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Fig. 7. Oxygen self-diffusion coeflicients in (1) 83 mol %

Si0: potassium silicate (Ref. 24) and in (2) 74 mol%

SiO. potassium silicate (Ref. 24) and (3) binary interdif-

fusion coefficients of Si in 78 mol% SiO: potassium silicate
(present work).
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Influence of Oxygen Activity on the Sintering of MgCr:O4

H. U. ANDERSON
University of Missouri, Rolla, Missouri 65401

The sintering behavior of MgCr.0, powder compacts was in-
vestigated as a function of temperature, time, and oxygen
activity. The results show that MgCr.O, cannot be densified
to >70% of theoretical density at temperatures up to 1700°C
if the oxygen activity exceeds 10~° atm. The oxygen activity
must be decreased to <10~ atm before densities exceeding
909, of theoretical can be achieved. Weight loss and X-ray
data indicated that maximum density occurred at an oxygen
activity just above that where MgCr.O, becomes unstable.

I. Introduction

xIpES with high Cr contents are in general difficult to
O sinter to high densities without the use of pressure.
However, a study of the sintering of Cr.0; by Ownby and
Jungquist’ showed that high density can be achieved when
the oxygen activity is near that specified by the Cr/Cr.0,
phase boundary. The densification of Cr.O; is thought to be
related to the stabilization of the Cr ion in its trivalent state.’
At oxygen activities higher than those specified by this equilib-
rium, Cr.0:(s) is unstable to volatilization as CrO.(g) and
Cr0.(g) as a result of oxidation of the Cr ion.

Because of the success of the work of Ownby and Jung-
quist,’ a study of picrochromite was initiated. It was an-
ticipated that densification of MgCr.O. would show a depen-
dence on oxygen activity similar to that observed for Cr.0..
Since Mg has a stable divalent form, densification can again
be expected to occur through stabilization of Cr ion in the tri-
valent state, Therefore, the oxygen-activity dependence can
be assumed to be related to the reaction

MgCr.0:(s)=2Cr(s) +MgO(s) +°/:0:(g) (1)

The equilibrium O. partial pressure at 1600°C was calculated
from thermodynamic data®* to be =10~ atm, about the same
as the pressure calculated for Cr.0;.!

II. Experimental Procedure

Picrochromite powder was prepared by a process developed
by Pechini.” Chromium nitrate* and MgCO,* were dissolved
in separate solutions containing citric acid and ethylene glycol.
Each solution was carefully analyzed for Cr and Mg content.

Received February 17, 1973; revised copy received July 23, 1973.
Supported by the Ameérican Iron and Steel Institute under Project No.
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oxygen activity and (B) sintering temperature.
density=4.42 g/cm’; time=1 h.

Density of MgCr:0. compacts as a funetion of (A)
Theoretical

The solutions were then quantitatively mixed in the ratio of 1
atom Mg to 2 atoms Cr. The resulting solution was heated and
slowly evaporated to dryness. As the solution evaporated
polymerization occurred, and an amorphous substance re-
sulted. Since the Mg and Cr ions were randomly mixed in the
sclution, they remained well mixed in the glassy solid. When
the solid was heated to 800°C, it was converted to powder
with an average particle size of <{0.1 ym. X-ray diffraction
of the calcined powder proved that the oxide thus prepared
was single-phase picrochromite. The only impurities present
should be those of the starting components, which would yield
a purity >99.9%.

The powder was isostatically pressed into compacts /. in.
in diameter and ='/, in. thick at 30,000 psi. The densities of
the green compacts were 58 to 619 of theoretical. The the-
oretical density calculated from X-ray data is 4.42 g/cm®.
The compacts were sintered at 1400° to 1700°C in an Mo-
wound tube furnace in a controlled O. atmosphere which was
established by using mixtures of CO and CO. with a total flow
rate of 1 ¢cm/s, in accord with Darken and Gurry.®

The bulk density and open porosity were determined by the
Archimedes method. Specimen dimensions were measured
before and after sintering to *=0.001 in. with a micrometer.
Weight loss was ascertained by weighing the specimens before
and after sintering on an analytical balance.* X-ray diffrac-

*Mettler Instrument Corp., Princeton, NJ.

function of oxygen activity.

tion data were taken on powder samples before and after
sintering, Scanning electron micrographs of selected sintered
specimens were obtained.

ITI. Results

The densification results (Fig. 1) showed that MgCr:0, can-
not be densified to >809% of theoretical density at oxygen
activities above 10~® atm even at 1700°C. The highest density
(=97%) was obtained by sintering at 1700°C for 10 h at an
oxygen activity of 10™ atm. Equally high densities were ob-
tained at 1600°C and 107 atm oxygen activity. Very little
pressure dependence of densification was observed at oxygen
activities from 10° to 107 atm. Within this range densities
>96% of theoretical were obtained by sintering at either
1600° or 1700°C; the only difference was the time necessary
to reach the desired density.

At oxygen activities below 107 atm, the densification re-
sults became erratic, and in many cases density decreased.
To determine what was occurring, X-ray diffraction data were
taken for several specimens. The X-ray results showed that
MgCr.0, is stable at oxygen activities above 107 atm, even
at 1700°C. This result was expected from the free-energy
data of Tretjakow and Schmalzried." For the reaction

MgCr:0:(s)=sMgO(s) +Cr.0:(s) (2)

these workers found that the free energy of reaction is +6600
cal/mol at 1 atm pressure and 1600°C. Thus reaction (2)
should not occur at high oxygen activities.

When the oxygen activity was decreased to 10-" atm, the
X-ray.data show that Cr.0, began to appear at 1600°C as a
second phase. Despite the fact that the sensitivity of the
X-ray analysis for MgO was nearly the same as that for Cr.0s,
no MgO was detected, in agreement with the thermodynamic
prediction that reaction (2) does not occur.

Figure 2 shows the weight-loss data for MgCr.0. At
1500°C, the weight loss was <{0.5 wt%/h at all oxygen activ-
ities. The data for 1600° and 1700°C are very similar to
those observed for Cr.0;(s). The solid line in Fig. 2 was
taken from Ownby and Jungquist’s data.' The rates at 1600°C
are nearly identical to those observed by Ownby and Jung-
quist. The rates at 1700°C are shifted to higher oxygen ac-
tivities. This shift can be accounted for by the movement of
the Cr/Cr.0, phase boundary from 107** atm O. at 1600°C to
107 atm at 1700°C.
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Fig. 3.

Because of the similarity in the volatilization data, the ex-
planation of Ownby and Jungquist' of the variation of weight
loss with oxygen activity appears to be applicable to MgCr:O..
These workers showed that the weight loss was the result of
volatilization of Cr(g), CrO(g), CrO:(g), and CrO,(g). The
partial pressure of each gas depends on oxygen activity.
Ownby and Jungquist demonstrated that it was possible to
calculate from thermodynamics the variation of the partial
pressure of each of these gases with varying oxygen activity
and to construct a weight-loss curve which is very similar to
that shown in Fig. 2. Thus, the correct disproportionation re-
action probably involves the formation of volatile Cr com-
pounds; however, -insufficient data are available to choose
between the possible mechanisms.

In an effort to further delineate the disproportionation re-
action and the sintering process, scanning electron micro-
graphs were taken of surfaces of sintered specimens (Fig. 3).
The average grain size of each microstructure is listed in
Table 1. Figure 3 and Table I show that exaggerated (dis-
continuous) grain growth occurred at 10™ and 107 atm at
1600° and 1700°C, respectively. The grain growth at each
temperature also depends rather strongly on oxygen activity.

The microstructure changes rather sharply when discon-
tinuous grain growth occurs. Instead of being smooth and
equiaxed, the grains become rough and irregular, indicating
that either considerable volatilization or dissociation of the
individual grains has occurred. Thus, the onset of irregular
grain growth correlates well with the increased volatilization
rate and the appearance of Cr.0.(s). Grain growth at con-
stant pressure was approximately proportional to the square
root of time, as is typical for diffusional grain growth in
solids.

Vol. 57, No. 1

Seanning electron micrographs of MgCr,0, compacts sintered at 1700°C for 1 h.

Table I. Average Grain Size as a Function of O,
Partial Pressure, Time, and Temperature

Grain size (um) at given O:
partial pressure (atm)

Temp. (°C)} Time (h) 10° 10~ 10-1 10-2 10 10~ 10
1500 1 14
1600 1 1.2 1.3 2 7 8

5 3 7
8 3.5
10 4
1700 1 1 16 3 20
10 5

In addition to the temperature and time dependencies, the
grain-growth Kkinetics also depended on oxygen activity, sug-
gesting that more than one transport mechanism is operative.
This behavior complicates the treatment of the sintering
kinetics such that none of the current intermediate sintering
models™® can be used. Before models can be successfully
applied, much more data on densification rate and grain-
growth Kkinetics as functions of temperature and oxygen ac-
tivity are needed.

IV. Conclusions

(1) MgCr.0, cannot be densified to >70% of theoretical
density at temperatures up to 1700°C when the oxygen ac-
tivity exceeds 10~° atm.

(2) At 1700°C MgCr:0, can be sintered to densities >96%
of theoretical at oxygen activities below 107*° atm.
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(3) At 1600°C MgCr:0, is unstable at oxygen activities of
<107 atm.

(4) The weight loss at 1600° and 1700°C increases from
about zero to several percent when disproportionation occurs.

(5) The grain-growth kinetics are complex and probably
involve several mechanisms operating simultaneously.

(6) The volatilization rate of MgCr.0, is similar to that ob-
served for Cr.0s.
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Empirical Relation Between Self-Diffusion and Electrical
Conduction 1n Mixed-Alkali Glasses

A. K. VARSHNEYA*
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121

An empirically modified Nernst-Einstein-type equation is pro-
posed to relate the electrical conductivity of mixed-alkali
glasses to the seli-diffusivities of the alkali ions. Conductivities
were calculated for 3 glass systems using measured self-diffu-
sivities and the proposed equation. These calculated conduc-
tivities and those measured directly agree quite well.

I. Introduction

EVERAL properties of mixed-alkali glasses do not conform
S to the additivity relation. In the electrical conductivity
pronounced minima, as much as 5 to 7 orders of magnitude be-
low the values for the end-member compositions, are observed.
This effect, commonly termed the mixed-alkali effect,t has been
investigated by several workers.*® No reasonably successful
explanation for this effect has been given, although an electro-
dynamic model proposed by Hendrickson and Bray® (hereafter
termed the HB model) appears promising. Whereas most
previous models of the mixed-alkali effect have been based on
empirical ideas, the HB model uses virtually no empiricism.

In the HB model, the electrical conductivity (without cor-
relation effects) is written in terms of a Nernst-Einstein-type
relation.” Contributions to the conductivity expression are de-
rived from electrodynamically associated alkali ions and the
remaining unassociated alkali ions. Support for the model
is cited in terms of successful calculation of the tracer diffusivi-
ties of the alkali ions as a function of glass composition from
the conductivity-vs-composition curves or vice versa. Accord-
ing to Hendrickson and Bray,” the measured tracer mobilities
differ from the true mobilities of each species because of elec-
trodynamic interactions.

Although the present paper attempts to interrelate the con-
ductivity of, and the diffusivities in, mixed-alkali glasses, it
does not explain the mixed-alkali effect. In contrast to the HB
model, it assumes the existence of a mixed-alkali effect such
that the measured mobility of each ion at a particular com-
position is still the true mobility of that ion at that composition
regardless of interactions. With this assumption, it is shown
that the dc conductivity can be calculated at a given composi-
tion from the known tracer diffusivities at that composition,
using an empirically derived modification of the Nernst-Ein-
stein equation.

It should be emphasized that this work is primarily empir-
ical. Thus, only a little effort has been exerted to justify the

expressions in the key equation (Eq. (2)), as discussed in
Section IV. In Section III, measured conductivities in 3 sys-
tems (from the literature) are compared with those calculated
using the present approach.

II. Conductivity-Diffusion Equation

The Nernst-Einstein relation between the electrical conduc-
tivity, o, and the self-diffusivity, D, of ion A is

o=[N4e")/(RT)1(Dw)/fs) 1)
where (A) =tracer of A, Na=number of A ions/unit volume,
fa=a correction factor equal to the correlation factor for the
motion of tracer ion (A) when unit transfer of mass is accom-
panied by unit transfer of charge, e=electronic charge, k=the
Boltzmann constant, and T=absolute temperature.

The correlation factor, generally, is taken to account for
the motion of the tracer ion relative to the regular ions. How-
ever, Haven and Stevels™ have pointed out that in some types
of diffusion mechanism, the jump distance for the conductivity
is not identical to that for the diffusivity. For example, in the
direct exchange (A)*=A‘*, whereas the tracer ion hops over
a unit distance, the charge does not move at all. The corre-
lation factor, in such cases, should be modified to account for
this difference. Another possible means for overcoming this
problem is subtraction of the number of particles which do
not take part in conduction from the total number of particles.
The proposed relation between conductivity and the self-
diffusivities in a mixed-alkali system is based on the latter
method. It is suggested that, in a mixed-alkali system, a
fraction Csz (=C.Cs; C,=moles of i/total moles of alkali)
does not take part in the conduction process. Thus, the mod-
ified Nernst-Einstein relation for mixed-alkali systems is

kT[(C; f{C)':B)DA + (CB_f,()::B)DRJ

where N=total number of alkali particles/unit volume, fo;=
correlation factor in “pure” i glass (end composition), and
the measured self-diffusivity, D¢, is written as D, for sim-
plicity. Or, since Ci+Cs=1,

(2)

Presented at the Fall Meeting of the Glass Division of The American
Ceramic Society, Bedford, PA, October 12, 1973 (Paper No. 40-G-73F).
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A good review on this topic is given in Ref, 1
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