JOURNAL OF MATERIALS SCIENCE 10 (1975) 200-204

Analysis of mass transport in the diffusional
creep of polycrystalline MgO-FeO-Fe.O,

solid solutions

R. S. GORDON, J. D. HODGE

Division of Materials Science and Engineering, University of Utah, Salt Lake City, Utah, USA

An analysis of mass transport in the diffusional creep of iron-doped, polycrystalline MgO
was conducted. Creep regimes in which magnesium grain boundary, oxygen grain
boundary, and magnesium-lattice diffusion were rate-controlling were identified. An
analytical procedure was developed for the estimation of the diffusion constants for these

three processes.

1. Introduction

Recently [1] an analysis was presentéd for mass
transport in the diffusional creep of poly-
crystalline ionic solids. In that treatment several
limiting creep situations were suggested for the
creep of polycrystalline MgO doped with iron.
In this paper, actual strain rate-grain size data
taken in the viscous creep regime at 1300 to
1400°C will be presented which can be used to
separate the various contributions of cation
lattice and grain-boundary diffusion, as well as
anion grain-boundary diffusion to the creep of
polycrystalline MgO-FeO-Fe,O; (magnesio-
wiistite) solid solutions over a range of com-
positions (0.05 to 5.3 cation 9 iron)* and grain
sizest (8 to 98 um).

2. Experimental

For details concerning the experimental aspects
and the evidence for viscous creep behaviour the
reader is referred to extensive discussions given
elsewhere [2-4].

3. General creep equation

In the mass transport analysis for the dif-
fusional creep of magnesiowiistite, the general
creep equationy, neglecting impurity terms, is as
follows [1]:

mpoles iron

*Cation % iron = (

) 100.
moles magnesium -+ moles iron

.| 44850
€= kT(GS)3]
[(GS/m) Dug! + dmgDme"]

|:] (GS/m)Dug' + 8MgDMgb] ¢y
(GS/W)DOI + SoDob

in which

é = strain rate,
2y = MgO molecular volume (1.86 x
10-% cm?),
o = stress,
k = Boltzmann’s constant,
T = absolute temperature,
GS = grain size,
Dugl, Dol = magnesium and oxygen lattice
diffusion coefficients, respectively,

me?, DoP = magnesium and oxygen grain-
boundary diffusion coefficients,
respectively,

8mg, 60  effective grain-boundary thick-

nesses, respectively, for magnesium
and oxygen boundary diffusion.
In MgO, pure and doped with iron, it has

been shown that (GS/7) Dol € S0DoP for grain
sizes & 400 pm and at temperatures < 1400°C
[1]. Consequently,

1Grain sizes in this paper are linear intercept averages multiplied by the factor 1.5 [5].
1The numberical constants in Equation 1 are those of the combined analysis of Raj and Ashby [6] and are only slightly
different from those in the generally accepted Nabarro-Herring and Coble creep equations [1].
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TABLE I Transition between magnesium boundary and lattice diffusion (1300°C)

Cation %, Fe Dyglcm? sec™) [2, 4]

dmg DmgP(em? sec™?) [2, 3]

Transition grain size (jm)

0.05 334+ 0.6) x 1072

(1.5 + 0.6) x 10~1¢

16 4+ 8

. [ 44Qv0
€T [kT(GS)S]

[(GS/m)Dug! + SmgDme"] )
i+ (GS/m) Dmet + SmeDmg” )
SoDoP

4. Coble creep limit
Let us now examine several interesting limits for
Equation 2. In the limit of very small grain sizes
and low magnesium lattice diffusivities, (GS/x)
Dy <€ OmgDmg® and Equation 2 can be
simplified to

. [44QVU [SmeDueP] ‘

€= kT(GS)3] | DeDu 3)

[ T 0D ]

In this limit, Coble creep should be observed
(€oc(GS)73). Since 8o DoP is expected to be large
in magnesiowiistite [1], dmgDme® < 8oDoP.
Thus

. 44QVO'8MgD1\{gb 4
¢ T TTKTGS)® @)

Coble creep has been reported [2, 3]in magnesio-
wiistite for iron concentrations < 0.27 cation %,
grain sizes between 6 and 23 pm, and tempera-
tures < 1300°C.

For large values of 80DoP the transition
between Coble creep controlled by magnesium
grain-boundary diffusion and Nabarro-Herring
creep controlled by magnesium lattice diffusion
is defined by Equation 5, i.e.

GS
(_77') D' = dmeDug" . &)

Nabarro-Herring creep has been reported in
MgO doped with 0.05 cation 9 iron at 1400°C
[2, 4] for grain sizes over ~ 23 pym. In Table I
values for SmgDmg? and Dyg! are listed at
1300°C. Dug! was calculated from creep data
extrapolated from 1400°C using an activation
energy of 117 kcal mol—.* Using these values the
transition grain size at 1300°C was calculated,
from Equation 5, to be ~ 16 + 8 um. This grain
size should decrease as the temperature is raised
above 1300°C and as the iron dopant level is
increased. These predictions are in accord with

experiment in that at higher temperatures and for
higher iron concentrations, creep is controlled
either by magnesium lattice or oxygen grain-
boundary diffusion or both [4] in this grain size
regime (= 15 pm). In addition, at 1300°C
for 0.05 % specimens, Coble creep was observed
[2, 3] up to ~ 23 pm, which is in reasonable
accord with the calculated transition grain size in
Table 1.

5. Nabarro-Herring creep limit
At larger grain sizes, higher iron concentra-
tions, and higher temperatures, (GS/m)Dygl >
8meDug? and Equation [2] reduces to
. [ 1480 [Dugt]
¢~ [kT(GSR [1 (GS/W)DMgl] ) (6)
T SeDob
When 80 Do® > (GS/m)Dugl, then
140Qy0 Dyl
¢ = —vITMg 7
kT(GS)?

Equation 7 is, of course, the Nabarro-Herring
relation corresponding to creep controlled by
magnesium lattice diffusion. This behaviour
(i.e. € oc (GS)~™; m = 2) has been reported at
1400°C for creep specimens tested in oxygen at
the 0.059; dopant level [2]. Oxidizing (Po, =
0.86 atm) creep data at 1350°C are presented in
Fig. 1 for the 0.539, dopant level. These data
indicate reasonably good agreement with the
Nabarro-Herring creep equation (i.e. m = 1.94;
m = 2 theoretical value). The value of Dyg!
(2.3 x 1022 cm? sec—') which is computed from
these data is in reasonable agreement with that
predicted from magnesium tracer diffusion [7].

6. Mixed Coble and Nabarro-Herring
creep

If, however, (GS/m)Duyl =~ S0Do®, then the
general expression (Equation 6) must be used and
a mixed grain-size dependence (i.e. 2 < m << 3)
should result. In Fig. 1, oxidizing (Po, = 0.86
atm) creep data at 1350°C are plotted for speci-
mens doped with 2.65 cation ¢} iron. A least
squares analysis of these data resulted in a grain
size exponent {m) of 2.38. In order to estimate
values of D! and 80 DoP at this concentration,

*An activation energy of 117 kcal mol—! was identified as that corresponding to Nabarro-Herring creep in magnesio-

wiistite [4].
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Figure 1 BEffect of grain size on creep rate in oxidizing
atmospheres at 1350°C.

Equation 6 must be arranged into the following
form:

14Qv0’

GS)® Dugt
(GS)® Dug s Duge (7)

7 60Do" ¢

{GS) = —

Thus a plot of é(GS)? versus €(GS)? should result
in a straight line with a slope (M) and an
intercept (B) given by the following equations:

J— DMgl
M=~ ~5F ®)
14Qy0 Dyg!
B= " ®)

Dyug! and 80DoP can then be evaluated from
these two relations.*

Usually in creep experiments the normal
scatter in strain-rate size data (~ 20%) pre-
cludes a plot of the foregoing type using raw
creep data because the functions €(GS)? and
é(GS)? are extremely sensitive to small changesin
the grain size. Therefore, an alternative pro-
cedure has been used to construct this plot which
involves fitting the creep data first to a relation of
the type

¢ = K(GS)™™. (10)

For the creep data at the 2.65%, dopant level a
least squares analysis has resulted in a line with
m = 2.38 (Fig. 1). Using this least squares fit,
arbitrary values of ¢ for various grain sizes were
generated. From these computations, values of
é(GS)? and €(GS)® were computed and plotted
in Fig. 2. A linear least squares analysis of these
values resulted in the following values (999
confidence limits) for the slope and the intercept.

M = — 0.026 484 0.005 30 pm—*
B =0.16441 + 0.032 88 pum* h~*

From these values we calculate Dyg! and 60 DoP
at 1350°C to be 9.0 (£ 1.8) x 10~ cm?2 sec™!
and 1.6 (4 0.3) x 10~ cm?® sec—1. These values
are reasonable when compared with magnesium
tracer values [7] and estimates of oxygen
grain-boundary diffusion [2, 4]. It is noted that
if either the Nabarro-Herring or Coble creep
equations were used separately to calculate values
of Dug! and 8oDoP from the data, significant
underestimates of these quantities would result.
When these values of Dumg! and 8oDoP are
substituted into Equation 8, a line is generated
which essentially duplicates the least squares line
in Fig. 1. Thus Equation 10 is a good approxima-
tion and indicates that the transition between the
Nabarro-Herring and Coble creep regimes is not
sharp but extends over a range of grain sizes.

Having estimated values of Dug! and 80DoP
for MgO doped with 2.65 cation 9, Fe, we can
now estimate the grain size at which we could
expect equal contributions of magnesium lattice
and oxygen grain-boundary diffusion, i.e.

(8o DoV
DMgl

~ 57 4+ 11pm.

GS ~ (11)

If, as a first approximation, we assume 8o DoP is
nearly independent of iron concentration in the

*Johnson [8] has suggested a procedure similar to this for the evaluation of cation lattice and anion boundary con-

tributions to the sintering of ionic compounds.

202



DIFFUSIONAL CREEP OF POLYCRYSTALLINE MgO-FeO-Fe,0,; SOLID SOLUTIONS

o195 T T \ T

0.14

0.13

um2/h

0.12

€(6s.02,

0.10

0.09

0.08 I | \ !

| I [ |

1.4 1.6 20 2.2

2.4 2.6 32

€(6s.®, pmd/h

Figure 2 Analytical plot for the determination of Dug! and 8o DoP.

range between 0.53 and 5.3 cation %, we can
estimate the transition grain size in an oxygen
atmosphere for successively increasing iron
concentrations from computed values of Dygl.
These computations are summarized in Table II.

TABLE 1II Transition between magnesium lattice and
oxygen grain-boundary diffusion (1350°C)

Cation Dwmg! 30Do" Transition

% Fe  (cm? sec™) (cm?® sec™) grain size (pm)
0.53 23x10712  ~1.6x10714* ~220

2.65 9.0 x 10712 1.6 X101 57

53 ~18x10712%  ~1.6x1071%* ~ 30

*Estimated values

Thus it is apparent that for dopant levels
< 0.539; Nabarro-Herring creep should only be
observed since the practical upper experimental
limit for the grain size is ~ 100 um (i.e. viscous
creep rates become immeasurably slow at these
and larger grain sizes). However, as the iron
concentration increases, the relative contribution
of oxygen grain-boundary diffusion should
increase since the transition grain size is lowered
well within the experimental range. It should be
noted that as the temperature is increased over
1350°, the transition grain sizes will decrease
since the activation energy for extrinsic mag-

nesium lattice diffusion (~ 117 kcal mol-?) is
higher than oxygen grain-boundary diffusion.
(< 81 kcal mol—1) in magnesiowiistite [4].

7. Summary

In summary, it has been shown that a genera-
lized diffusional creep equation which takes into
account mass transport of anions and cations
over both lattice and grain-boundary paths can
be used to describe the creep of polycrystalline
MgO-FeO-Fe,O; solid solutions. Using appro-
priate limits of the general equation, estimates
have been made of the diffusion coefficients for
magnesium grain boundary, oxygen grain
boundary, and magnesium lattice diffusion. This
type of analysis should, in principle, be applicable
to other systems and ceramic processes (e.g.
sintering, thermal grooving) in which anions and
cations diffuse over more than one path.
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