Lawrence Berkeley National Laboratory
Recent Work

Title
DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO

Permalink
https://escholarship.org/uc/item/99f4c3b4

Author
Blank, Stuart L.

Publication Date
1963-11-15

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/99f4c3bz
https://escholarship.org
http://www.cdlib.org/

UCRL-11073

University of California

Ernest O. Lawrence
Radiation Laboratory

4 )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
whlcr may be porrowed for two weeks.
For a personal retention copy, cal‘l
ST USRI PR VA
Tech. Info. Division; Ext: 5545
\_ ‘ o J

DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRI.-11073"
JC-25 Metals,
Ceramics and

M.aterials
TID-4500 (24th £d.)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No., W-7405-eng-48

DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO
Stuart L.. Blank

(M. S. Thesis)

November 15, 1963



Printed in USA. Price 75 cents, Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D.C.




-1ii-

DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO

Contents

Abstract
I. Introduction
II. Background Material

A. Fick's Laws
B. The Temperature Dependence of the
Diffusion Coefficient

C. Diffusion in Ionic Crystals .

III. Procedure and Apparatus

A. Electron Microprobe Analyzer
IV. . Results and Discussion of Results
V. Conclusions
Acknowledgments
Appendix

« Footnotes and References

W N e g

~N o w;

. 23

24

. 25
. 26



=V

DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO
Stgart L. Blank |

Lawrence Radiation Laboratory
University of California
Berkeley, California

November 45, 1963

ABSTRACT
MgO single crystals were packed in iron powder and heated
in a vacuum at 1150, 1250, and 1350°C. Concentration-vs-penetration
profiles were determined by using the electron microprobe analyzer.
The interdiffusion coefficient D is found to be concentration dependent

in the range 1 to 22 at.% Fe. At 1150°C we have

D =8.1% 10°12 e0°150[Fe] cmZ/sec,
at 1250°C

D = 1.60x10-11 ¢0-173[Fe]
and at 1350°C

D = 2.40x10" 11 (0-190[Fe]

The apparent activation energy for diffusion increases with the iron
concentration.

At an iron concentration C = 5 at. %, we have

6.34%107" exp (-29600/RT),

D=
at C = 10 ‘
D =4.49%107% exp (~32 900/RT),
C =15
D = 5.04%10"° exp (-37 700/RT),
and at C = 20
D = 8.40%40™% exp (-43 500/RT).



I. INTRODUCTION

Refractory inorganic oxides have recently been under in-
vestigation because of the need for materials with specific physical
properties such as low vapor pressure, high melting temperature,
and controlled impurity content. Oxides such as A1203 and MgO have
the advantages of high melting temperatures; high heats of formation
(indicating great stability), good mechanical strength, great abundance,
and good optical characteristics. Since for more advanced applications
these oxides must be modified {by doping, etc.), to give them certain
physical properties, the fundamentals of the solid-state reactions in-
volving these materials should be understood.

Diffusion plays a most important role in almost all high-
temperature solid-state reactions. An accurate knowledge and under-
standing of the diffusivities of various components in these oxides is
therefore of great practical and theoretical value. In this study we
investigate the couple iron-MgO, in order to obtain quantitative data

regarding the interdiffusion coefficient.



II. BACKGROUND MATERIAL

Diffusion plays an extremely important role in such proc-
esses as creep, sinterability, electrical conductivity, and oxidation. L2
Because of the primary role of diffusion in solid-state reactions, many
reviews have been written on the subject. 3-1 Investigators have pro-
posed various mechanisms for diffusion in solids; some of the most
significant are

(2) direct interchange of positions,

(b) movement through interstitial positions,

(c) ring mechanisms,
and

(d) vacancy mechanisms.
The direct-interchange and ring mechanisms result in the exchange of
positions between atoms in a crystalline solid. These have not been
experimentally observed to occur in any real system. The interstitial
mechanism requires formation of Frenkel defects, in which atoms
move from normal lattice positions into interstitial sites. The move-
ment of an atom or ion from one interstitial site to another is termed
interstitial diffusion.

The most widely accepted mechanism for diffusion in ionic
solids is the vacancy mechanism (which is also accepted by the author
as being the most likely mechaﬁism)g Atoms may diffuse by jumping
from a normal lattice position into a vacancy, or empty lattice site.
At any temperature above absolute zero, the lattice of an ionic crystal
contains some thermally created vacancies. Vacancies may also be
created chemically. In MgO, vacancies may be chemically formed by
introducing cations of different valence than those of the matrix ma-
terial; the presence of iron in the FehiL3 state would cause cation va-
cancies.

In a stoichiometric lattice such as MgO, if no poivnt defects
were present there could be no bulk diffusion. However, in order for
diffusion to proceed in stoichiometric ionic crystals, some source of
point defects must exist. Both thermally and chemically caused

vacancies are present in the FeXO-MgO system.




A. Fick's Laws

Fick treated diffusion on a quantitative basis by adopting the
mathematical equations used for heat flow for use in describing the
diffusion process. 3 For a single phase at constant temperature and .
pressure; diffusion occurs in a direction that equalizes the activity
gradient. The quantity of material that diffuses past a unit area nor-
mal to the diffusion direction in unit time is proportional to the activity
gradient. Because it is difficult to determine the activity gradient
accurately in various diffusion experiments, concentration gradients
are usually used in the diffusion equations. Fick's first law states

that the driving force for the diffusion process is the chemical concen-

_ dc
.J——<D§;{), (1)

where J = flux, ¢ = concentration per unit volume, x = distance in

tration gradient

diffusion direction, and D = diffusion coefficient (cmz/sec).
The change of concentration of the diffusing substance with

time is given by Fick's second law,

gc _ O [ 0dc
3€‘§§<D$J' ()

If it is assumed that the diffusion coefficient D is constant, solutions
to this equation may be found for various boundary conditions.. Rigor-
ous solutions of this equation are usually not available when‘D varies
with concentration; therefore, to obtain numerical values graphical
solutions are usually used. Boltzmann, 3,6,8 in 1894, showed that for
certain boundary conditions, provided that D is a function of ¢ only, c
may be expressed in terms of a single variable x/Z(t)i/z. As a result,
Eqg. {(2) can be reduced to an ordinary differential equation if a new

variable, m, is introduced where
1 i/2
nrgﬂt/- (3)
We then obtain

dc 1 dc
5% - 2¢1/2 dn | (4)




and

therefore, we get

) 8c \ _ 8 ( D dc \. 4. d [ dc 6)
ox ox | 9x 2t172 dn | 4t dn dn/

Equation (2') results in

‘which is an ordinary differential equation in ¢ and n. If two infinite
media are brought together at t = 0, the diffusion cbe.fficient and its
concentration dependence may be deduced from the concentration-vs-
penetration curves observed at some known time. The boundary con-

ditions are

i

C = infinity, x <0, t =0,
and ,

C =0, x >0, t =0,
where C is the concentration of the component in which we have
interest, and x = 0 is the position of the original interface of the two
components at t = 0. Integration of Eq. (7) with respect to n results

in

-2 ’l’]dC = |D — = D — 5 (8)

where C1 = any value of C between zero and infinity. Rearranging

Eq. (8) and introducing x and t, we obtain

1

1 d
- o d_’;i x dc. (9)

Equation (9) gives the diffusion coefficient (D) for any value of C.




When the diffusion coefficient is not constant, many types of
concentration-vs-penetration curves are obtainable. 3 For our purposes,
the most interesting type is one having a plateau-shaped curve with a
high concentration gradient near the C = 0 boundary of the system.

This type of gradient, which allows a visible boundary to be observed
advancing into the host lattice, has been observed by this author as

well as by previous authors. 9-11

B. The Temperature Dependence of the Diffusion Coefficient

The temperature dependence of the diffusion coefficient can
usually be expressed in terms of the Arrhenius equation, > where
D = D0 exp (-Q/RT). Here we have
DO = diffusivity constant
and
Q = energy of activation.
The temperature dependence may also be written in terms of the

absolute reaction-rate equation12

% *
D=2 XL exp (ﬂ_) exp (ﬁ" , (10)
R RT
where
X = the jump distance,
T = temperature in OK,
k = Boltzmann's constant,
h = Planck' s constant,
S::.; = entropy of activation,
H(; = enthalpy of activation,
and

R = universal gas constant.

C. Diffusion in Ionic Crystals

Most investigators of diffusion in ionic crystals have been
.concerned with self-diffusion of various components, or with inter-
diffusion reactions between ionic compounds. In this discussion we

are primarily concerned with interdiffusion reactions. Jost has



stated that when diffusion occurs in ionic compounds, the mobility of
the larger anions is very much smaller than that of the cations. 4 The
work of Carter on the interdiffusion of metallic oxides (MgQO, A1203)
has confirmed this assumption. ? According to Crank, 3 even though
the diffusion coefficient in ionic solids is measured in the same way
as in metals, mass flow usually does not occur; therefore, a
Kirkendall effect is not observed.,

Self-diffusion measurements of Fe 2 in FeXO have been

\ 13, 14
made by a number of authors.

Wustite (Fex O) is an ionic com-~-
pound having a rock-salt type of structure. 15 The oxygen ions are ir
a close-packed cubic arrangement, with the iron ions occcupying the
octahedral positions. It is found that wustite is not a stoichiometric
compound, always containing a deficiency of iron. 7 Because of the
necessity of retaining electrical neutrality in the ionic crystal, the
nonstoichiometric wustite must contain some concentration of Fe —:_3,
the ratio of trivalent iron to vacancy concentration being 2/1.
Magnesium oxide or periclase is similar to FeXO in that it
also has the rock-salt structure. Magnesium oxide, however, exists
as a stoichiometric compound. 16 The only vacancies present in the
MgO lattice are caused either by thermal means or by impurity cations
having valences other than two. Roth MgO and wustite have the same
crystal structure, similar lattice parameters, and similar ionic radii.
We would therefore expect to find a continuous solid solution between
them at high temperatures, and a continuous solid solution has been
reported for them. 18 Brynstad and Flood have observed that the ratio
of Fe+3/Fe "2 in a solid solution of FeXO.= MgO decreases with in-
19

creasing concentration of magnesium ions. This same phenomenon
has also been confirmed by Rigby. 9 The diffusion of iron in the

FeXO-MgO system is thought to occur by the vacancy mechanism.




III. PROCEDURE AND APPARATUS

A high-temperature vacuum furnace was constructed in
which the diffusion runs were made. The furnace consisted of a
mullite tube around which was wound 60-mil tantalum wire (Fig. 1).
The ends of the tube were fitted with tantalum radiation shields as was
the entire length of the furnace. A bell-jar vacuum system completely
enclosed the furnace. The base plate of the furnace and the electrodes
that introduced power to the furnace were both water cooled. An oil-
diffusion pump backed by a high-capacity mechanical pump was used
to obtain pressures in the range of 10_6 torr. Pressure was meas-
ured by a thermocouple vacuum gauge.in the high-pressure region and
by an ion gauge in the low-pressure region. A proportional-band
4controll.er that fed a silicon-controlled rectifier circuit regulated the
temperature. Control sensing was accomplished by use of a thermo-
couple placed near the diffusion sample. A separate thermocouple
placed directly in contact with the sample measured the:actual sample
temperature; this was recorded on a recording potentiometer.

A recrystallized alumina crucible was first filled with iron
powder and heated in the vacuum furnace to 1500°C; this allowed the
inside surface of the crucible to react with the iron. The crucible was
then cooled and the iron removed. .

A cleaved single crystal of MgO was buried in the iron
powder inside the crucible. A recrystallized alumina cover was
placed on the crucible; the crucible and cover were wrapped in tantalum
foil (which acts as a getter of oxygen) and were placed in the center of
the furnace. The system was allowed to pump down to a final pressure
of about 10=6 torr. The furnace was flushed three times with helium
gas to remove oxygen and other gaseous impurities and then was allowed
to pump down again to the 10"6 torr level. The sample was heated to
250°C for 1 hour, then heated to the final desired temperature for the
diffusion runs,

Diffusion runs were made at 1150, 1250, and 1350°C for given
lengths of time. Then we used a diamond saw to section a sample; the
sample was mounted in plastic and polished by using 600-grit SiC,

1 to 5-u diamond, and 0.1-u alumina.
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MU-32844

Fig. 1. High-temperature furnace.




A. Electron-Microprobe Analyzer

The polished samples were coated with carbon by vapor
deposition to increase their surface electrical conductivity, then
mounted in the sample holder for the microprobe. The electron
probe scans the surface of the sample with a high-energy electron
beam, thereby causing the material present in the sample to emit
characteristic x rays. These x rays are monitored by an x-ray
spectrometer that indicates the intensity of the K(1 x-ray line of the
materials present. The samples were scanned at a rate of 8 p/min.
The characteristic emissions of both iron and magnesium were mon-
itored. The output of the electron probe supplies a graph that may be
converted to a concentration-vs-distance profile if various correction
factors are applied. 20-22 It is necessary to correct for such factors
as:

() atomic number,

(b) fluorescence,

(c) absoprtion coefficients,

(d) dead time,
and

(e) sensitivity.
The corrected data were plotted as concentration of iron in atomic
percent vs ‘distance. Figure 2 shows a typical concentration-vs-
distance profile obtained from one of the diffusion runs. The shape
of the curve was similar to that reported by Rigby in 1962. ? The
curve suggests that the interdiffusion coefficient in the solid-solution
series is dependent upon the composition. .

The diffusivity was calculated by using the Boltzmann
approa.ch8 described previously [see Eq. (9)]. The solution of Eq.
(9) can be found by using the following graphical a.nalysis:3 Assuming

that the vedge of the crystal is our original interface, we can label

the profile as shown in the sketch.
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MU-32845

Fig. 2. Typical concentration vs distance profile.
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Iron concentration (At. %)

x=0

X =

We can now obtain the numerical value of D at any concentration
Cc=Cy by determining the slope of the curve at that concentration and

- the area under the curve from C =0to C = C1,' the area in question
being the shaded area in the diagram. Knowing t, the time of diffusion,
we can determine D at any concentration. A computer program was

used to evaluate the slopes and area.
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IV. RESULTS AND DISCUSSION OF RESULTS

The diffusivities calculated for a given temperature were
plotted vs iron éoncentration on a semilog graph, as shown in Figs. 3,
4, and 5. These plots resulted in straight lines from about 1 to 22 at. T
iroﬁ, _ B

Equations were developed that related the diffusion constant
to iron concentration at three temperatures:
for 1150°C, we have
-12 eOASO[Fe]»

| D= 8.1x10
for 1250°C
D= 1.60x10- 11 (0-173[Fe]
and for 1350°C |
D = 2,405 10" 11 o0 190[Fe]

Note that the slope of the 1inevlobtain_ed in this manner varies with tem-
peratu're., The increase in diffusivity as the iron concentration is in-
creased is thought to be caused by an increase in the conc:entratic')r_l of
vacancies. If the ratio Fe+-3/Fe+2 remained constaﬁt as the iron con-
centration increased, we would not expect the sharp profile {concen-
tration—*fé-distancé curve) that is observed. To satisfactorily explain
the observed profile, we must assume that the ratio Fe+3/Fe+2 not only
varies with the iron convcentration (as was observed by previous authors)
but that the ratio varies exponentially with the iron concentration. Be-
cause of an increase in the ratio FeJr?’/Fe-F'2 and because of an increase
in concentration of Fe+2, an increased vacancy concentration will result
at higher iron concentrations. This higher vacancy concentration would
allow diffusion to proceed at a faster rate and would explain the con-
centration dependence‘ of the diffusion coefficient. :
3
]

increases with iron concentration. In order to determine whether or not

At this point one might ask how it is known that the [FeJr

13 . . . . .
the [Fe ~] was changing as the iron concentration increased, sections
of the diffused sample were cleaved for investigation by electron para-

magnetic-resonance techniques (EPR). Two samples were cleaved

N
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Fig. 3.

Plot of diffusivity vs iron concentration (1150° C),
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Plot of diffusivity vs iron concentration (1250°C).
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Plot of diffusivity vs iron concentration (1350°C).
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from a diffused crystal, one from the solid-solution-MgO interface
where the concentration of iron was low, and one from the solid-
solution—iron interface where the concentration of iron was high.
These samples were run in the electron paramagnetic resonance
instrument to determine the amount of Fe+3 present.

- The EPR spectra were run at room temperature. The
spectrometer was a Varian V-3500 with 100 kc/sec field modulation.
On these spectra a plot of the derivative of the absorption curve is
shown as a function of the magnetic field. Narrow absorption curves,
having large derivative values, are most easily detected by this meth-
od. The absolute concentration of a given ion is proportional to the
height of the derivative spectrum multiplied by the square of the
separation between the derivative peaks. Previous work24 has shown
the Fe+3 should give a fairly narrow single-line spectrum near
g = 2.0037. The Feﬂ'_2 has been observed only at liquid He temperature,
presumably because its absorption is too broad at higher temperatures.

Figures 6, 7, and 8 show the room temperature EPR graphs
obtained from the two cleaved samples and from a sample of the origi-
nal MgO used for diffusion. The six lines observed.in all three of the
samples are most certainly attributed to MnjLZ as an impurity in the
original MgO crystals. The results of a spectroscopic analysis of the
MgO crystals are shown in the Appendix. The small amount of MnJrz
is observable because of its narrow line width. The sextet for MnJr
is centered about a g = 2.0014. It can be seen by examination of the
three graphs that Fe+3 is essentially absent in the sample of MgO
before diffusion (Fig. 6), that a trace is present in the section of the
sample closest to the MgO (Fig. 7), and that a noticeable concentration
of FeJr3 exists in the region of higher iron concentration (Fig. 8).
Another fact should be noted: In the '"pure' MgO sample the back-
ground remains constant over the scanned range, while in the samples
containing Fe+3 the background increases as the scanning continues,
the degree of increase being related to the iron concentration. It is
probable that the FeJrZ is present but its peak is very broad in the
EPR at this temperature.
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The results of the EPR analysis lend support to the theory
that the [Fe+3]. and in consequence the vacancy concentration, ine
creases with iron concentration; the results also lend support to the
theory that the ratio changes with iron concentration in a nonlinear
fashion.

Himmel, Mehl, and Birchenall showed that the diffusivity
of iron inig‘exo was directly proportional to the vacancy concen-
trations. This present investigation has found that the diffusivity
varies exponentially with iron concentration, indicating that the con-
centration of vacancies increased exponentially with iron concen-
tration. This would require that the ratio Fe+3/Fe+2’ increases.ex~
ponentially with iron concentration. A plot of log D vs 1/ T was made
in order to evaluate the activation energy for the process. Figure 9
shows such a plot. It may be observed that at a given iron concen-
tration a straight line is obtained. The equations for the temperature
dependence of the diffusiirity are as follows:

At C = 5 at. % we have

D = 6.34%40" " exp (-29600 /RT),
at C = 10 '
D = 4.49x10°% exp (-32 900/RT),
at C = 15 '
| D = 5.04%x10"° exp (-37 700/RT),
and at C = 20
D = 8.40%x10"% exp (-43 500/RT).

It is interesting to note that both the slope and the pre-exponential
terms increase with increased iron concentration. This seems to
indicate that the activation enthalpy varies with composition in the
solid-solution region. The variation of the pre-exponential term in-
dicates a variation in entropy with composition, a variation in the ratio
Fe+3/Fe+2, or both. It is also interesting to note that I-iimmeli3 found
the same sort of increase in activation energy as the vacancy concen-
tration increased in Fexo,. but decided that it could have been due to

systematic errors in his procedure.
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In order to interpret the result of this research, the
variation of the ratio Fe+3/Fe+2 with temperature must be investigated
as a function of iron concentration. If it is found that the temperature
dependence of this ratio is concentration-dependent, the observed

variation in activation energy could be explained.
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V. CONCLUSIONS

The interdiffusivity in the system iron-MgO is dependent
upon the iron concentration. The experimental.dé.ta obtained for the
diffusivity agrees well with the data obtained by previous invéstigators
from studies of the diffusion of FeXO in MgO, ? indicating that the
reaction between Fe and MgO is rapid and not rate-controlling in
relation to the diffusion process. The diffusivity shows an exponential
increase with iron concentration in the composition range 1 to 22 at. %
iron. The activation energy for the process was also found to increase

with increase of the iron concentration.
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APPENDIX
Results of a spectroscopic analysis of the MgO single

crystals before diffusion.

Impurity %o
Fe 0.01
Mn 0.0015
Al 0.005
Cu 0.0015
Ni -

Ca 0.01

Cr 0.001

Si -

B -
Total impurities 0.0290 %

Analysis done by American Spectrographic Laboratories,

San Francisco
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