof 0 (37)

is obtained. Hence, the activity of MnO can be written as:

n
Cr203

d log ayno =~ .dloga,,. o (38)

MMno 273

Equation (38) permits an easier route to arrive the MnO

activities once those of Cr203 are evaluated by Egquation (34).

The results of the Gibbs~Duhem calculations for the
components MnC and Cr203 are given in Appendix II. MnO and
Cr203 activities are shown in the form of iso-activity

curves in Figure 16.
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4.7.3. Activities of MnO and Cr203 in Manganeée Chromite

Solutions

The MnO activities calculated in the‘spinel-solié
solution field were extfapolated to the Jjoin MnO—Cr203 in
order to estimate the MnO activities in manganese chromite
solutions. The same could be done with Cr,0, activities,
but, the accuracy of Cr203 actiVities decreases when we
approach MnO*Cr2O3 side because integratiﬁns by Eguation

(34) become impossible since logaéf values are unknown

along integration path having nMnO/i ’ >1.

The MnO acfivitiesjijanganeée chromite.solutibns
obtained by extrapélatiﬁg the iso~Mn0O activity curves
within the spinelifield are given in Table IX. From MnO
activities,.the'activities of C-r203 in chromite solutions
arelcalculated:by a binary Gibbs=Duhem integration. The
results are shown in the last coloumn of Table IX. Figure
17 displays the MnO and Cr263 activities of manganese

chromite scolution as a function of composition.

4.7.4. Standard Free Energy of Formation of MnCr,0,

The formation of MnCr204 from MnO and Cr203 isg

expressed by the following reaction:
MnO + Cr, 04 -~ MnCr2O4. : (39}
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TABLE IX : Activities of Cr203 in the MnO - Cr203 system at 1300°%C

Sample Composition n

(mole fraction) MNO - log'a a

Mo Ner0, "0 "cr,0, Cry0; Cr 03
0.50 0,500 0.042 1.000 0 1.000
0.517 0.483 0.068 1.070 0.219 0.604
0.533 0.4_67 0.088 1.141 0.343 0.454
0 .545 0.455 0.l6l 1.215 0.651 0.223
0.565 0.435 0.320 1.315 1.029 0.094
0 .595 0.405 1.000 1.439 1.712 0.020
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The standard free energy change of Reaction (39) 1is

given by:

a
MnCr O

AGC = -RT1n - az 4. (40)
MnO* Cr203

At the stoichiometric MnCr,0, comp951tlon, Ayncr and

=1
. 204
aCr203=:la the value of aMno being 0.042 (FigurgE? and
Table IX) at this point. Hence, from Equation (40) at 1300°¢.

6G° =~41588 J/gfw. (41)

-41588 J/gfw represents the standard free energy of
formation of MnCr204 from its component oxides MnO and

cr.o. at 1300°cC.

273

4.7.5. Activity-Composition relations in MnCr204--NiCr204
Solid Solutions.
Along the join MnCr204~NiCr204 there exist the
stoichiometric chromite solid solutions. The activities of
NiCr204 in these solutions at 130000 cah be calculated

from Equation(31l} which can be rearranged to the form:

A .
NiO (42)

= W e
N1.Cr204 0.255

where ay,q happens to represent the nickel oxide activities

on the MnCrzoé-NiCrzoé join and are shown in Figure 18.
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The NiCr204 activities obtained from Equation (42} are
given in Table X. The activities of MnCr204 are calculated
from the Gibbs-Duhem treatment of NiCr204 activities by

using the expression:

N =N
MnC}:zo4 MnCr204
1ny = ~N Ny N - [ .. AN
MnCrZO4 MnCr204 Mn.Cr?_O4 NlCrZO4 I NlCr204 MnCr204
N =]
MnCr204
(43}
where aNiCr204 is defined by:
InYyicr.0
%“Nicr.0, = N 2 42 ’ (44)
274 A MnCr204)

The results of the graphical integration of Eguation {43)
are given in the last coloumn of Table X. Figure 19 displays
the variation of chromite activities with composition. The
chromite solutions exhibit slight positive departure from

the ideal Raoultion behavior.
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TARLE X Activities of Ni,Crzo 4 and MnCr204 as a function of

camposition in the MnCr204 - NiCr Oy system.

Sample Composition {(mole fraction)

Myicr.0, Murcr,0, Yer.,0, 330 ANicr.0, *unCr 0,
1.0 0.0 - 0.50 0.255 1.000 0.000
0.9 0.1 0.50 0.245 0.9602 0.213
0.8 0.2 0.50  ° .0.231 20,905 ./ 0.306
0.7 0.3 0.50 0.212 0.831 0.396
0.6 0.4 0.50 o 0.101 5 0.749.747  0.481
0.5 0.5 0.50 0.169 0.662 0.544
0.4 0.6 0.50 s 0.145 » 0.568 0.630

0.3 0.7 0.50 0.114 0.447 0.715
0.2 0.8 0.50 2 0,080 9 0,313 0.804
0.1 0.9 0.50 0.042 0.164 0.900
0.0 1,0 0.50 0.000 0.000 1.000
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CHAPTER V

DISCUSSION and CONCLUSIONS

The preéent work was concerned with the determination
of equilibria and thcermodynamics of MnO-NiO-Cr,O; system at
1300°C. The system is characterized by two solid solution
series; {a)MnO-Ni0O solutions, and (b} Chromite solutions.
The experimental work involved determining the activities
“of NiO in both type of solutions by equilibrating samples
belonging to them with a gas Phase of known oxygen partial
pressure. The accuracies of méasured NiO activities, and
hence the activities of other components defived by Gibbs-
puhem treatment of ag;q data are affected mainly by the
errors inveolved in PQ2 values. The logPo2 values reported
in various tables of this thesis are estimated to be éorrect
to within # 0;010; this estimate is based on the ‘erxrors
that could be made in reading the'heights of the manometer

1iquids of the gas mixer. As explained in Section 4.2.

nickel oxide activities were calculated from the expressiont

2 .1/2
310 ={ ok ) {23)
O
Thus the error expression for AN10 would be:
Aa. =L & (AlogPg ). (45)
Nio T 2  “Nio 02
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Fguation (45) can be used to calculéte “errors involved in
various values of agig- A critical nickel oxide activity, t%@
for example, is 0.255, this value affects the standard free
energy of formation of NiCr204, and it also affects the
activity~composition relations_in MnCr204--NiCr204 solutions.
From Equation (45), the error in aNiO‘=O.255 can be

calculated as follows:

P _.l._ — |
AaNiO‘_ > ){(0.255);{(0.010) =0.001

Hence the gas mixing system permits to measure low
NiQ activities with greater accuracy. The error reflected

upon AGP of NicCr.,0, at 1300°¢C would be:

274

). (46)

Oy =
A(DGT) A(HTlogaNio

It

RTA(logaNiO)

Bayio

aNio

T 120 J/gfw.

When the error in temperature is also taken into

consideration, the error eguation hecomes:

Aa
a

NiQ
NiO

O, . )
A(AGC) =R [AT.logag o+ T. ] (47)

In the present study, the temperatures were measured and

controlled with an estimated accuracy of $20C. At lBOOOC
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. (@] . .
based on a maximum error of 27C in temperature, errcr 1n

AGP of NiCr 0, will be:

2

AACC)= F140 J/gfw.

Thus, according to the present results, the standard
free energy of formation of the nickel chromite compound
from its component oxides is =17,484.8F lQOdngw; This value
is in fairly good agreement with that obtained from
Equation (8) in Section 2.4. At 1300°C. Equation (8) yields
~20,085 T 400 J/gfw; other AG® equations predict grossly

different results.

Apart from guantitative errors involved in the
measurement of NiO activities mentioned above, an additional
source of error is involved in the interpretation of
metallographic specimens. If the starting pellets are
inhomogeneous, the nickel precipitates appear as localized
clusters as shown in the micro-photograph of Figure 20. In
homogeneous samples, on the other hand, nickel precipitation
occurs uniformly throughout the entire specimen section as
shown in Figure 21. In this work, the samples showing
clusters of nickel precipitates are discarded and new pellets
were prepared in order to eliminate to ﬁncertainities

originating from inhomogeneous samples.

In the MnO-~NiO system, the NiO activities determined
in this work are in very good agreement with the gas

equilibration results of Hahn and Muan9 and with the
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extrapolations to 1300°Cc of the emf data provided by
Cameron and Ungerl4. This so0lid solution series exhibits

a moderate positive departure from ideal behaviour.

The manganese chromite and nickel chromite came
out as nonstoichiometric compounds,in both.of .these normal
spinels the nonstoichiometry appears to be associated with
the tetrahedral sites, because MnCr204 dissolves excess
MnO, and NiCrZO4 dissolves excess Nio. As the results, the
ternary (Mn*Ni)Cr204'solid solutions have a stability
field a boundary of which is shared by the (Mn-Ni)O solid-
solutions. This new observation is in contrast to the
conclusions of Jacob and Fitzner18 on the MnOfCoO~Cr203
system at 1100°C. They have inferred that, MnCrzoé and
COCr204 do not dissolve any excess of MnO or Co0, but
instead both compounds can take up a slight excess of
'Cr203 into their structures. Thus the Spinel +0Oxide phase
poundary becomes the MnCr204“CoCJ:204 join in their work,

and an estimated phase boundary is drawznl8 to show the

Cr203 saturatipn. As the result of the differences expiained
above the standard free energy of formation QfMMnQrzoé
calculated by Jacob aﬂd Fitzn@r18 at 1100°¢C is largel?
different than that obtained in this work at 1300°C. In
contrast to the value ~5906% J/gfw reported18 at ilOOOC,
this work predicted *%}géémﬁ/gfw for AGP® of MnCr204lat
1300°C. In general the entropy terms in AGP of spinels are

rather smaillS, hence the values measured at llOOOC and

lBOOOC should not have such gross differences.
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When the AG® values of MnCr,0, and NiCr,0, obtained
in this work are compared, MnCr204 appears to be much more
stable tharxNiCr204 at 1300°C. This conclusion is supported
by the directions of the conjugation lines between coexisting
{(Mn—Ni}OQO and.(MnO*NiO)Cr203 solid solutions, depicted in
Figure 14. These lines are directed toward the MnCr204
composition point rather than the NiCr204 composition point,
meaning that the manganese chromite should be more stable
than nickel chromite. A further support of this conclusion
lies in the oxidation studies ofibwﬂia electron microprobe
analysisS showed that the spinel phase of the oxide scale
forming on a manganese containing stainless steel was mainly
MnCr.,0O Truly,'this spinel should be a solution, and it

2747,
should be in equilibrium with a (Mn,Ni)O solid solution.

The activities of l\fhnCr:ZOLi and NiCr204 in stoichiometric
chromite solid solutions were observed to deviate positively
from Raoultion behavior as shown Figure 19. The NiCr204
activity curve does not.approach the Raoult law line with
the expecﬁed slope at compositions approaching pure NiCr204.
This may be attributed either to inaccurate NiQ activities
l measured around this composition, or the cause might lie
in the position of \the Crzo3 saturation boundary. In the
present work this boundary coincided with the MnCr204 -
NiCr2O4 join, but if it goes as predicted by Jacob and
Fitznerl8 ﬁhe shape of the NiCr204 activity curve may
change to confirm with the Raoultion behavior at the NiCrZO4

side. Repeated activity measurements along the NiCr204~Cr203
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join of the system give consistent auio~ 0.255 values for
all the samples studied along this join. Furthermore the
iso~activity lines in the field SFinel~pCI203 met the
MnCr204-NiCr2O4 join at almost exactly the same NiO
activities measured along this Jjoin. Hence, there was no
evidence for passing the Cr203 saturation boundary above

the MnCr204—NiCr204 as suggested by Jacob and Fitzner18,
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APPENDIX I

calculation of Nickel Oxide Activity at 1300°C.

Activities of nickel oxide at the 1300°C are
calculated by extrapolating data obtained at 900°, 10007,
llOOO, 12OOOC14. Enthalpy changes of NiO with respect to

temperature is expressed as;

dln aNio

Upon rearranging Equation (48), we obtain:

AH. .
_“MNio
dinay;g R

@b%r) (49}

log a versus %% diagram is shown in Figure 22 and data

NiO
about these is tabulatedin Table XI. All lines on this

diagram are straight lines and slope of these equal to the

BHyio

53R is calculated at ;3OOOC by using the slope of

AHyio
the line equations and is plotted against the Ny.q in Figure

23.

Activities of NiO are calculated by substituting

AHNiO values which are obtained from Figure 23 into Equation

{(49). Results are giveu in Table XII,
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HNio

(7

Figure 23 : &H versus NNiO diagram in NiO - MnO systell.

86



el XTIt ICY 840 as a function of composition in the MnO - Ni0

system at 900°, 1000°, 1100°, and 1200°C.

R

Sample Composition

(mole fraction} - 1og ANio
N, N 900°C 1000°C 1100°C 1200°¢C

0 MO
S A I
0.065 0.935 0.815 0.870 0.910 0.947
0.110 0.890 0.620 0.659 0.692 0.721
0.150 0.850 0.550 0.580 0.600 0.620
0.205 0.795 0.419 0.448 0.475 0.499
0.260 . 0.740 0.375 0.400 0.418 0.434
0.310 0.690 0.308 0.333 0.353 0.367
0.410 0.590 0.244 0.261 0.273 0.286
0.455 0.545 0.220 0.237 0.250 0.261
0.510 0.490 0.203 0.215 0.223 0.230
0.560 10.440 0.176 0.186 0.194 0.200
0.605 0.395 0.166 0.173 0.177 0.180
0.660 0.340 - 0.143 0.148 0.151 0.154
0.705 0.295 0.127 0.131 0.134 0.137
0.800 0.200 0.086 0.088 0.088 0.089
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TARLE XIT : Activities of NiO as a function of composition at lBGOOC

Noio ~log a;,(1200°C)  AH(J/degree mole) ~logiaNiél3000C} a1 (1300°C)
0.065 .948 14450 .9806 .104
0.110 720 11130 ' 745 .1798
0.150 .622 9500 .643 .227
0.205 .498 8050 - .516 .305
0.260 .434 ' 6720 .449 .356
0.310 371 5800 .384 .413
0.410 .286 4250 .296 .506
0.455 - .261 3700 ©.269 538
0.510 .230 2950 .237 .580
0.560 .2007 2350 .206 622
0.605 .1805 1820 .1846 .654
. 0.660 1546 1300 .1575 696
0.705 .1374 920 .1395 .725
0.800 .0894 400 ©.0903 .812
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APPENDIX II. Activity calculations of Cr.0. and MnQ in

273
MO - NiO = Cr,0, system at 1300°C.

TARIE XIIT : Activity calculations of Cr 04 in MnQ -~ NiO - Cx203

systernm.
Yr.0
r
Integration path : n2 SR 8;2%
. MnO .
on.
NiO
. - 1log . p3 - log a a
c”‘Nxo aNs..O nc r203 Cr203 Cr2()3
0.200 0.6990 0.957 0 1.000
0.340 0.4685 0.992 0.2249 0.596
0.600 0.2218 1.012 0.4701 0.339
0.900 0.0458 1.083 0.6549 0.221
0.986 0.0061 1.114 0.6984 0.200
ig}
Cr.0O
Integration path : ‘ 273 = ggzg
w0 .
- log ®io
%10 N0 5 ~ 109 ay;q 2y o
Cr. G 273
273
0.166 0.7800 0.859 0 1.000
0.200 0.6990 0.919 0.0726 0.846
0.340 0.4665 0.960 0.2890 0.514
0.600 0.2218 1.000 0.5254 0.298
0.900 0.0458 1.053 0.7084 0.196
0.972 0.0123 1.079 0.7440 0.180
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TARLE XIII : (continued)

n
Cr. 0
Integration path : P 23 = gigé
MO '
ay ar!’NJLO
i0 - 1log . e - log a a
N30 on e 0, Cr,04 Cr 04
0.030 1.5230 0.428 0 1.000
0.085 1.0720 0,517 0.2052 0.623
0.166 0.7800 0.715 0.4464 0.358
0.200 0.6990 0.751 0.5057 0.312
0.340 0.4685 0.835 0.6883 0.205
0.600 0.2218 0.898 0.9013 0.126
0.872 - 0.0595 $.930 0.0602 0.087
n‘ | f,".u".’!
cr.0 Wi
Integration path : -~ 23 = ggg / S
MnO * P, | BB
A0 = 109 ayio ;%sio - 109 e 0 %cr.0
* Cr,0, 273 273
0.030 1.5230 0.307 0.1549 0.700
0.085 1.0720 0.477 0.3326 0.465
0.166 0,7800 0.667 0.5560 0.278
£.200 0.69%0 0.686 0.6108 0.245
0,340 0.4685 0.805 0.7820 0.165
0.600 0.2218 0.855 0.9868 0.103
0.840 0.0757 0.982 1.1138 0.077
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TABLE XIII : {continued)

n
Cr.,O
Integration path : ggmiiéi_ = g é?g
MO :
NiO
. - 1oy . E - log a a
ANi0 Nio CE S Cr.0, Cr 0,
273
0.030 1.5230 0.2469 0.3010 0.500
0.085 1.0720 0.4225 0.4498 0.355
0.166 0.7800 0.5974 0.6489 0,244
0,200 0.6920 0.5447 0.6804 0.209
0.340 0.4685 0.7575 0.8402 0.145
0.600 0.2218 0.8248 1.0360 0.092
0.805 0.0942 0.9760 1.1431 0.072
Cr.0
Integration path ¢ 23 = %*%%%
MO :
Mo
a_. - 1og . - - 19 a a
o N0 | 5“01:203 cr 0, Cr0,
0.030 1.5230 0.2240 0.3979 0.400
0.085 1.0720 0.3890 0,5323 0.294
0.166 0.7800 0.5720 0.7126 0.194
0.200 0.6990 0.6155 0.5888 0.174
0.340 0.4685 0.7300 0.9081 0.123
0.600 0.2218 0.8020 1.0980 0.0798
0.781 0.1073 0.9050 1.1911 0.0644
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TARLE XIIT : (continued)

n
Cr.0
Integration path : o 23 = 8é2§
MO *
Mi0
. - log a,. == - log a a
ANio Ni0 an&203 Cr,0, Cr,0,
0.030 1.5230 0.1494 0.5229 0.300
0.085 1.0720 0.3280 0.6253 0.237
0.166 0.7800 0.5150 0.7899 0.162
0.200 0.6990 0.5950 0.8328 0.147
0.340  0.4685 0.6520 0.9719 0.107
0.600 0.2218 0.7480 1.1458 0.072
0.726 0.1390 0.7610 1.2080 0.062
mtegration path + 2D = 0365
MO :
910
. - log . A - log a a
"NiO aNlO_ 5—cz:zoB Cry03 Cry05
0.085 1.0720 0.5873 0 1,000
0.166 0.7800 0.7730 0.2646 0,544
0.200 0.6990 0.8180 0.3278 0.470
0.340 0.4685 0.8726 ‘ 0.5217 0.301
0.600 0.2218 0.9305 0.7449 0.180
0.900 0.0458 0.9455 0.9096 0.123
0.925 0.0339 1.0080 0.9202 0.120
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TARLE XTIT : {continued)

n
Cr.0
Integration path : 7 23 = g‘é%
MO .
an.
NAO
. - lcg . log a a

ANi0 aNio 5“‘01:203 Cr 05 Cr,0,
0.030 1.5230 0.105 0.6990 0.200
0.085 1.0720 0.316 0.7930 0.161
0.166 0.7800 0.453 0.9422 0.114
0.200 0.6990 0.546 0.9823 0.104
0.340 0.4685 0.572 1.1111 0.077

Integration path 3 3yo = (.03
A0 - 109 3o ) 109 3 o a0y 0

Cr 0, 273 273

0.0406 1.3915 0.920 0 1.000
0.0544 1.2644 0.980 0.1207 0.757
0.0633 1.1199 1.000 0.2635 0.545
0.0800 1.0969 1.072 0.2873 0.516
0.0980 1.0088 1.136 0.3847 0.412
0.1720 0.7645 1.181 0.6692 0.214
0.3440 0.4630 1.344 1.0322 0.093
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TARLE XITIT = (continued)

Integration path : 34 = 0,085
T o n
Mo - 109 Ay “ﬁmo - 109 a0 o qcr 0
' Cr 0, 273 2
0.0357 1.4473 0.800 0.000 1.000
0.0595 1.2255 0.918 0.191 0.643
0.0850 1.0710 0.981 0.338 0.459
0.0924 1.0343 0.998 0.375 0.422
0.1034 0.9855 1.071 0.425 0.376
0.1230 0.9101 1.132 0.508 0.310
0.2010 0.6968 1.218 0.759 0.174
0.3%0 0.4089 1.320 1.125 0.075
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TABLE XIV : Activity calculations of MnO in the MmO-—NiO-Cr203 system.

n
‘Integration path : ﬁynO = g:é;g
Cr203

an .
*Nio - log 210 - ahﬁ;g = 1cg Ao A0
0.030 1.5230 0.346 1.391 0.040
0.085 1.0720 0.409 1.226 0.059
0.166 0.7800 0.520 1.091 0.081
0.200 0.6990 0.543 1.048 0.089
0.340 0.4685 0.594 0.918 0.121
0.600 0.2218 0.633 0.766 0.172
0.875 0.0580 0.642 0.699 0.200

Integration path : ?Mno = .30

"r,0, 0.50

on_.
¥Nio - 1og ayig B ”af.”ni\i% - 1o Ao Ve
0.835 0.0783 0.6150 0.5896 0.270
0.600 0.2218 0.6016 0.6750 0.211
0.340 0.4685 0.5652 0.8180 0.152
0.200 0.6990 0.4956 0.9420 0.114
0.166 0.7800 0.4595 0.9810 0.104
0.085 1.0710 0.3528 1.0%86 0.080

6.030 1.523G 0.2769 11,2630 0.055
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TARIE XTIV : {(continued)
n

Integration path 3 MO 0.505
T 0.495
Cr.0
2%3
an
. Nio
i = 109 ag;o L - 109 Ao “Mno
MnO
0.0125 1.9030 0.285 1.363 0.043
0.030 1.5280 0.289 1.264 0.054.
0.085 1.0720 0.382 1.112 0.077
0.166 0.7800 0.479 0.987 0.103
0.200 0.6990 0.502 0.946 0.113
0.340 0.4685 0.561 0.821 0.151
0.600 0.2218 0.603 0.676 0.211
0.845 0.0731 0.616 0.585 0.260
Mo 0.517
Integration path : = .
\ 0.483
Cr.0
23
Pyio
Nio - 109 Ay - m = 109 4y Ao
MnO
0.030 1.5230 0.205 1.097 0.080
0.085 1.0710 0.307 0.985 0.103
0.166 0.78C0 0.413 0.880 0.132
0.200 0.6990 0.450 0.845 0.143
0.340 0.4685 0.530 0.734 0.185
0.600 0.2218 0.547 0.601 0.251
0.807 0.0931 0.550 0.530 0.295
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TARLE XIV: {(continude)
n

Integration path: MO - 0.232
Tbrz 0, 0.468
eh
3Ni0 ~109 A0 - ~109 o Mo
" MO
0.030 1.5230 0.160 1.009 0.098
0.085 1.6710 0.272 0.912 0.123
0.166 0.7800 0.385 0.816 0.153
0.200 0.6990 0.423 0.783 0.165
0.340 0.4685 0.485 0.678 0.210
0.600 0.2218 0.490 0.558 0.277
0.781 0.1073 0.492 0.502 0.315
Integration path: w0 = 0.53
N r203 0.45
an., .
*NiO - 109 ayig e - 109 ae Ao
8nhmo
0.720 0.1426 0.4900 0.387 0.410
0.600 0.2218 0.4872 0.425 0.375
0.340 0.4685 0.4595 0.543 0.286
0.200 0.6990 0.3958 0.642 0.228
0.166 0.7800 0.3671 0.673 0.212
0.085 1,0710 0.2187 0.697 0.201
0.030 1.5230 0.1150 0.764 0.172
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TARLE XIV: (continued)

n
Integration path: gmma = 8°2§§
Cr,04 )
-1 Mio -1
ANio o 8o = s 9 %o Cmro
Mo
0.030 1.5230 0.074 0.463 0.344
0.085 1.0710 0.201 0.409 0.390
0.166 0.7800 0.304 0.330 0.468
0.200 0.6990 0.364 0.303 0,498
0.340 0.4685 0.381 0.217 0.607
0.455 0.3420 0.395 0.017 0.680
Integration path: agio = 0.166
n,
Cr203 -

a - log a . - log

Cr,0, Cr 0, e SMno
0.358 0.4460 1.093 1,092 0.081
(0.400 0.3980 1.118 1.144 0.072
0.500 0.3010 1.175 1.256 0.056
0.600 0.2218 1,271 1.352 0.044
0.700 0.1549 1.361 1.440 0.036
0.800 0.0969 1.463 1.522 £.030
0.900 0.0458 1.630 1.600 0.025
1.0060 0 1.826 1.682 0.021
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TABLE XIV: {continued)
Integration path: Ao 0.6
I
Cr.0

a -log a 23 ~10g
Cr203 Cr203 nNnO aMnO aMnO
0,126 0.90060 1.0896 0.7670 0.171
0,200 0.6900 1.3230 1.0082 0.098
0.300 0.5229 2.0200 1.2864 0.052

Integration path: a = 1.0 N =0,50

Cr203 Cr203
n
NiO
Nuio aNio ~1og ay;q h -log ay g o
MO

0.45 0,245 0.611 9.000 2.020 0.0096
0.40 0.231 0.636 4.000 1.870 0.0135
0.35 0.212 0.674 2.330 1.752 0.0177
0.30 0.191 0.719 1.500 1.671 0.0213
0,25 0.169 0.772 1.000 1.607 0.0247
0.20 0.145 0.839 0.660 1.552 0.0281
0.15 0.114 0.943 0.429 1.497 0.0319
0.10 0,080 1,097 0.250 1.447 0.0357
0.05 0.042 1.376 0,111 1.399 .0399
0.01 0.035  1.456 0.087 1.392 0.0406
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TARLE XIV: {continued}
Integration path: Ao 0.200

n
%cr 0 ~1log a hCr203 -log ay, By ine
273 Cr203 MO 0
0.312 0.5057 1.091 1.0486 0.0894
0.400 0.3979 1.207 1,171¢ 0.0674
0.500 0.3010 1.289 1.2907 0.0512
0.600 0.2218 1.420 1.3980 0.0400
0.700 0.1549 1.543 1.4967 0.0319
0.800 0.0969 1.720 1.5910 0.0256
0.900 0.0458 2.460 1.6970 0.0201
1.000 0 2,940 1.8207 0.0151
Integration path: a0 = 0,34
nCr203
a -log a e ~1og
Cr,0y Cr,0, N o Pmno
0,205 0.6883 1,065 0.917 0.1210
0.300 0.5229 1.279 1.110 0.0775
0.400 0.3979 1.454 1.282 0.0522
0.500 0.3010 1.714 1.434 0.0368

0.600 0.2218 2.882 1.583 0.0261
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