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Abstract. The nonstoichiometry of the iron oxide system has been studied by anelyzing the
weight loss of a sample, measured by using a quartz microbalance, in 2 temperature range from
0°C to 1200°C under oxygen pressures from 10°mmHg te 10-*mmHg. The Y values of the
formula, FeQ,;y, that have been obtained by this means for various conditions of temperature and
pressure in this range are considered to be more accurate than values obtained by methods requiring
the quenching of the sample before measurements are made. The plots of log ¥ vs log Pou(or log ¥
=nlog Po,) show linearity and » calculated from the slope of the plot is about 1/10 at 1000 °C,
indicating a difference between the nonstoichiometric and oxidation mechanisms. The condition for
the formation of stoichiometric FeQ was determined to be 1200 °C under 10~ mmHg of O, and the
composition of the oxide under standard conditions was FeOyinss. As in general more oxygen
dissolves into the oxide system at lower temperatures and higher oxygen pressures, the deviation
from stoichiometric FeQ is greater under those conditions. A compatison of the change in condu-
ctivity of the sample indicates that full phase transition does not take place with conductivity

transition.
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Introduction

At high temperature, iron develops a three
Layer! surface composed roughly of ferrous oxide
(FeO), magnetite (Fe;0,;) and ferric oxide
(Fex03),
in passing from one layer to the next as first
emphasized by Pheil.2 The composition of this
iron oxide system varies with temperature and

the composition changing gradually

oxygen pressure and a clearer understanding of
that variation is needed.

The decomposition reaction 4FeQO—Fe;Q +Fe
was studied by R. Collongues® at temperatures
above 570 °C. He pointed out that a study of
the properties of solid solutions containing iron
oxides and ferrites (order-disorder transforma-
tions) revealed an analogy between the proper-
ties of nanstoichiometric compounds and inter-
metallic phases, V.A. Shushunov and M. M.
Blagina* attempted to explain the phase transi-
tion of the two reactants when Fe;O, and Fe
{I) or Fe,0; and Fe (II) are heated to various
fixed temperatures in an evacuated quartz tube,
When the mixtures were heated to 900 °C,
reaction mixture (I) was practically complete
in 15 minutes with the concentration of the
bivalent ion at 95 %. The rate of formation of
FeQ for the reaction in mixture (II) depended
on temperature to a greater degree and was
In both cases
heat was applied for 45 minutes. In each case

faster than that of mixture (I).

the reaction products consisted of FeO and the
bivalent Fe content were determined by dissol-
ving the oxide in 2 N-H,SO; and titrating with
0. 1 N-KMnO,. Phase equilibrium for iron oxide
hag also been studied by B. Philips and A.
Muan® in the 1194-1588 °C temperature range.
All of the earlier studies were carried out by
means of titration® or X-ray® or electron diffr-
action of the guenched samples. Therefore the
results were necessarily determined at room

temperature and atmospheric pressure rather
than under the temperature and pressure condi-
tions before quenching. This change in condi-
tions can not help but have introduced some
error in the determination of the nonstoichio-
metry of the iron oxide system.

In this study the weight changes have been
measured directly under the given conditions
by a quartz microbalance” and the nonstoichio-
metric chemical formula of the iron oxide
While the
measurement of the weight change of the oxide

system interpreted from this data.

is very difficult due to the extra-fine handling
required for the microbalance and the possible
error due to bouyancy and thermomolecular
flow® which modify the reading of this sensitive
halance, an experimental procedure was devised
to determine and compensate for this possible
error. Measurements were made for various
combinations of temperature and pressure rang-
ing from 0°C to 1200 °C and 1074 to 10° mmHtg
of O, and the Y values for the composition
formula®, FeO,.y, calculated for each condition,
The results indicate that partial phase changes!®
take place in the iron oxide system and they
form solid oxide mixtures. The formula of the
iron oxide system and the physical view of the
reaction are discussed later in this paper.

Experimental Section

Preparation of polycrystalline iron oxide
Iron metal supplied by Johnson-Mathey and
Company, “Specpure” iron rod, was used in
the preparation of the polycrystalline iron
oxide. The iron rod was cut into a rectangular
shape and then oxidized according to the follo-
wing steps; (i) the iron plate was etched with
a saturated FeCl; solution and then with a 20
% (NH,).S,05 solution for 5 minutes each; (ii)
the material was then oxidized in air at 1200

°C for 96hours and cooled slowly; (iii) the
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oxide layers which formed were separated from
the inner non-oxidized metal iron for use as
the sample; (iv) the oxide sample was then
again subjected to step (ii) mentioned above
for 24 hours to ensure complete oxidation of
any iron still remaining in the sample.

After the annealing process was completed
the iron oxide sample was washed with distilled
water and stored in a vacuum desicator. The
weight of the sample used in this experiment
was . 037030 gram,

standard conditions, as determined in the inve-

and its composition under
stigation, was F301.11]35_

Apparatuos

The oxide sample prepared as indicated above
was placed in the sample basket of the micro-
balance in the atmosphere and temperature
The microba-
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control system shown in Fig. 1.
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Fig.1. Schematic drawing of measurement assembly.
(1) Temperature coniroller, (2) Thermocouple,
(3) Sample (Iron Oxidej,  (4) Furnace, (3)
Microbalance, (6; Reading microscape, (7)
Oxygen generator, (8) Oxygen tank, {9)
Manometer, (1) Mcleod gauge and Ionization
Gauge, (11) Relay, (12) Powerstar,
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lance, constructed of quartz fiber and in all
essential details like a previous design of our
own,!! is located in its support tube with the
sample suspended in the maximum temperature
region of the furmance by the sample basket
and hanger also made of quartz fiber, A cen-
tering device makes it possible to keep the
specimen from touching the side walls, The
temperature controller, with its thermocouple
located in the sample region, controls the tem-
perature of the sample in steps of 100 °C from
0°C to 1200 °C. The oxygen gas is generated
by heating potassium chlorate!? at 600 °C in the
oxygen generator and stored in the oxygen
storage tank from which it is supplied to the
sample chamber at the appropriate pressure,

To calibrate the microbalance, the right arm
of the balance beam is loaded with the sample
in the sample basket and then the left arm of
the beam is loaded with suitable riders made
of platinum wire until the balance beam is
approximately level. A point at the end of the
horizontal beam is taken as a zero point for
the balance height changes. Standard weights,
cut from gold wire to give 100, 200, 300, 400
and 500 micro-grams and verified on a Cahn
electrobalance, are then placed in turn on the
The data shows that

the balance height changes are proportional to

left pan of the balance.

the weight changes in this range and for this
balance the following relation was obtained;
W=0.125% Z- 5% 104, where W is the weight
change in milligrams and % is the balance
height change in mm.

Experimental Procedure.

Due to the great sensitivity of the microba-
lance, which is about micro-gram, a serious
problem arose in connection with effects due to
buoyancy and thermomolecular Bow.® The

magnitude of these effects was directly measured
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in this experiment by the following procedure.
Before measuring the weight change of the
sample under various conditions, a pseudo-
sample, of equal size and weight to that of the
real sample and not susceptible to weight chan-
ges under the experimental condition, was put
in the sample basket in place of the sample.
The balance height change for this pseudo-
sample made of quartz stick and platinum wire
was measured under all the disired conditions,
and then similar measurements were made with
sample itself under the same conditions. The
effective balance height change for the sample
was the difference between the balance height

change due to the sample and that due to the
pseudo sample. For each condition of tempera-
ture and oxvgen pressure the movement of the
microbalance was observed through the reading
microscope until there was mo further change
in position for at least several hours before the
reading was made. The system can therefore
be assumed to have reached thermodynamic
equilibrium at each stage. The weight change
of the sample was calculated from the relation-
ship; W=0.125h 1 5x10"¢ Where % is the
balance height change and W is the weight
change of the sample.

After the condition for the formation of

Table 1. Effective balance height changes, weight changes of the sample and ¥ values at various
temperatures under fixed air pressure of one atmosphere (inc. temp. -dec. temp. full

cycle)
Balance Weight change
Temp. (°C} height Y
change(mm) 4W, {gm) 4W, {gm)

0 ] 0 9.4x10™ 0.11185
100 0 0 9.0x107* 0.11185
200 0.20 3.0x107* 8. 7107 0. 10812
300 0. 37 5.0X107 8.5x107 0. 10563
400 0.55 7.0X107° 8.3x10™ 0.10315
500 0.75 9.0x10° 8.1X10™* 0. 10066
600 0.80 1.0x107 8. 010" 0. 09942
700 1.10 1.4x107* 7.6X107 0. 09445
800 1.90 2.4%107 6.6X10™ 0. 08202
900 2.40 3.0x107 6.0x10 0. 07456

1, 000 3.20 4.0X107 5.0x107 0. 06214
1,100 4.00 5.0X10™ 40107 0. 04971
1, 200. 4.80 6.0<10°* 3.0x10™ 0. 03728
1,100 | 4.32 5. 4107 3.6X107 0.04474
1,000 4.00 5.0x10™* 4.0%X10™ 0.04971
900 3.20 40107 5.0X107 0. 06214
800 2.90 3.6X10 . 5.4X107 0. 06711
700 2.70 3.4X107* 5. 6107 0. £6959
600 2.55 ! 3.2X10™ ' 5.8:<10™ 0. 07208
500 2.48 . 3.0X10™¢ 6.0x10™ 0. 07456
400 225 2.8X107 6. 2% 1074 0.07705
300 1.90 2.4X1074 66107 0. 08202
200 1.60 2.0X10™ 7.0104 0. 08699
100 0. 80 1.0x10™* 8.0X10™ 0. 09942
0 0 0 9.0X10° 0. 11185
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stoichiometric FeQ has heen determined (see
below),
iron was placed in air at one atmosphere and
1200 °C and allowed to oxidize. Then the pre-
ssure was reduced to 10-3mmHg for sintering.
The final weight change of the thin film gave
further check on the stoichiometric FeQ, %12

a thin film of the original spec-pure

The conductivity’ of the sample was mea-
sured for the full temperature range at a pre-
ssure of 107 mmHg of O,.

Results

As shown in Tablel, the first series of
experiments was designed to establish the tem-
perature dependence of nonstoichiometry from
0°C to 1200°C at intervals of 100 °C under a

fixed air pressure of one atomsphere, After the -

increase-decrease full temperature cycle was

completed, the microbalance returned to the
original zero point. This shows that there was
no nondissociated evaportion of the sample.
However, some nondissociated evaporation of
the sample was detected at an oxygen pressure
of 1074 mmHg and 1200 °C. If we correct for

this evaporation, the nonstoichiometric quantity
at 1209 °C under 10~¢ mmHg of O, is the same

as that at 1200°C under 10°°* mmHg of Q..
We decided therefore that 1200°C and 10-3
mmHg is the condition for the formation of
stoichiometric ferrous oxide, Thus, for clarity,
the real weight loss of the polycrystalline iron
oxide starting from 0 °C under one atomosphere
4W,, has been converted to
4W,, the weight change based on the weight
of the stoichiometric FeQ formed at 1200°C
and 1073 mmHg of Q..
tions, the weight changes of the sample from
stoichiometric FeO formed at 1200 °C under
10-*mmHg oxygen pressure can also be con-

of air pressure,

For the various condi-

verted to the number of gram atoms of oxygen

in excess per mole of FeO by the relationship:
y—3We  Mro _dW, 71.8464
%% Awo 0. 03613 15. 9994

where W is the weight of the sample, 41V, is

the weight change from the stoichiometric
sample weight,

Mpo is the molecular weight
of ferrous oxide, Awo is the atomic weight of
oxygen and Y is the number of gram atoms of
oxygen in excess per mole of FeQ.

The Y values under various conditions are
listed in Table 2 and Tabdle 3. Plots of log Y s,
1000/ T are shown in Fig.2 and Fig.3 for

Table 2. The number of gram atoms of oxygen per mole of FeQ or ¥ values as a function of
oxygen pressure and temperature (increasing temperature)

M"“u&f_{ﬁrﬁﬂg) 10-¢ ‘ 107° 10! 10° 10" 10?
Temp. (°C} T

0 0.11285 0.11185 0.11185 0.11185 0.11185  0.11185 0. 11185

100 0.10563] 0.10563 0.10812] 0.10863 0.11185 0.11185 0.11185

200 0.00693] 0.09942  0.10060 0. 10190 0.10812 0. 11060 0. 11080

300 [ 0.00196] 0.09445 0.09942  0.09942 0. 10563! 0. 10936 0.11025

400 0.08699  0.09196] 000445 0. 09445 0. 10190 0.10812 0.11010

500 0.07456] 0.08699, 0.08699  0.08699 0. 09942 0. 10563 0. 10936

600 0.06214/ 0.07456, 0.07953 0. 08202 0. 09445 0. 09942 0. 10812

700 0.05468  0.06214) 0.07456| 0. 07456 0. 08699 0. 09445 0. 10563

800 0. 03977‘ 0.04474]  0.06214] 0.06214 0. 07456 0.08699.  0.00445

900 0.03728] 0.03728) 0.04971] 0.05468 0. 06711 0.07456 0. 08948

1,600 0.02485'  0.02485) 0.04474] 0. 04971 0. 05219 0. 06959 0. 07705

1,100 0.01243) 0.01243] ©0.02083] 0.03728 0. 04971 0. 06214 0. 07208

1, 200 0.00000] 0.00000[ 0.01243] 0.024851  0.03728 0. 04971 0. 06074
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oxygen pressure and temperature (decreasingt emperature)
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Table 3. The number of gram atoms of oxygen per mole of FeO or Y values as a function of

T T ..02 p{:-ns:;l-l )] 10 ‘ 1072 10°* 10! ! 10° 10 10%
Temp. (°C) T “'h—E-h._ _ ]
0 0.11185 0.11185 0.11185 0.11185  0.11185  0.11185  0.11185
100 0. 09942% 0.09542 0.10439 0. 1056.:! 0. 10562, 0. 10563, 0. 10563
200 0.08699] 0.08699] 0.09445  0.09942 0. 09942 0. 09942 0. 09942
300 0.07456' 0.07953 0. 084511 0. 086995 0. 09445, 0. 09693 (. 09693
400 0. 06462! 0.07456! 0.07953 O. 082021 0. 08699 0. 09196 0. 09445
500 0.05468] 0.06214 0.07456] 0.07456 0.07953 0. 08699 0. 09196
600 0.047220  0.05717] 0.06214 0.0671 li 0. 07456 0. 08451 ¢. 08948
700 0. 039771 0.04971 0. 0546%’ 0. 062]4i 0. 07208 0. 07953 0. 08699
800 0.02083 0.03728 0. 049’72i 0. 05468i 0. 06711 0. 07456| 0. 08451
900 0.01988 0.02083 0.04474; 0.04971: 0. 06214 0. 06959 0. 07953
1, 000 0.01243  0.01740| 0.03480| 0. 03977 0. 05717, 0. 06214 0. 07456
1,100 0. 00497' 0.01243) O (]1988'f 0. 03231‘ 0. 04971 Q. 05717 0.46214
1, 200 0. 000'001 L1} 00'000| 0. 012431 13 02485i Q0. l:i..”;728I 0. 0497 lI 0. 06074
1200 1000800 700E00SCC 400 300 200 ooy existence of anion vacancies {type
T L r T 1T T I T ¥ T .
ostk I), compounds with excess metal
* due to interstitial cations (type
er g II), compounds with excess electro-
- b negative constituents due to the
. presence of interstitial anioms (type
? - 1II), and compounds with excess
RN | «10-2 (mmHg Oz Press.=z) electronegative constituents due to
el 1ot P cation vacancies (type IV). The
: “‘2'22 : k iron oxide system is classified as type
e : o L IV and cation vacancies or excess of
. L 1 L the electronegative oxygen will form
1000/T *K

Fig.2. Log Y ws. 1000/ T (increasing temperature)

increasing and decreasing temperature respecti-
vely. Plots of log Y vs. log P, are shown in Fig.
4 and Fig.5 for each temperature. The plots
are linear. And also a plot of log conductivity
vs. 1000/ T is shown in Fig. 6.

Discussion

We may classify nonstoichiometric compounds
principal types.'> They are
compounds with excess metal due to the

into the four

partly trivalent iron oxide, Tabie1
lists the balance height change, weight change
(W, 4W,) and Y values at
peratures for increasing and decreasing full

various tem-

cycle under one atmosphere of air pressure.
in Table 1
no stoichiometric FeQ was obtained; the for-
mula was FeQOy_¢3725 at 1200 °C. The most likely
explanation is that excess oxygen 1is dissolved

Under the conditions covered

in the substitutional sites of the oxide and this
There

was still some dissolved oxygen at the maximum

decreases with increasing temperature.

temperature reached at sne atmosphere of pre-

Journal of the Korean Chemical Society
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Fig. 5. Log Y vs. log Po, (Decreasing temperature)
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ssure.

In Table2, the nonstoichiomettic
quantities are listed for various con-
litions under increasing temperatute,
and in Table3 they are listed for
various conditions under decreasing
temperatures, These values are not
the same for identical conditions in
the two cases.

When we measured the electrical
conductivity of the iron oxide sys-
tem'* under increasing and then
decreasing temperatures we found
that it was not the same, This fact
concerning the p-type semiconductor
can be explained by the differencies
in nonstoichiometric quantities be-
tween the two cases.

The Y values were calculated based
on weight deviations from that of
stoichiometric FeQ f{or the various
conditions. The Y values clearly
show that the iron oxide has a non-
stoichiometric form under these vari-
ous conditions,

As shown in Fig.2 and Fig.3,
the plots of log Y vs. 1000/ T are not
linear curves but mearly hyperbolas,
Under a given oxygen pressure, more
oxygen is dissolved into the oxide
system at lower temperature and
therefore the deviation from stoichio-
metric quantities is larger in the
lower temperature region.

The plots of log Y wvs, Pg, are
linear as shown in Fig.4 and Fig. 5.
The n values calculated from the
slopes of the plot for log Y=xnlog
Pg, are about -1/40 at 400°C and
about 1/10 at 1000°C. It can be

seen that the nonstoichiometric me-
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chanism is different from the oxidation mecha-
nism which has in general larger 2 values
than the above values. The slope of the curve
is steeper at higher temperatures than at lower
temperatures, This also shows that the non-
stoichiometry of the iron oxide system depends
‘increasingly on the oxygen pressure at high
temperatures, The Y values are larger in the
low temperature and high oxygen pressure
region. Inversely, at lower oxygen pressure
and higher temperatures, more stoichiometric
ferrous oxide is formed.

These Y values of the formula, FeO 4y, are
more accurate than the values obtained from
the titration analysis method*1 or X.ray diffr-
action method with quenched® samples because
a quench sufficiently drastic to preserve the
structure or the composition is extremely difh-
cult. Indeed it is doubtful whether a method
depending upon a quench has ever revealed

correctly the high temperature boundaries of
the wustite field.

It is to be expected that most of the physical
properties of the oxide such as the electrical
conductivity, thermal electrical power, Hall
effect, catalytic effect, together with their
mechanisms can be explained by the nonsto-
ichiometry of the sample. For example, the
electrical conductivity of the iron oxide system
changes at a uniform rate within a phase area,
but there is a definite change at the transition
points. The Y values, on the other hand, do
not show this radical change at the transition
points of conductivity™»'? (Fig.6). It can be
seen that a small deviation from stoichiometry
will make a radical change in conductivity.
The transition point of the plot of log condu-
ctivity vs 1000/ 7 is therefore, not accompanied
by a full phase transition of the iron oxide
system.

These Y values can now be used as basic
data for the interpretation of the physical pro-
perties of the iron oxide system.
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