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GENBRAL INTRODUCTION

Vanadium is a minor element in the earth’s crust, and
the esséntials of the geochemistry of vanadium in lithosphere
are fairly well known, that is to say, geochemists believe
that the distribution of trivalent vanadium in the magmatic
rocks including basalt to rhyolite is in oxygen compounds,
and here vanadium is associated with trivalent iron especially
in magmatic magnetite, Fe504. Indeed, vanadium is usually
concentrated in titanomagnetite crystallized from magmatic
state, and it seems to be reasonable that vanadium»in\ﬁagma-
tic state is in trivalent state on the basis of the iomic
radii because the ionic size of trivalent vanadium follows
closely ferric iron, and the radius of trivalent vanadium,
0.65 R, being only slightly less than that of ferric iron,
0.67 2. Turning to the ionic picture, vanadium appears with
various charges changing from +2 to +5. in fact, there are
many compounds in the V-0 system and the stabilities of these
- vanadium oxides at‘a certain temperature depend on thévoxygen
fugacity. Particularly, many compoﬁnds which may be descriged
by the general formula VnOEn—ﬂ (n = 2) have been reportgd in
the V205—V02‘system. Nevertheless, the phase relations found
in the Vﬁo2n-1 series and their thermodynamic data have not
yet been completely established especially at high temperature
because of the difficulty to determine the stability ranges .

of oxygen partial pressure at each phase. Under these con-



siderations, it is, therefore, qu’%e_desifable to obtain

accurate phase equilibria in the V-0 system, which, of course,
are in chemical equilibrium in order to focus the light from

the stand point of oxygen partial pressure ¢, the geochemical

Y
———

behaviour of vanadium in magmatic state. | —
The phase equilibria and thermodynsmic data on the Fe-0
system have been precisely detefmined by many investigators
and applying these results, the Fe-Cr-0 and the Fe-Ti-0 systems
have been studied. Hcwever, a few studies of the phase equili-
bria on the Fe-V-0 system have been reported only at prettiy
lower temppratures compared with magmatic ones, and élmost.
all of theée studies were based on non-criteria about equili-
brium state. Some investigators pointed out the existence of
many hbomogeneous solid solution series and compounds in this
system at high temperatures. It seems to be important in
order to clarify the descriptive conclusion found in magmabic
magnetite to eséablish‘ the phase equilibria in the Fe-V-0
system at high temperatures. The results studied on this line
may contribute not only on geochemistry bub also on many fields

inciuding thermochemistry.



CHAPTER 1

- Phase Equilibria and Thermodynamic Properties of the

V,05-V,0, System at Temperatures from 1400° to 1700°K
1-1  INTRODUCTION

A large number of intermediate oxide phases have been
reported in the V-0 system. Klemm and Grimmq) studied the
phase relations in the V—V205 system. They found that the
VO phase with compositions ranging f?om VOO.9 to Voq.a_was
stable at high temperature side, while it decomposes to me-
tallic vanadium and a higher oxide (not V203) at low tempera-

St D
N,
pas——

ture. Seybolt and Sumsion2> reported the existence of az me-

B /f‘

tallic oxide with the approximate }imits of homogeneity VOO.15-{>
VOO.25" Hoschek and Klemma) who first studied V205-V205 system, ’;f
suggested the presence of the five phases of V205, B—phase
(VOq.65—V01.80), a-phase (V04.80°V02.OO)’ a'-phase <V02.05—
VO2.35) and V205, respectively. 'They also stated that a-phase
has a structure of rutile type and is homogeneous between
V01.8 and VO2.O' AebiZ1L> found a new phase with the composi-
tion of V02.47 at 600°¢C. Lately, Anderssons) studied in de-
tail the V205—VO2 system at temperatures from 800° to 96000
and identified eight intérmidiate phases represented by the

general chemical formula vnozn_q, changing n'*s number from

"2 to 8. The homogeneous Vn02nr1 (n£2) series are sometimes

|
i
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called Magnéli phases after the ma%n,investigator. Their
structures were investigated by G.%Andersson6> and S. Ander-
sson et al7). Kosuge et 31.8) recogniged V205, Y5O5, V4O7, |
V509, V0, and V,7O,15 phases at 800°C and mq}sured‘the magnetic’
properties of their compounds. Kosugeg) recently reéﬁéniéed —
their phases by méasuring the magnetic susceptibility and |
Mossbauer effect and presented é general phase diagram of
V205—V2O5 system up to 1200°¢ together with the data of Kachi

and Rquo). As described above, there are rather numbers of
studies on the V203—VO2 system at low temperature side. On

- “the other hand, only a few papers are known about thé phase
equilibria‘and thermochemical properties on the V205--VO2 system

at high temperature side except for VéO5 and V0211>.

12)

Katsura
and Hasegawa reconfirmed the phase:equilibria studied by
Anderssons) and Burdesqu) and Grossmann et 3114). and pre-
sented the standard free energies of Compounds which exist in
the V203-VO2 system at 1600°K. Recenﬁly, Anderson and Khaqu)
studied the V205—VO2 systen up to 1425°K and reported some
thermodynanic data of. the system.

The object of the present study is to investigate the
phase equilibria in the \1‘203-—V40.7 system in detail by varying
temperatures from 1400° to 1700°K, and also to present some

thermodynamic considerations, particularly the standard free

energies of oxidation of wvanadium oxides, V205 and VBOS'



1-2 EXPERIMENTAL

Different experimental methods

41-a) General Procedure

were used in'the'present study- quenching and thermbgravimetric

methods previously described by Katsura and Muanq6)

7).

and by
Katsura and Kimura
| In the thermogravimetric method, the guaranteed reagent
of aﬁmonium meta vanadate was gently heated at 45000 in gldbar‘
to obtain V2O5; then V205 was looseiy pressed into a smali
size crucible and heated at 650°C to make a suitable pellet
of oxide in an electric furnace while passing a mixed gas of
002/H2 = 1 through the heating tube for one hour. Abdut 2
grams of pellet thus obtained had a chemical formula of appfoxi—.
mate V203 phase. The pellet was made several holes by a needle
to make the sample easily attaining the equiliﬁrium. The sample
was suspended in a vertical tube by a thin platinum-40% rhodium
wire from the lower part of quick weighing balance. The weight
changes were recorded as a function of the oxygen partial
pressure at any constant temperature; ‘The data thus obtained
were used to locate the oxygen isobars. | |
In the quenching method, a‘peliet of oxide sample which
was held by a thin platinum wire was heated at any constanf
temperature and at a chosen oxygen partial préssure‘until
equilibrium was attained between the gas and the soligwéhases.

The sample was then quenched rapidly'to the temperature of

cold water by burning away the thin platinum wire with an



electric current. The sample thus obtained were used for
determining the phases present by X-ray and for the determi-

nation of the composition by chemical analysis.

1-b) Choice of the Reference State for the Chemical Compo-

sition ‘During the preliminary studies, it was redog-
nizgd that the composition of the V203 phase remained accurately
stoichicmetric over a wide range of the oxygen partial pressure
at temperatures from 1400° to 1700°K. 1In addition, the

chemical analysis of the quenched samples obtained from‘the

-1 4 atm. had the

range of oxygen partial pressure 10 to 40’1
stoichiometric composition of VO,l 500 within the experimental
error. Therefore, the composition VO,l 500 was chosen as the

reference weight standard in the thermogravimetric method.

1-c) Determination of the composition by the thermogravimetric

!

method

A composition at any oxygen partial pressure
was determined by measuring weight changes between the stoi-
chiometric V2O3 (reference state) and a certain more oxidized

composition according to the following equations;

VOq 500 + ¥/2 05 = V04 500 4 x SO
i |
Vo, 5 (v-a) (b-a)
X = : . = 4,684 (2)
M a :
5 .

where a is the weight of stoichiomqtric V2O3 phase (reference

I



i

state) and B indicates the weight at any equilibrated oxygen
pressure. MVOq . and MO are formula weight of‘V205‘and 02,

respectively.

A desired partial

1-d) Control of the Atmosphere
pressure of oxygen was obtained b& using a gas mixture of
002 and H2. The CO2--H2 mixtures were prepared by proportion-
ing the two gas components in desired ratios in a gas mixer
which is similar in principle to that used by Darken and

18)

Gurry . The fluctuation of theVCO2/H2 ratio was estimated
|

to be within * 1 per cent throughodtithe present study. The
purity of the carbon dioxide and hydrogen uysed in the présent .

study was sufficient for the present purposes.

\«»,*I

1-e) Calculation of the Oxygen Partial Pressure An

oxygen partial pressure, which Was obtained by mixing CO2 and
H2 gases, was calculated by the free energy data of Elliott

and Gleiser'2) as follows;

='CO + H,0 (3
CO, =°CO + 1/2 0, f. (W)
. where X, and K, are equilibrium consténts of Eqg.(3) ggd Eq.

(4), respectively.

An oxygen partial pressure (Po2)'waS'calculated by using



following equation based on values of K,l and K2;

Poaq/2 = K2/2 {J/ (3-1)2 + li-eaL/K,x + (a41J (5)

e

R

where a is the initial ratioc of CO, to H, at room temperature.

/

The calcu-

1-1) Correctioﬁ of Oxygen Partial Pressure
lated partial pressure of oxygen is necessary to correct be-
cause of the difference of diffusion between CO2 and H2 in a
furnace tubq7and unaccuracy of 002/H2 ratio more than C02/H2
= 200. Therefqre, a solid electrolyte cell tube composed of
stabilized zirqonia (Zr02)0.85(030)0'15 was used to correct
the calculated oxygen partial pressure.

The.principles of this electrolyte for the determination
of the oxygen partial pressure and the design for the general =

utility have been published2O~24)

12)25—28).

and some precise results
have been reported ‘Tge'(Zr02)0.85<CaO)o.15 solid
electrolyte cell deviced for the\present study will be briefly
described here.

The tube, which was sealed at one end, has a wall width
of 2 mm, a diameter of 15 mm and a legth of 40 mm. The botton
portion was coated both inside and outside with a porous plati-
nun film. .Platinum electrical leads of 0.5 mm in diameter
connect the platinum electrodes of the cell tq a potentiometer

to measure cell e.m.f. A calibrated thermocouple was also

brought into contact with the bottom wall of the cell to measure



the temperature at the bottom portion of the tube. Pure oxygen
was circulated the inside of the tube at one atmoéphere during the
period of measurement.

A galvanic cell may be written at high temperature as

follows;

Pt,Og(Pq) solid oxide (stabilized zirconia)g 02(P2),Pt

s \ .

The cell e.m.f. is a function of the oxygen partial pressures
at the oxygen/Pt electrode, and the maximum electrical energy;‘ﬁﬂﬁﬂ
4EF, is given Ry . - ‘f .

1

4EF = - AG = - RT 1n P,/P, (6)

- where E is ﬁhe e.n.f. at a fixed temperature, ¥, the Faraday
constant; Pq, an oxygen parﬁial pressure of a mixed gas at/ -
that temperature, and P2, the reference oxygen pressure, which
was Kept constant at one atmosphere in the present study.
When the cell was inserted into a furnacevtube heated to a
desired temperature, an oxygen partial pressure in the mixéd
gas passing through the furnace tube can be readly measured
by reading the e.m.f.

In the present study, the oxygen partial pressure obtained
by measuring the e;m.f. values according to Eq.(6) was adopted
as the actual oxygen partial pressure:. at any constant tempera-

ture. .



A vertical

1-g) Furnace and Temperature Controls
tube-quenching furnace with a 60%Pt-40%Rh wire O.8mm in dia-
meter winding was used for the equilibrated runs. A brass-
made attachment for quenching was connected with the iower,
end of a mullite furnace tube with 30mm diameter. The mixed
gases of one atm. used for controlling the oxygen partial
pressure were passed through the furnace from bottom to top.

The furnace temperatures were kept constant to be appro-
ximately within % 2%k by using electric controllers activated
by a Pt-13%Rh+Pt thermocouple inserted close to the hot spot
of the furnace: The actual temperatures within the furnace
were measured by another thérmocouple which was calibrated
against the melting points of didpside (CaMgSiEO6), 1%91.5°¢C,
and gold (Au), 1063°C.

1-h) Identification of Phases and the Chemical Analysis

Phases present in the quenched samples were identified by an X—?

ray diffraction method using Cu'ga radiation. R
The V/O ratio in the starting materials and the quénched

samples was determined volumetrically by adopting the Zinc- Chmtr

Amalgam method29)30> in order to check the thermogravimetric
results. | ! |
The'Zinc—Amalgam method is as follows; about 100mg of
quenched sample was accurately weighed and then heated‘tQ
dissolve completely with 20ml of pure water and 5-10ml of 18 N

H2804 in a 100ml besker, while dropping 1 N of potassium



permanganate. The dissolved solution was pq;red into a reduc-

tor. The reductor is illustrated in Fig.1. Air in the re-

ductor was substituted for CO, gas and then reductor was shaken

4+

for %-5 minutes. v2* and v ions in the solution were com-

2+

pletely reduced to V ions. The zinc-amalgam was removed

from the bottom of the reductor to a lower bottle while sub-
stituting the amalgam for a pure water. The titration of V2+v
ions with standardized 0.1 N potassium permaﬁganate was carried
out in thelreductor. 0.1 N potassium!permanganate direot1y
poured into the reductor from the top as shown in Fig.7.

V2+ ions were gxidized by permanganate to V5+ ions. The amount
of vanadium ion was calculated by the amount of the standard-
ized permanganata consumed.

The amount of vanadium was calculated as follows;
V (ng) = 1.6981-f-c | (7
where f: a factor of 0.1 N KinO, , c¢: the amount (ml) of 0.1 N

KMnO4 consumed. A certain composition of quenched samples was

determined by the following equations;

Vv + X (0) = VO i (8)
b (a=b) - a ' .
' C - \\, -
Uy (a-b) (a-b) - N
X = . = 3,184 (9)°
' MO b ‘ b ‘ L i

where a is the intial'weight (mg) of a dissolved sample,/b



s

e o




a3

indicates the amount (mg) of vanadium calculated by Eq.(7).
K
Ny and MO are the atomic weight of vanadium and oxygen, .

respectively.

The rate of approach to

1-i) Check of the Equilibrium
the equilibrium state was studied thermogravimetrically. The
sample was equilibrated in the gas mixture alternately from &
reduced.and an oxidized state to ensure that true equilibrium

was established. The linear rate of flow of a gas mixture

was fixed at about 8mm/sec to 9mm/sec to ensure the equilibri- -

“un between gas and solid phases.

il -



1-3% RESULTS AND DISCUSSION ) ’

1) Phase Equilibria The equilibrium data including

the experimental errors in composition and in oxygen partial

pressure at 14000, 15000, 1600° and 4700°K are summarized in

Table 1.

The VEOB’ V505 and V4O7 phases were found to be stable
under the present conditions. As given in Table 1 and shown
in Fig.2, the homogeneity range of the VZOB Phase seems to
become narrow with decreasing temperature. As decreasing
temperature, egch phase may be stable at a higher range of
6xygen partial pressure. Andersson5> found a narrow range
of homogeneity in the V5O5 phase at 9OOOC, on the other hand,
8)

Kosuge et al. estimated fairly'wide range of wvariations in
the V/O ratio in the phases V3O5 and V4O7. In the present
study, however, the homogeneity ranges were detected in the

375

V0. and V407 phases within the experimental error.

2) Crystal Structure -The ﬁowder X~-ray diffraction

patterns of the V2059 V505 and V4O7 phases were identical

with those previous investigator54>6>q2). The VEOB has a

corundom type structure which may be described as a hexagonal

close packed arragy of oxygen atoms with vanadium atoms in two-

thirds of the octahedrally coordinated interstices. The «

form of A1205 and FeEO5 (corundom and hematite) and also the

oxides Cr205, Ti205, V205, a—Ga205 znd Rh203 have this type

14

R



Table 1 . w@m:pww ow equilibration expervimenbs at ¢¢ooou ;wocow 1600° and 4ﬂooow
14.00°K B . 1500°K

log Po, QOM\mw Uomwzwm ~ log Po, oom\mm @oMBﬁwm

s ‘ Oy
<mow,wwﬁmm <mow phase |

( £ 0.02 ) ( % 0,002 ) ( £ 0.02) ( £ 0.002)
12.8 1 1.500 11,0 1 1,500
11,1 5 1,500 9.89 3 1,500
10.2 10 1.50% 9.17 o 1.503
9,47 20 1,508 8.63% 11 1.508
8.97 A5 1.517 8.4 13 1.510
8.77 44,8 - 1,523 8,32 15 . 1.512
8.75 45,3 1,523 _ 8.19 17 1.516
.63 ng. 1 1.527y 8.08 20 1.520
. : 1.528 7.88 25 1.525
7.65 32 1.534
7 .61 33 .4 1.53%6




16

Table 1

~

1700°K
log Po, oou\mw

1600°K
- log Po CO./H Tormula
2 202 Y0
x
{ nhoan
( £ 0,02) 70z phase 4 4 600 )
9.85 g 1.500
8.96 2,5 1,501
8,64 3 1,502
8,1% 5 1,505
7.7 3 1,511
‘757 10 1.515
7,16 14,5 1.52%
6.87 20 1.,5%5
6.63 26 1,547

(

12,7
11,7

b . .
AOTnuLAa

e

V) DAGSe
r 0,02 ) /203 phase ¢

0,01
0,05
0.01
1

2
3

[o)

11
17
19
20

v

0,002 )

1.500
1,500
1,500
1,500
1.501
1.503%
1.513
1.530
1.551
1.559
;ommmv
1.560



S

0,02
MWOO«W

8.59

8,50
8.04
705
7.03

L1

OO
TG

O
NN

1400°K
oom\mm ®o«%¢wm ~ log P
X
ﬁwom phase
( + 0,002 ) 10,02 )
51.2 1.6566 7 .59
52.9 1,667 7.58
60 1.665 756
100 1,666 6,99
200 1.667 5,5%
500 1,668 6.16
G,.1%
ﬁ#Oﬂ phase
( £ 0.002 ) +0,03% )
233 1,748 6,07
50 1.748 5,82
500 1,748 A
700 1.750

a0 0O
= D ;O
O

& Po

more oxidized phase

N AR
WW\N
ST V1 B O)]

0

1500°K. :
Oom mm Mowﬁzwm
VO,
<
v ~ T ._‘ 256 ’
rvov oh
( + 0.002
35,7 1,667
2., 2 1,667
55 1.666
67.3% 1.667
10¢ 1,667
15% 1.665
156 1,667
A.OﬁoﬁN phase
( £ 0.002
163 1.750
200 1.749
259 1.751
278 1.752

~¢ oxidized phase




I+

o

.08 & OM

0,0% )

6,60

Voo Oy Oy Oy
RN
WOy OO

@

N W~
WD

1600°K
CO,/H,,

V.,0. phase
2

m i

100
194

<¢OQ phase

120
130
160
200

mnore oxidized

5

x

4

;
=
o
0}
®

A Y
o
O

Formula

VO
X

anow.v.

N
—_—

) m.u“ﬂ. [

S

o)
(AT CL IR O) NN
O O O

I

o
&
.

4
Oy O

[o})
)
O @

e

°

®

L

FLE S . Y
N~ N0
o

“
~J
N

-

I+

1700°K
log Poy GOm\ﬁm @cwwzwmw
X
<w©m phase
0,04 ) 0. 004
5,68 21 1.667
5.49 20 1,664
5.26 A 1.668
4,87 54 1.670
.82 57 1.669
4,76 &1 1.671
4,67 68 1.671
h,65 71 1.66%
4,59 76 1.671
<.\...roﬁN mwmmw
0.05 ) + 0,005
1,50 86 1.749
4,46 oy 1,752
4,57 101 1.752
4,29 111 1,754
un,17 0 131 1.754
L2 144 1.755
4,03 161 1.751
5,80 181 1,755

3,84 more oxidized phase
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0.025

0.020

0.015

— X/z

0.010

0.005

x/2 vs log Po, at each temperajvure. The numbers in
O 2 s

parentheses represent the ecuilibrium oxygen partial
pressure and its composition, x/2 in VOX, in two

solid phases egilibium.
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of structureaq). V505 has a moncclinic structure (a=9OO;
a, b and ¢ have a different lattice parameter ) and the
structure of V407 has not been known. These parameters are

summarized in Table 2.

3) The Standard Free Energies of Oxidation and Other Thermo-

Among the vanadium oxides on the

dynamic Calculations
V2OB—VO2'system, very little is known abopt the standard free
energies of formation of the intermediate compounds, except

for bvoth end members, V2O3 and VOé. The standard free energies
of formation of V205 and VO2 have been compiled by CSUghlinqu
‘and Elliott and Gleiser19>. They based their calcuiation on
the heats of formation of V205 and VO, from Siemonsen and
Ulich's data52). .Also, the standard free energ;es of these
oxides based on the entropy changes were compiled by Kelley and

11)

King35>. According to Coughlin , the free energy equations

of following reactions may be written as follows;
2V(e) + 3/2 0y(g) = V,05(c) - (10) -
AG°(10) = - 291350 + 56.49 T, (600°-2000°K) (cal) (40')
2V(e) + 2 02(g) = V204(c) (11)

4G°(11) = - 335000 + 7%.24 T, (600°- 1818°K) (cal) (11')



Tabie 2 Crystal Parameter

Phase
V203 rhombohedral
VO, . 500 a = 5.472 3
& = 5%.80°
V505 monoclinic
a = 9.993 2
b = 5.063 &
c = 9.872 9
8 = 138.62°
Vv, 0 unknown

477

B
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where T is the absolute temperature.
The standard free energies of oxidation in the following

reactions may be calculated on the basis of the equilibrium

oxygen partial pressure:

1/ = 1
1 = 15
SmiltenSBA) calculated the standard free energy of oxidation

3y

of magnetite (36504) to hematite (FeeOé) by means-of Nernst's
method55) at temperatures above 1000°C at which magﬁetite has
an extensive solid solution rangé. In his paper, he derived
a correction term which is related to the formaﬁion of a _solid -
solutionQ The same method was applied to the reactionv(12) at
1600°K by Katsura and Hasegawa12> because of a wide range of
homogeneity in the V2O5 phase as shown iﬁ Fig.2. In the pre-
sent study, however, the gctivity of each component in the
V203 phase will bé estimated and the free.energy of regction
(12) will be calculated on the basis of the activity data.’
The solid solution series of V2O5 phase may be espimated
To be homogeneous mixtures of two components, V03/2 and oxygen
<02)- The activity of oxygen is evaluated to be equal to the
partial pressure of oxygen because of a little oxygen content

in comparison with the total atmosphere. Thus, for a binary

SOlution, the activity of another component can be calculated
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by means of the Gibbs-Duhem equation as follows;

-~ .

log a, = - {x/2 d log Poé i (14)

¥

J

where a, is the activity of the V05/2 component, and x is re-

lated to the following reaction,

V05/2 + x/2 O, = V05/2 v x (15)

P02 in Eq.(14) indicates an oxygen partial pressure iﬁ‘which -
a solid solution, \[05/2+ x, is equilibrated. The integration
was carried out plgnimetrically at each temperature by using the
curves in Fig.2, where x changes from zero to a desired value.
The planimetry was duplicated; and the calculated log as is
shown in Table 3 together with the error in log a5

Since the change in composition of the V505 phase was
stoichiometric within the experimental error, the activity
of the VO5/5 component may be taken as unity, irrespective
of the oxygen partial pressure and the temperature. Thus,
for the reaction (12), the equilibrium constant K,l may be

calculated as follows;

log K

]

4 log ag = ( log a5 + 1/12 log Po, ) (46)v?

x
-

- ( log a; +1/12 log Po, ) (16')

i
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Here, 2z means the activity of the V05/5 component, and ay

component in the

represents the activity of the V05/2 + %

-V2o5 phase which is in equilibrium#with the V3O5 pﬁase having
the stoichiometric composition, Po2 means the oxygen partial
pressure at which the V205 phase in equilibrium with the V505
phase. Values of a; and Po; are logarithmically listed in

the last line of Table 3. Calculated values of log K, at

Ve

each temperature are given in Table 4, together with the
standard free energy of oxidation of reaction (12), AGO(WQ)f
The standard free energy of oxidation for the reaction
(13) can be readily calculated based on the present study,
since there was no significant variation in the composition
of both V505 and V4O7 phases. Thus the standard free energy of

oxidation for reation (13) can be found by the van't Hoff

equation;

4G° = nRT 1in Po,(eq) (17)
where n is the number of moles in an equation, and where Poz(eq)
is the equilibrium oxygen partial. pressure af which two solid
Phases are in equilibrium, Caléulated values of the standard
free energy of oxidation for reation (13) at each temperature
are given in Table 4 together with values of Po;* ét which
both V305 and V407 phases are in equilibrium. The present
values of both AG(12) and 4G°(13) at 1600°K are silghtly

higher than those previously obtained by Katsura and HaSegawaqa)

[



Toble 5 Helablonship between composition and activities of oxygenl (F05), <Cw\v 4 =\8s), in Lhe

* PS
W<muw phase alb tempeatures é#OOoq AWOOOQ.AmuOo and gwcooﬁ on the basis ow;ﬂmﬂwwHQDAAmv and.
LN ) .
< (16) using Fig, 2,
compo- | 1700°K 1600°K 1500°K 14.00°K
«.mwwwmw - log wOm -~ Hom,mm - log wOm - Hom‘wm - log mOm - womzwm ~ log wom - womzwm
_ %107 <10 N <107~ *107"™
0,005 7.02 0.22 776 0,24 8.46 0,28 9.%1 0.27
(+0.02) (£0.02) (+0,02) (£0,02) (£0.03) (£0.,03%) (£0,04) (+0.0%)
Ooo\wo ®0mm Oom\ot _‘Nwm.w Oam@ muom Ovm&.\ momm Oémo
_ (£0,02) (£0.,0%) (£0.02) (£0,03%) (£0.,03%) (£0.03) (£0.03) (20,08)
0.015 6.27 0.91 6.95 0.9% 7,75 0.91 8,65 _ 0.87
(#0,02) = (£0.0%) (+0.02) (+£0.03) (+0.0%) (£0.04) (+0.,04) (£0.04)
0.0185 - - - - 7,60 1.16 - -
(+0.03) (+0.04)
0.020 6.07 1.26 6.76 1.%3 - - - -
(£0.02) (£0.03) (+0.02) (£0.03) .
0,024 - - 6.62 . 1,64 - - - -
(£0.04) (£0.04)
0,025 5.88 1,68 - - - _ - - -
(+0.02) (+0,0%3) |
0.,0%1 5.71 2.16 - - - - - -
(+#0.05) (x0.04)
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Table &4 Caluculated values of some thermodynamic data OOHHmm@obawbm to

~

reactions (1) and (2). at each temperature.

e

* ¥

Temperature HOWWW; i -~ AGP(2) log Po,, - AGP(2)
Ox v cal cal
1400 0.730 = 0.004 4680 *+ 40 6.99 + 0,08 1870 + 30
1500 0.645 + 0,003 4430 + 30 6.10 * 0.06 1740 + 30
1600 - 0.568 + 0,004 4160 * 40 5.22 + 0.07 1590 + 40
1700 0.497 + 0.005 %870 + 50 - 4.55 + 0,10 1470 + 40
AH° (1) = - 8470 + 2%0 cal AH®(2) = - 3720 * 250 cal
AS®(1) = - 2.70 % 0.30 e.u. AS°(2) = - 1.44 % 0.13 e.u.
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and the present values may be more reliable because of a
higher accuracy of the present experiment.

As shown in Fig.3%, the value of log K1 seems to be pro-
portional to the reciprocal of the absolute temperature, 1/T,
within the experimental errors, tﬁen the slope gives the follow-

ing value,

d log K, - AHC(12) 5
T T e e T ( 1.85 + 0.05 )+10° (18)

where AHO(12) and R are the heat of reaction (12) and'the gas
constant, respectively. The heat of reaction.(15) is ;lso
calculated similarly from the slope in Fig.4 which gives ﬁhe
. constant valueof'24'( AHO(15)/2,303 R ). Calculated values
of the heat of reaction (12) and (1%) based on the least square
method are given in Table 4.

The enthalpies of reaction (425 and (13) are constant
over the present temperature range. The standard free energies
of oxidation of the same reactions seem to bg;préportional td
temperature. The relations are illustrated in Fig.5.~The
standard entropy changes, ASO, of reaction (12) and (1%) are
found from the slope of the line'by the least square method as
seen in Fig.5. Values of the entropy are also given in Table
4 over the temperature interval from 1400° to 17OOOK. As

shown in Fig.4 and Fig.5, the slopes hold a constant value
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in the range of temperatures fron 1400° %o 17OOOK. Hence,
values of AH® and AS® may be kept constant over the temperature

range from 1400° to 1700°K.

1-4) Summary Phase equilibria in the V205~V4O7 system

were studied at 14000, 45000, 1600° and 1700°K by varying the .
oxygen partial pressure. Besides the three phases of VZOB’

_V505 and V4O7 were stable in this system, the vanadium sesqui-»
oxide has an extensive range of solid. solution at the above
-mentioned temperatures. The standard freg energies of oxi-
dation of both._VEO5 to V5O5 and V365 to V4O7 were precisely

determined on the basis of the equilibrium oxygen partial

pressure at each above temperature. The standard enthalpy
! \,—.J .

and the entropy changes of these reactions wére‘alsovgalculated

from the free energy data.
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CHAPTER 2

Phase equilibria in the System FeO-Fe,0,-V,0, at 1500°K

2-1 INTRCDUCTION

The system Fe-V~0 has attracted a great deal of interest
among metallurgists as well as ceramists and geochemists.
Accurate phase equilibris, however, have not been presented, "
particularly a@ high temperature. Sépérate studies dh>the
Fe-O and V-0 systems were carried out by Darken and»Gurry18>
and many other investigators as described in Chapter 1.

Vanadium is a minor element in the earth’s'crust, and‘the/
average content is ordinary mentiocumed to be 0.02 per cent in
igneous rocks. The mosf common mineral containing vanadium

in igneous rocks is the member of the Fego4 (magnetite) -

FeV204 s0lid solution series, and also the solid solution

series are expected of interesting magnetic propertiés. v

Burdeséq5> studied phase eqUilibria on the Fe—V—Ohsyséem
and synthesized FeV206, FeV2O4 and FeVoq. Rahmel et a}.56>
first summarized the phase equilibria at the temperature range
from 550° to 1000°C. Voroblev et al.>’) studied the Fe40,-
FeVEOAL and wustite solid solutions at 1000°K. Kunnmann et'al.za)

Synthesized‘some transition metal oxides containing FeV2O4 and

Fe2VO4 by varying oxygen partial pressures at the temperature
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from 40750 to 13800K and calculated the standard free energy
of FeV2O4. Recently, Schmahl and Dillenbrugag) studied the
phase equilibria on the Fe-V-0 system at 900°C and calculated
activity for FeV204-FeBO4 solid solution series and the stand-
ard free energy of FeVEOQ. Also, they recognized that Fe205—
V2O5 solid solution has an immiscible region in the range 78-
9% mole per cent V205 at 900°C. In the solid solution series,

40) similarly found the immiscibility gap in the

Cox et al.

range 80-90mole per cent V205 by their magnetic data at 1000°¢C.
In the present study, accurate phase equilibria FeO*Fe2O§~

V2O5 system at_iBOOOK will be studied by varying'thé oxygen

partial pressure and the standard free energies of some reactions

which are reasonable in this system wiil be calculated on the

basis of the equilibrium oxygen partial pressure. Also, activ.= .

ties of the FeV2O4~F6504 s0lid solution series will be evaluated
by using the activity data of wustite phase, which were calcu-

8) and the oxygen partial pressure

lated by Darken and Gurryq
data of this study, which were in equilibrium with metalli

“iron.



2-2 IEXPERIMENTAL

2-a) General Procedure Two different experimental
methods were used in the present.study;,quenching and thermo-
gravimetry.

In the quenching method, oxide samples were heated at

1500°K and at a chosen oxygen partial pressure until équili—

brium was attained among gas and condensed phases. Total

24

compositions were determined by means of the gravimetric weight

gain method.

In the thermogravimetirc method, a pellet of oxide mix-
. tures was suspended in a vertical tube furnace by a thin
platinum wire from the bottom of quick weighing valance.
The weight changes were recorded as a function of oxygen
partial pressure at 15000K.' The data thus obtained reflect
changes in phase assembledges and serve to supplement the

observations made by the quenching technique.

2-b) Materials — V205 was obtained by decomposition of
reagent grade of ammbnium meta vanadate in air at 45000 for
12 hr. Analytical-grade Fe203 was heated in ai£ at 700°C for
12 hr. Mixtures of desired ratio of the two oxides were then
prepared. The mixture was loosely pressed into a small-size
platinum crucible, and heated at 65000 in an atmosphere

of a mixed gas of 002/H2 = 1 for 20 minutes. An error in the

atomic ratio of V/Fe in a mixture was estimated to be within

ne
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+ 0.1 per cent. The prepared sgﬁple was a mixture of reduced
forms of vanadium and iron oxides. The grinding, pressing and
heating were repeated to obtain an uniform mixture. The mixed
oxide sample was removed from the crucible and suspen&ed in a
furnace tube; here it was heated for 10-18 hr at WBOOOK in a
desired ratio of CO2/H2 until equilibrium was attained between
the gas and the solid phases. The detailed techniques are the

same as those described in Chapter 1, 1-2.

Total compositions

2-c) Analysis of Total Compositions
of the gquenched sample were~determined by the gravimetric
weight gain method. The sample was completely oxidized %o

& mixture of V2O5 and FeZO5 at 800°C in air for 24-48 hr, and
then was weighed. As the Fegoa/V2O5 mol ratioc of starting
material is known, total compositions of the guenched sample
are evaluated by the weight difference before and after the

oxidation as following equations;

b(WEr + WB)

- a — .
. . 1 r o o b(w,r + W3) (20>f .
oW s Wy 2 2wy = w,/2 (gt 4w, ) (g = W,/ 2) o
. - b | | (21)



where x, y and z correspond to mol ratio of FeO, Fego5 and
V2O5’ respecﬁively. a indicates the initial weight of a
quenched sample and b represents the welght of completely
oxidized sesquioxide mixture, and r shows atom ratio, Fe/V,
of an initial mixture of Fe.0, and-Veo

2’3
correspond to formula weights of FeO,

5 Vg Wo, w5 and W,
Fe205, V203 and V20

respectively. The vaporization of V2O5 was insignificant

5?

during heating‘within the present accuracy. The error of

total compositions was estimated to be within + 0.2 per cent.

'
y

A desired partial pressure

2-d) Control of Atmosphere
of oxygen was provided by using a gas mixture of 002 and-H2
and O

or CO o and it .was calibrated by the so0lid electrolyte’

2 /
\’7
cell composed of stabilized zircornia. Their procedures are

Just the same as those described in Chapter 1, 1-2.

The rate of approach to equili-

2-e) Thermogravimetry

brium was studied thermogravimetrically. Also, the method was

- used to determine ranges of oxygen partial pressure and composi-

tion in which spinel solid solution exists in equilibrium. In:
this methoa, the starting materials w?re prepared as follows;

a mixture in a desired ratio of FeEOE/V2O5 was heated at 65000
in a mixed gas of CO2/H2 =1 for 20 minutes. The prepared
sample was ground and was loosely preSsed into a small-size
platinum crucible and then heated at ﬂBOOOK in an atmds-

phere, 002/H2 = 1, for 5 minutes. The sintered sample was
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then pulled up from the top of the furnace. The procedure_
was repeated to make into a sinter completely. The prepared
pellet of about 2g was removed from the crucible and made
some holes to attain the sample easily to an eguilibrium.
The pellet was suspended into a tube of furnace éhdvﬁéésured
the weight change by varying the oxygen partial pressure.
A boundary of spinel and any other phases was decided by a
- rapid weight changes with the variation of oxygen partial
pressure. The error of vaporization was corrected by measur-
ing weights between at any oxygen partial pressure‘and at a
starting oxygen partial pressuré.

The range of defect in the spinel solid solution series

was determined by measuring the weight changes according to

the following equations;

(Femvn)304 + x/2 O, = (Femvn)504 +ox - (22)
a (b-a) . b
(M, + nM_) + 4M_ {(b-a)
< = Fe v 0' (25)
MO a

(m+n=1)

where a represents the weight of stoichiometric spinel and b
indicates the weight at a certain equilibrated oxygen partial
Pressure. m and n are atom fractions of iron and vanadium.

Mpes N, and M_ indicate atomic weights of iron, vanadium and

v

tad
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oxygen, respectively. .

g

The phases present in

2-f) Identification of Phases
quenched samples were identified by an X-ray diffraction method
using Fe Ka radiation.

The presence of metallic iron in the phase assemblages

- was evidenced by the liberation of hydrogen gas when samples

were dipped in hydrochloric acid. This test is sensitive
enough to detect iron in amounts as small as 0.2 per cent in

a previous study17>.
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2-% RESULTS AND DISCUSSICON

1) Phase Equilibria Equilibrium data obtained at
15000K are summarized in Table 5 and illustrated graphically
in Fig.6.

Three oxide phases have stable existence under the pre-
sent experimental conditions: Sesquioxide solid solution,
spinel solid solution and wustite sclid solution.

Compositions of sesquioxide are well represented by the

formula (Fe~V)2O A deviation of oxygen to cation ratio

3
below the stoichiometric 3:2 was not found within the experi-
mental error. Sesquioxides'of 80-100 mol per cent FeQO5 were
by using a gas mixture of 002 and 02o Each phase of sesqui-
oxide solid solution was identified by X-ray diffraction methouT:
The spinel phase is a ternary solid solution having stable?y
existence at 1SOOOK within the coméosition area Fe304-FeV204-
Fe203. The area of the spinel solid solution at 15OOOK in the
FeO—Fegoa—VzO5 system is given together with isobaric lines of
the oxygen partial pressure in Fig.7. The figure illustrates
the relationship between atomic ratio of 4(Fe + V)/0 and com-
sitional parameter x for the general formula of the spinel
Fe,]+2XV2_2XO4 (0£x<1). The variation of 4(Fe + V)/0, which
is a measure of defect structure of the present spinel,‘is
seen to depend on the value of x and the amount of defect

metal from stoichiometric increases as the iron content of the

bhase increases. ZFor exsample, the spinel with x = 0.5 varied
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Table‘5 Results of equilibration experiments at 15@ODK
at various oxygen partial pressures

y ) ~r . o . 3 7 e
mol % x: FeO y: }:e205 Z: VEOB

SeéS. : sesquioxide solid solution

sp. : spinel solid solution
wu. : wustite solid solution
f
- log Po2 p'e y 7 phases présent

+ 0.05 ! |

1%.13% 50.% 0 49,7 ' ses + Sp

11.74 9.8 4.5 85.7 ses + sp
27 .1 3.7 69.2 ses + Sp
41,2 3,2 55.6 ses + Sp
45.8 2.8 51,4 ' ses + sp

11.61 49.6 . 16.5 3%.8 sp
57.9 1%.,9 28.4 SD + wu

11.48 51.1 1G.1 29.8 Sp + wu
66.0 1%.9 20.1 Sp + wu
2.7 11 .4 15.9 Sp + wu
78.4 S4 12.2 , Sp + Wu
84.0 7.2 8.7 Sp + wu
88.7 5.8 5.6 WU
92.0 5.3 2.7 ) , wuo

11.36 50.2 19.8 30.0 , Sp + wu
50.4 171 23 4 Sp + wu
63.8 15.8 20 4 , Sp + wu
70.8 1% .0 16.2  sp + wu
76.9 10.8 12.3 Sp + Wu
82.5 8.7 8.8 Sp + Wu
874 6.9 5.6 - Sp + wu

91.5 5.8 2.7 wu
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rable 5 (continued)
_—
_ 108 P02 ble y Z phases present
"+ 0.05
o
10.94 5.3 6.9 16.2 ses + sp
4.7 5.3 70.0 ses + sp
39.4 4.3 56.% ses Sp
el 3.8 51.8 - ses + sp
48,6 4.1 497.% ses + sp
48.8 5.9 45.4 sSp
48,7 20.3 30.0 sSp
52.6 22.9 24.5 Sp + wu
57.9 20.8 21.3 Sp + wu
65.3 17.8 16.9 of Sp +jwu
7% .0 14.% 12.7 sp + wu
79.2 11.8 9.1 Sp + wu
85.4 8.9 5.7 Sp + wu
90.1 7.1 2.8 wu
8%.5 6.5 C wu
- 10.04 50.% 30.9 18.7 Sp + wu
61.5 24,7 1%.8 Sp + wu
B . 71.0 19.4 9.6 SP + wu
" 78.7 15.% 6.0 sp + wu
82.2 134 4.4 Sp + wu
85.5 11.6 2.8 wu
89.3% 10.% wu
9.75 49.5 25.4 15.1 Sp
1.4 28.2 104 Sp + wu
71.9 21.8 6.4 Sp + wu
81.4 15.6 5.0 Sp + Wu
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rable 5  (continued)
— /
. log Po2 X v Z phases present
+ 0.05
—
9.01 49.6 40.9 9.4 Sp
49,6 42.8 7.5 sp
49,7 q44..7 5.6 Sp
61.4 35.71 3.5 Sp + wuh
82.6 174 0 wu
8.59 0 20.0 80.0 ses
12.1 174 70.4 ses + sp
234 14.8 61.8 $es + sp
30.1 1%5.% 56.6 ses + sp
- 41.9 10.6 L47.5 8es + sp
48.9 13.3 © 37.8 Sp
49.2 16.9 34.0 SD
49,5 35.4 15.0 sp
49,% 43,2 75 Sp
49,5 46,7 %,8 sp
7.61 2.0 28.8 09.3% ses + sp
1304 4 4 62.1 ses + 8D |
29.4 19.5 51.1 Ses + .8p
39.1 16.6 44,3 ses + sp
6.%0 1.6 36.6 51.8 ses + sp
25.7 30.7 43,6 ses + Sp
35.9 27.2 37.0¢ ses + sp
46.9 22.5 30.6 sp
47.0 30.0 23.0 sp
4,41 3.0 52.6 4L 4 ses + sp
20.2 43,9 26.0 . ses + sp
35.1 374 27.5 " ses + sp .
42.2 34,2 2%.6 ses : Sp
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Table 5 (continued)
- log Po2 X Yy z phases present -
+ 0,05
2.94 f 8.8 2.1 19,1 ses + sp
24,7 62.2 15.1! ses + Sp
39,7 52.4 8.0 ses + sp
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its composition from (Fe2/5V,]/5)504 to (Fe2/5v4/3)2.96504,
while the §pinel FeV2O4 was stoichiometric within the experi-
mental error. According to the data 6f Darken and Gurry18>,
magnetite (Fe304) changes its COmposiﬁion from stoichicmetric
to Fe2.95604. As seen in Fig. 7, extrapolating the boundary’
curve in the present study consisted with their data within
the experimental error. The relationéhip between the region
of oxygen partial pressure and composition parameter x in
which the spinel phase exists in equilibrium is shown in Fig.8.
In Fig.?7, isobaric lines of oxygen were concentrated near the
stoichiometricaspinel solid solution when the partial pressure
of oxygen became lower, and a spinel with a stoichiometric
composition was decomposed to more reduced phases which are
either metallic iron or vanadowustite. The spinel with a

greater metal to oxygen ratio than 3/4 was not found in the

present study. These situations are gquite similar to the

41)\ »
4. tapd }E‘eCrzOur

case of the spinel solid solutions, FegTiO4—FQBO
F850416>.

The wustite phase is characterized by wide variation in
Fe/0O as well as the presence of sone V3+ ions in the strugture;““‘”
The extent of these compositional variations is seen froﬁ Fig.6.
Difficulties were encountered in quenching of wustite phase.
Therefore, total compositions of this phase contain somewhat
larger error than those of other phases.

The results in the present study at 15000K cn the binary

systen FeO-—Fe205 consisted with those obtained by Darken afd
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Wy

v

0.4 0.6 0.8

0 0.2 | ]
— Composition parameter X ..AﬂmwOL

A eV, O\b

Fig.7 Area of the spinel solid solution concerning with composition
parameter x for the wm4+mx<m|mxo# (0sxs1) at 1500°K. Some curved
1ines in the area indicate the isobaric lines of oxygen partial pres-
sure. -
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Gurrqu)

within the experimental error. Therefore, their data
also were used on the binary systen. |

The sesquioxide phase with rﬁombohedral (corundom-type)
structure extends as a continuous solid solution series between
the end members Fe203 and V203. On the other hand, Schmahl
39) 40)

and Dillenburg and Cox et al., reported the immiscible

gap in the range 80 to 90mole per cent V205 at 900°C and
1OOOOC, respectively. The imﬁiscibﬁé gap, however, was not
found in the present study throughoﬁt the Fe205-V205 syétem
at 1500°K within the experimental error. ‘

The phase“equilibria FeO—Fe205—V2O5 syé%ém were similar

6) —

to those of FeO—Fe205~Cr205 s:,m;teml§ + woome -characteristic

differences were fol;owing that deviétion of oxygen to cation
ratio below the stoichiometric %:2 in the sesquioxide phase

was not found in the present investigation, and the spinel
phaée region in equilibrium with mettalic iron (almost from
_FeV2OL\L to Fe2VO4) in this study was larger than thcse of magne-
tite-iron chromite solid solution ser%esq6>. The latter may
be partly due to the difference of exﬁerimental temperature

16) '

between the present and previous studies.

2) Thermodynamic Calculations In addition to the

data above, the oxygen pressure at which metallic iron, FeV204
and sesquioxide coexist in equilibrium was determined in this
investigation (log Po2 = ~ 13,25 + 0.05). This value was ob-

tained thermogravimetrically as shown in Fig.8. Therefore,
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the standard free energy of formation of FeVZO4 from metallic
iron and sesquioxide components at‘1500°K can be calculated

as follows;

Fe + \/'205 + 1/2 O, = FeV, 0, (4A)

and the standard free energy for reaction (A) is given by
. : \

\
- e

following equations; o ) N

aFeV204 | , e
75 = 2.303/2 RT" log Po, (Af);y

8n.* & +Po
Fe V205 2 o

AGP(4) = - RT 1n

= - 45500 + 200 cal

42) . _
where aFe, aV203 and a FeV204 represent the unit gct1v1ty
because of pure components in this oxygen partial pressure, s
log Po,(4) = - 13.25. |

The standard free energy of reaction (A) was reported by
Kunnmann et al?g) at a temperature range from 10750 to 1580°K
by varying the oxygen partial pressure using COE/CO gas mix-
tures. The standard free energy resulted from the present
study was reasonably consisted with extrapolated value at
1500°K based on the data by Kunnmann et a138). Lccording to

the data of Darken and Gurry18>

, the oxygen partial pressure
in which metallic iron and wustite phases were in equilibrium

was estimated logarithmically to be log Po2 = - 11.58 + 0.05
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atIWBOOOK. Therefore, the standard free ene?gy of formation
v _

of wustite from metallic iron can be readily calculated;

0.95 Fe + 1/2 0, = Fe

> 0 (B)

0.95
and the standard free energy of reaction (B) is calculated
as follows;

‘a
' e

‘ 0
AG°(B) = - RT 1n 0.95

0-95. o, 172

=lg.503 RT/2 log Po,(B) (B')
dpe ‘ ‘ '

= = 39700 % 200 cal

where log Po2(B) = - 11.58 + 0.05, and activities ape and ap, 0

0.95
are unit.

Subtraction of Eq.(B) from Eq.(4) gives the following

equation;

0.05 Fe + V50, + Feo

273

.950 = FeV204 | | (C)

and the standard free energy of reaction (C) is given by

.k‘ P (
26O(C) = 8CO(A) - 8GO(B) = BT 1n 2o o )
Poé(B) . - \ .

- 5800 * 400 cal

0



Activities of magnetite in stoichiometric FeV204~¢e504
"spinel solid solution series may be calculated by using the
activities of wustite solid solution, which was evaluated by

18) and the oxygen partial pressures coexisting

Darken and Gurry

. . Iy -ﬁ\ . B » “l

metallic iron and wustite (Aeo.gso), and wustite (Feo.8550) and
stoichiometric magnetite phases, respectively.

The standard free energy of formation of "Feo 9540", AGO(B);

at 1500°K was just described above in Eq.(B'). According to |

the data of Darken and Gurrng)

, the compositionallrange of
wustite solid solution changes from ”Feo.9540"‘to "FeO.BSSO"

and the logarithmic activity varies from O to 0.156 at 4500°K,5§C
respectively. Therefore, the standard free energy of formation'
of wustite solid solution at 4SOOOR, AGgS(D), may be calculated .
as follows;

86 (D) = RT 1n aup, on = - 1070 * 10 cal (D)

0.855
The stoichiometric magnetite coexists with wustite phase in equili-
brium at the oxygen partial pressure, log Po, = - 8.73, as

shown in Fig.8. Thus, the standard free energy of follbwing

equation can be evaluated;

5 "Feq g5s0" 1/2 0, = F6504 ' (E)
| | 5‘1@’@5011L
AG°(E) = - 2.303 RT log veul (E")
Bipe o "Fop ‘
0.855 n

- 50000 = 200 cal

Pi" Tﬂ 297505 |



where aFe504 is unit, and log P02 = - 8.73, log Ripe
= - 0.156, respectively. |

0.855°"

The reaction corresponding to the formation of stoichio-

metric magnetite may be written;

3 Fe + 2 02 = F8304 ~ - ()
The standard free energy of Eq.(¥), AGP(F), may be equal %o
the following equation and evaluated by substituting actual

values for respective AGO;

i

AGP(F) = 3 AGO(B) + 3 AGgS(D) + AGO(®)

- 152430 = 830 cal (F)

Then, the standard free energy and the equilibrium constant,

KG of following reaction can be calculated as follows;

X

it 1} ' _G“ ;
3 Feo.9540 + 1/2 0, = PGBO4 : (G)
AGP(G) = aG%(F) - 3 AGO(B)
= = 33210 £ 1430 cal
= - RT 1n K, (G')
log K. = 4.84 x 0.22

52



The general equation for the oxidation of wustite phase is

given by;

K

=0 "Fe0 G")

3 "FeQ" + 2 O2 30,

Ve

where KG“ represents the equilibrium constant of Eq.(G").
/
Since KG equals to KG”’ the following equation may be written;

log a = 4,84 + 3% log a npeon 1/2 log Po, (H)

reBO4
Let us use a schematic figure, Fig.I, of Fig.6 to explain
the data easily. In addition, assuming that the activities of
wustite Bupeon ON thg isobaric lines of both AB and CD lines
in Fig.I are equal ( because vanadium content is little in
wustite phase [ maximum about 10%; see Table 6] and values of
log a”FeO"_decreas with increase of vanadium content), the |
activities of magnetite in spinel solid solution series can
be calculated by following equaﬁion similar to that described

in Eq.(H);

= 4.84 + 3 log Qupggn * 1/2 log Po, (H')

log a
(F6304)ss

where log Po2 indicates the oxygen partial pressure at which

both spinel and wustite solid solution phases coexist with in equi-

librium. Also, mole fraction of (Fe,0,), N, . , can be esti-
mated at that oxygen pressure by using Fig. 8. Table 6 shows

the activities of wustite on the AB line in Fig.I and the
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Table 6 Activities of wustite phase and related values- at 1500°K
- \
‘ ) _ . ‘
e wmmow composition - log wom - log npeoh composition of mole fraction of
nole % of FeO Aw®<vo*wna V/(Fe -+ V) magnetite in spinel
Fe 0 8.7% 0.158 (Fe) .0 0 1
Oommm AO.AW@V* Oomwmv
82.6 17.4 Mmo.mﬂ;o 9.01 o.;;mu AMm<vo.©4m0 0.014 o.wmi‘
—O R . T I
82, 10.7 \Mmo.wgmo 10,04 0,043 AMm<vo.mmwo 0.057 0.67
Z Q
9%.5 6.5 Mmo.©¢mo 10.94 0.008 Am@<vo.@ooo 0.085 0.48
Mmo.@m#o 1.5 0 AMm<vo.@omo 0.099 o.ww

+.« assume that activities on CD line egual to activities of AB line on the isobaric lines

in Fig.I and Fig.6.

* data of Darken and Gurry
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related values. As shown in Fig.6, the spinel solid solution
phase coexists with wustite phase ranging from 1 to 0.33% mole
fraction of magnetite (ED line in Fig.I). Calculated activi-
ties of magnetite a(Fe

,504)55
given in Table 7 together with related values.

in spinel solid solution are

Activities of magnetite on DF line are stable in équili-
brium with metallic iron. Since vanadium compounds do not
exist in the area DFG in Fig.I, the activities may be calcu-

lated by using Eq.(F): The equilibrium constant, KF; can be

obtained ;
}
AGP(F) = - 152430 + 830 cal = - RT 1n Ky
g
log KF = 22.21 o

Thus, following equation may be derived;

log 8pe. g = log KF + 2 log Po2

374
= 22.27 + 2 log Po, (I

\
i

|

Therefore, activities of magnetite in. the range 0-0.3%% NFe 0
A4

can be calculated based on Egq.(I) and the oxygen partial
pressures at which stoichiometric spinel and metallic iron
coexist with in equilibrium. The activity data are summarized in

Table 7 together with related values.. Fig.9 shows the relation-
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Table 7 Activities of magnetite in spinel solid solution series
and the related constants at ’IBOOOK
[ ' ‘

Fe, O - logy, - log Po - log a 8/
z2Yy Bupeon & o, 8 ‘(Fe504)ss (59304}8
1 0.158 8.73 0.001 =0 1 Bl
0.85 0.118 9.01 0.019 9.57x10™ "
0.67 0.043 10.04 0.309 4.91%10~]
0.48 0.008 10.94 0.654 2.22x10™
A
.33 0 11.58 0.95 1.12x10~]
).20 - 12,25 2.29 5.13x10™2
).10 - 12.75 3.29 5.13x10"%
0 -3 13,25 4,29 5.1%x10™2
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Fig. 9 Relationship between activity and mole‘fraotion of

l

magnetite in spinel soli? solution series at 4500°K.
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ship between activities of magnetite aFe504 and ﬁole fraction
of megnetite NFe 04 in spinel solid solution series at 1SOO°K.
The figure is similar to that of lattice pérameter as will be
shown in Fig.10. At any rate, the curve deviates from Raoult’s |

law.

2-4) Summary
- Fe0-Fe,05-V,0; have been determined at 1500°K by varying the
oxygen partial pressure using gas ﬁixtures of 002 and H2 or
CO2 and 02. The following oxide phases are stable under these
conditions; a ;esquioxide solid solution with corundom\type
structure (approxima?e composition Fe205~V205), a ternary
solid solution with spinel structure (approximate composition
FeO-Fegoa-FeO°V205) and a ternary Wustité solid solution with
periclase type (MgO) structure and compositions approaching
FeO. The extent of solid solution areas and the 1ocatibn of
oxygen isobars have been determined. The standard free energy

" of FeV204 has been calculated based on the equilibrium oxygen

partial pressure at which metallic iron and Sesquioxide <V205)
phases were stable in equilibriﬁm. The activities_of magnetite

in spinel solid solution series have been calculated at 1500°K

I

i

{
o

based on the several oxidation reactions. Activities versus

composition relations have deviated from Raoult’s law,

Equilibrium relations in the system LR



CHAPTER 3
Magnetic Properties of the FeV204¢-FeBO4 System
3-1  INTRODUCTION

The phase equilibria on the solid solution systemn of
FeV204—Fe504 have been described in Chapter 2.

Since the FeVEO4 and FeBO4 héve a normal 43) and an in-
verse44) spinel structure, respectively, the FeV204--Fe304

system may be expected interesting magnetic properties. The -

magnetic properties of FeV204 and F32V04 were studied by Wold

&0

et 3145). They reported that a Curie point for FeV204 of 109°K

and a saturation moment at 4.2°K of 1.95 up (Bohr magnetons)
. per formula unit; those for Fe2V04 are 440°K and 0.72 u33

respectively. Recently, the ionic configuration in Fe2VO4
‘ 46)

-

was proposed to be Fe5+(Fe2+V5+)O4 by Bernic¢r and Poix

based on their anion-cation distancz calculation method and
studies of various magnetic propertiés. Magnetic and elecric
propex:ties of the spinel solid solution Fe,H,)\ V2_7\04 V(Og_ A<€1)
were studied by Rogers et 3147); They reported that there was
an abnormal electric behaviour in the vicinity of FeVéO4. The
Mdssbauer spectra of this solid solution series were measured

\ _
“8) and cation distributions of Fe2+(Fe%:V2i?\)O4

| e
(OS€ A £ 1) were proposed for this system. Samples used above

by Rossiter

studies seem to be uncertain whether or not they are of accu-

-
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rately stoichiometric compositidn and of pure phase.
The purpose of the present study is to prepare the stoi-

chiometric spinel solid solution series of FeV204—FemO systen

574
under controlled CO2--H2 atmosphéres at 45000K and to investigate
the lattice parameters and magnetic properties of the system
for the temperature range from 77°K (1iquid nitrogen tempera~

ture) to 860°K.

\wa{/



3-2 EXPERINENTAL

Samples of the FeVeoq-—FeBO4

spinel solid solution series used in the present study were

3-a) Sample Preparation

prepared at 1500°K according to the procedures which were
described in Chapter 2 (2-b). The equilibrated sample was

" quenched in a suitable oxygen pressure under which the sample

was controlled based on the result§ of thermograﬁimetry as
shown in Fig.g8, Total compositions of the guenched sample
were determined by means of the gravimetric weight gain method
as described in Chapter 2 (2-c¢) to ensure whether the sample

was a stoichiometric composition or not.

3-b) Identification of Phases The spinel phase pre-
sent in the quenched sample weas identified by an X-ray diffrac-
tion method using Fe Ka radiation. Silicon powder was‘uééd

as the standard in determining d values of the phase present.

3-c) Magnetic Measurements The magnefization of sanm-
ples was determined by the Farad;y method. The force,

the e.m.f. of the thermocouple attached on the specimen, and
viie current intensity of the applied field were automatically
recorded by a suitable recording device. The mékimum‘value of

the field was approximately 7000 Oe. Calibration of the

magnetization was carried out by using nikel powder

\7‘

ek

had a stoichiometric composition. The oxygen partial pressure =%

B
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with a purity of 99.99 %, which has the value of 0.5744‘HB per
atom49) at 2950K. The error of the measured magnetization for
each specimen was estimated to be within * 3 per cent. The
experimental formula, Mh = Ms(ﬂ - const-H—q) was used_to correct

the observed magnetization at 77OK to %he saturaﬁion\magnetiw

zation at 77°K. Where both M, and MS indicate a moment at any

h
valu of H (magnetic field) at 77OK-and the saturation moment
at 77°K, respectively. 4 value of MS for each specimen was
graphicaily taken as the intercept on the Mh axis by extra-
polating a value of 157 o zero (or by choosing & value of H
as infinity). .NO extrapolation'to the saturation moment at
0°K was carried ogt because magnetization curves of FeV204,
or those close to the composition, and F61.8V1.204 We:e di?ficulg
to assume their behaviour in thé temperature range from 770 to
0°K, as will be shown in Fig.11(b) and Fig.11(c).

Pt-13%Rh and iu-2%Co-Cu thermocouples were used‘td measure
temperature above and below room temperature, respectively;
The variation of temperatures between 770 and 860°K was achieved
by use of suitable Dewar'vessel and non-inductive electric
furnacé. Temperature calibration was carried out at the liquid
'N2 temperature and at the freezing point of water for the Au-2%Co-
Cu thermocouple; at the Curie temperatures of pure nickel (54603)

and stoichiometric magnetite (851°K) for the Pt-1%%Rh-Pt thermo-

couple. The temperature is correct within an .accuracy of i»5OK;

e
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%=-% RESULTS aND DISCUSSION

1) Samples Specimens were prepared in the moét
suitable oxygen partial pressure under which the spinel
existed in thé stoichiometric composition in equilibrium
state at 15000K. The values of oxygen partial pressure at
which sample was prepared are lisﬁgd in Table 8.

_ P
2) Lattice Parameter ———  Lattice parameters fof the
prepared samples are given in Table & and Fig.ﬂo. The relation

oy

between lattice parameter and composition parameter x.{0&x<%)

R,

deviates considerably from Vegard’s law. In the range 0£x<€0.5,

-

they are in good agreement with those of Rogers et al,47> and
Roséiter48). In the range 0.5%x £1, however, the parameter
decreases with a gentler slope than in the range Oé}(éCLB, and
the results are sightly different from the work by Voroblev

r.et a137).

i
|

The magnetizations of & number

3) DMagnetic Properties
of spinels were measured between 77°K and their Curie tempera-
tures. Typical examples of magnetizétion versus temperature'
are shown in Fig.11(a)-(c). In Fig.11(a), the magnetizations
decrease smoothly with increase Qf temperatufe. Similar
temperature dependence of magnetizations was observed for the
compositiohal range O.44% x§1. In the Fe2V04 (x=0.5), the
46)

curve agrees well with that examined by Bernier and Poix in
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0.8125  Fey go5Vy 3050, 8.89 - 2.85 -
0.85 Mmm.ﬂ<o.wOP ..m.wm 8.3299 + 0.002 3,05 728
Wi a [ —
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0.925 wmm.mm<o.AmOP 8.50 8.395 £ 0,002 .42 814
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the field of 26000 Oe and down to 40°K. 'The magnetization
for the specimen Fe, oV, 50, (x = 0.4) is shown in Fig.11(b);
here sample A was left in a furnace for a longer time than that
of B at 1500°K after the equili@rium was- attained. The curves
show the complex behaviours. This composition, Feq,qu,éogv
aléo corresponds to the minimum value of the magnetic moment v
(0.044 pg) at 77°K as will be illustrated in Fig.13 and tabuleted
in Table 8. Similar J(T) curves were observed in.the specimens
within 0.33 ¢x £0.4. One of the curvg (Fe’l.65v’i.55o4" X =
0.325), is shown in Fig.11(c). In the specimens within O£x§
0.25, the variations of magnetization are similar té ﬁhose of
examples, Feq 5V 50, (x = 0.25) and FeV,0, (x = 0), shown in
Fig.11(c). . In those specimens, the Curie temperatures are to0o
low to evaluate the value of the saturation magnetization at
0°X from the data obtained ébove 77OK. Therefore, in these
compositional ranges, the measurement of magneﬁization between
liquid helium temperature and the Curie temperature seems to
be necessary to ensure the saturation magnetization.

The Curie points for the present Solid scolution are illus-
trated in Fig.12 and in Table 8. As seen in Fig.12, the Curie
points increase almost linearly with x for the system Fe1+2x

V2_2XO4 in the range from 0.7 to 1, while they are almost con-

stant in the vicinity of FeVEO4. The Curie points of FeV204 St

and FezVO4 are 1270 and 454°K, respectvively. These values
are slightly higher than the data 6btained by Wold et aqu,

Fig.13 illustrates the relationship between the corrected
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Fig.12 The Curie temperature vs composition parameter x
for the system Fe, oV, 5.0, (0gx¢1).
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saturation moment in pp per formula unit at 77°K and x (0gLx<1)
A m = e .\4

for the system Fe, - V,_,. C,. The values of saturation moment

are also tabulated in Table 8. The magnetic moment decreases

almost linearly with decrease of x}and becomes almost zero at
an

the composition, Fe,s 8V,i 204; it then increases again toward

FeV204.

In order to consider the cation distribgtidns and the
=

magnetic structure of the systen Fe1+2XV2;2X64 without-diffi- o
culty, let us divide it into tw§ parts, the Subsystems Fé2V04-
FeBO‘,+ and FeV204-F62VO4.

Magnetite, F6504, is well known to be an inverse spinel
with ferrous iron in octahedral sites44>. Five models of cation
diétributions for‘Fe2VO4—Fe.§O4 solid solution series may be
possible as illustrated in Table 9, where outside and inside
ions of tﬁe parenthesis denote lons ppcupying A (tétrahédral)
and B (octahedral) sites, respectively. p is the composition
parameter and varies from O to 1. The values of magnetic

2+

+ Gt ‘ . . .
moment, Fe™ | Fe5 and V ions are, assuming spin only values,

4.0, 5.0 and 1.0 by per ion, respectively. Goodenough5o) has

V5+ ions at B

given 1.40 py per ion for the magnetié moment of
site. An equation to calculate magnetic moments for the solid
solution Fe2VO4-Fe504 is easily derived from the difference of
the moments between A and B sites by assuming antiparallel
coupling of sublattice moments between A and B sites and by

using moments for each ion as described above. Xquations of

the magnetic moments for each of five mollels are also illus-
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Table 9
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Possible cation distributions for the Fe2VO4«-Fe504
and equations to calculate magnetic moments per formula
unit when F95+, Fe2+, VLH and V5+ are given by 5.0, 4.0,

1.0 and 1.4 b respectively:; p changes in the range

Osps1 and S, and Sb
and B site, respectively.

represent the moments both A site

mnodel

Gt o Bton 2o 2+ o 3+\
Vq_uFe (Fe req_gﬁe“ )04

X = Sb - Sa = = 3.0°p + 7.0

‘2 B4 py LA Dbt
Fe,}_“FeH (Fe I.*e'u Vq_p>0

X =8, =8, = 3.0 + 1.0

Fedt (FeTFer V2t )0

pooA-pTs
X =8, -5, = 5604 + 0.4
4 FeJTVI (FeT'FeT)0, v ]
X = Sb - Sa = - 3,61 + 7.6
5 | Fe?tuFei+(Fe3+Fe§+V2iH)O4

X =58, - Sa = 1.0u + 2.4

T
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trated in Table 9, where Sa and Sb represent. magnetic moments

cf A and B sites, respectively.. The calculated moments using

models of 1, 4 and 5 markedly déviaté from the measured moments;

On the other hand, the calculated moments using equations for

models of 2 and % are in reasonable agreement with observed ones.
FeVZO4 is known from the X-ray diffraction results to be

normal with ferrous iron in tetrahedral sites45). Hence, two

cation distributions for reV2O FeEVO4 solid solution are

possible as the results of the above sultable models, 2 and 5,
a) F82+(V5+V5+)O4 . Fe2+(F82+V4+)04

b)  PeTT(VITVPT)0, ——  FPT(reFTVON)0,

1

The general formula for the cation distributions of (a) can oe'

written as Fe (F V3+ )O (O£ AX€1). The calculated

2-2 %
magnetic moment on this model is evaluated from the following

—
o

equation;
Y-|s, -s_|=-|22n-1.2 (OEAED (24

where Sa'and Sb represent magnetic.moments on A site and B
7 Site, respectively. 7\15 the composition parameter varying
from O to M. Similarly, the model for cation distributions
of (b) can be written as Fej+Fe 9\(Fe Vj+:>\)04 (OEAS ).

The equation to calculate moments on thlS model is given by



follows;

={«.6>\_,q.2{ (0<A<1)  (25)

Eq.(25) agrees better with the observed moments than Eq.(24)

as shown in Fig.1% where the data points are taken fronm Table 8.
In the vicinity of Fe2VO4, lattibe paraneters, the Curie poinﬁs
and magnetic moments vary continuously with X as shown in Figs.
10, 12 aﬁd 13. Therefore, remarkably different cation distri-’
butions can not be considered on either side of Fé2V04'T Also,
the lattice parameters indicate rapid change in the coempositional
range, x £0.5, compared with that in the compositional range, .
0.54x &1, as shown in Fig.,10. This may be consistent with the
assumption of model (b) that Fe?+'ions (ionic radius; 0.8% &)

B+

replace-Fe ions (ionic radius; 0.67 ﬁ) in A sites. Thus, it

may be concluded that the cation distributions of Fe5+(Feg+Fei+_,
3+ n Dt 2t 2+5+ . . ' _
V,I_p)oq_ and Fe %Eeq_k(Fe ?\Vg__}\)04 are suitable for I‘e2VO4

Fe_ 0, and FeV204~Fe2VO4 subsystems, respectively. As a result,

374
it should be noted that both Fe2+ V3+

and ions prefer B sites
to A sites through all the system of Fey, o0V 50, (Qé}{iﬂ).
The equation of model 2 in Table 9 and Eq.(25) are indicated
by a solid line X and a folded line Y, respectively, in Fig,ﬂBQ
The measured saturation moments for the‘FeV204—Fe2V04 solid
solution indicate a significant deviation from the folded line
Y in the compositional range, FeV204—Fe1;5V1.5O4. The disa-

greement between the observed and the calculated saturation :

\A\""




Yol

moments may be partly due to a noncollinear spin configura-
tion in the FeVEOQ—Fe2VO4 spinel®solid solution series and

partly due to uncertainty of the corrected saturation moments
in the vicinity of FeV20 Indeed, Menyuk et al.Sq) and
Dwight et al. 52) studied the magnetic properties of the normal

cubic spinels MnV204 and CoV2O4, and recognized that these .

spinels have not a Ngel type configuration at low temperature

(4#.2°K). They also mentioned that the effect is attributed to
the importance of orbital degeneracy and spin-orbit coupling

in connection with v+ ions.

Rossiter4?)proposed the model of TFe 2+(“ 5*"\7)+ 304 (0gAs

1) for the FeV204 Fe, V0, solid solution series based on his

Mossbauer spectra study. However, the corresponding equation,
Y-Is -8, ]:]5 6Xn = 1.2] (0gA% 1), which assumes
ferrlmagnetlc counllng, deviates extreamely from this study.

Bernier and Poix 47) proposed Fe3+(F 2+V3+30 for Fe V0, based

2
on the structual and magnetic properties of this compound.
Their conclusion is consisted withthis study in the composi-
tion Ie 2V04 N ‘ ,
Thus, it seems that in the FeV2®4~Fe504 solid solution
system, Ngel’s ferrimagnetic AB coupling is sufficien@ly large
to keep linear spin configuration if F@2+ ions occupy half of
the B sites,‘but AB coupling becomes weak and in turn BB coupl-

ing becomes compatible with it if V5+ ions occupy more than

half of the B sites.

e
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5l SumMmary ————— A series of spinel having stolchiometric
J ¥ &

) ]

composition in the ﬁeVEO —Z“e%()4 system has been prepared at T
/

between lattice parameter and ccmposition of the spinel solid
solution system showed a significant deviation from Vegard’s

law, and the Curle temperatures varied with composition almosty
linearly except for the composition in the vicinity of FeV, 0
A minimum value of saturation moment, approximate 0.04 by
formula unit, was cobserved at the composition 1.1“6»i avq.EOQG
BSaturation magnetization was reasonably explained by assuming

Z D e B
the cation dlstrlout;ons as Fu/+(Te2"Fe5 V77 )0

W ent T =
he F g i 1uti nd Fed et reoty OF
the TFe VO e5 solid solution, and Ie;\ﬂeq*;\(JL7\v 2_}\)O4
< < - 7
(O£ A $1) for the FeV,0,-Fe,V0,.
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