JOURNAL OF MATERIALS SCIENCE 12 (1977) 1598-1604

Creep mapping in a polycrystalline ceramic:
application to magnesium oxide

and magnesiowustite
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The construction of deformation mechanism maps for a polycrystalline ionic solid in
which anion and cation transport are coupled has been demonstrated. Because of anion—
cation ambipolar coupling, two regimes of Coble creep are possible in systems where
anion grain boundary transport is rapid: {1) rate-controlled at low temperatures and
small grain sizes by cation grain-boundary diffusion, and (2) rate-limited at high tem-
peratures and large grain sizes by anion grain-boundary diffusion. A new type of defor-
mation mechanism map was introduced in which the temperature and grain size were
primary variables. This map was shown to be particularly useful for materials which
deform primarily by diffusional creep mechanisms. Ambipolar diffusional creep theory
was used to construct several deformation mechanism maps for polycrystalline MgO and
magnesiowustite over wide ranges of stress, grain size, temperature and composition.

1. Introduction

Creep diagrams (or deformation mechanism maps)
have recently come into widespread use as a simple
graphical method for presenting a wealth of infor-
mation on a polycrystalline material’s mechanical
properties over a range of engineering variables
[1]. Weertman [2,3] first suggested the use of
creep diagrams in which stress was plotted as a
function of temperature at a constant grain size.
To aid in comparison between various material
types, the plotted stress was normalized with
respect to the material’s shear modulus and the
temperature was normalized with respect to the
melting temperature. Mohamed and Langdon
[4,5] later suggested a second type of map in
which the grain size, normalized with respect to
the material’s Burger’s vector, is plotted against a
normalized stress at a constant temperature.
Both of these maps have proven extremely useful,
especially for materials which can deform by a
variety of different mechanisms. However, maps

published in the past for ceramic materials have
generally been constructed using large extra-
polations of limited experimental creep or mass
transport data with the result that these maps
can be inaccurate over large ranges of stress, tem-
perature, and grain size. Furthermore, these maps
have been based, in part, on diffusional creep
theories which are only appropriate for metallic
systems in which a single diffusing species governs
mass transport.

Our objective in this paper will be (1) to outline
the construction of creep maps for a polycrystal-
line ceramic solid in which ambipolar (coupled
ionic) diffusion is important, (2) to introduce a
new type of deformation map, which is especially
useful for materials which deform extensively by
diffusional mechanisms, whereby temperature and
grain size are the primary variables under con-
ditions of constant stress, and (3) to illustrate the
foregoing by presenting maps of deformation in
polycrystalline MgO and magnesiowustite which
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have been constructed using creep data taken over
wide ranges of stress, temperature, grain size, and
composition.

2. Construction of deformation maps

The data, which were used for the construction of
deformation maps, were taken from several
sources [6—9] . Diffusional creep in these materials
is characterized by a strong inverse relationship
between the strain-rate (e) and grain size (GS)
and by creep rates which increase with the concen-
tration of trivalent iron in solid solution {6, 7].
At higher stresses and larger grain sizes, viscous
deformation gives way to power law or non-
viscous deformation which can be described by
the following relations [8,9]:

pure MgO*
. —80000 cal mol™!
(i) = 1300 o3-°exp(————cfﬂ—)
RT

Fe-doped MgO™ (12)
) —71 000 calmol™*

h™?) = 3126%° —_— .
e(h™) o exp( RT )

(1b)

In contrast to the diffusional creep regimes,
non-viscous creep in pure and iron-doped poly-
crystalline MgQO is characterized by a higher
stress (0) exponent (=3) and creep rates which
are independent of grain size and nearly inde-
pendent of the iron dopant concentration.

In diffusional creep regimes, some lattice dif-
fusion coefficients were calculated from the creep
data using the Nabarro—Herring equation, i.e.f

- _ 140,0Diyg
kT(GS)?

For those deformation regimes which were inter-
mediate between Nabarro—Herring and Coble
creep [6], the following equations derived by
Gordon [10, 11] were applied to the creep data
using previously reported procedures [11, 12] to
determine values of the lattice (D') and grain-
boundary diffusion (6DP) coefficients.

@

44Q,0 D}
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IkT(GS) GS Dig
N 6,08

*The units of stress (¢) are MN m~2.

4490 [(GS
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Equation 3 refers to regimes in which both mag-
nesium lattice and oxygen grain-boundary dif-
fusion contribute significantly to the creep rate,
and Equation 4 refers to regimes where both
magnesium lattice and grain-boundary diffusion
are comparable. In the experimental range appro-
priate for these materials, no evidence was found
for creep controlled solely by grain-boundary
diffusion either cation or anion.

In those maps where they were required, the
activation energy for magnesium lattice diffusion
was taken from experimental creep data [6]. The
activation energy for oxygen grain-boundary dif-
fusion was estimated from experimental creep
data by Hodge [13] and the activation energy
(upper limit) for magnesium grain-boundary dif-
fusion was estimated from tracer diffusion studies
[14]. A summary of the data used in these maps
is presented in Tables I and II.

Deformation mechanism maps were con-
structed using Equations 1 to 4 and the data in
Tables I and II to plot a number of iso-strain-rate
lines for each mechanism. Boundaries between
mechanisms were then inserted by using the locus
of points at the intersection of two sets of iso-
strain-rate lines. In assigning these boundaries
and fields, a mechanism was assumed to be con-
trolling when it resulted in the highest possible
strain-rate at the lowest possible set of variables
(temperature, grain size, or stress). This assump-
tion was good for all boundaries except those
separating regimes controlled by magnesium
lattice and oxygen grain-boundary diffusion. For
this case, because of the coupled nature of the dif-
fusion between the cation and anion, the foregoing
statement must be reversed in that the mechanism
giving the lowest possible strain rate at the highest
possible set of variables will be rate controlling.
Because of the complex nature of the equations
involved, the iso-strain-rate lines on the tem-
perature versus grain size maps were computer
generated.

It should be noted that boundary lines repre-
sent situations where the creep rates of the two
processes in question are equal. It must be remem-
bered that in the vicinity of the boundaries defor-

TQV is the MgO molecular volume (1.86 X 10™?*¢m?), k is Boltzmann’s constant, and 7 is the absolute temperature.
$5DP is actually the product of the grain-boundary width (8) and the grain-boundary diffusivity DP).
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TABLE I Diffusion coefficients at 1350° C for the MgO--FeO~Fe,0, system

Dopant D%wg 5 MgDR[g 5 ODE Reference
(cation % Fe) {cm®sec™!) (cm?®sec™) (cm3®sec™)

2.65 9.0 X101 - 1.6 x 107 [61

0.53 2.3x 1072 - - [61

0.05 4.8x107'3 7.3 X107 - [7]
Undoped 3.6 X107 >10"" - [71

Mg tracer™ 1.15x 107 -~ - [141
*Included for comparison.

TABLE II Activation energies for diffusion in the MgO—FeO~Fe,0, system

Mechanism Activation energy (kcalmol ™) Reference
Magnesium lattice 117 {61
Magnesium grain boundary <64 [14]
Oxygen grain boundary ~35* [13]

* Obtained from an analysis of the activation energy for a diffusional creep regime in which magnesium lattice and

oxygen grain-boundary diffusion are comparable [13}.

mation modes are mixed. In particular mixed
modes of deformation may exist in diffusional
creep regimes over several orders of magnitude in
strain-rate.*

3. Deformation maps at constant
temperature

Deformation mechanism maps for polycrystalline

MgO and magnesiowustite in an air atmosphere are

shown in Figs. 1 to 3. In these maps the stress has

been plotted against grain size at a constant
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Figure 1 Deformation mechanism map for undoped poly-
crystalline MgO at 1350° C.

temperature (1350° C) in a manner similar to the
procedure introduced by Langdon [4,5]. Re-
ferring to Fig. 1 it can be seen that only two
deformation mechanisms operate in undoped,
polycrystalline MgO: a non-viscous mechanism
which dominates at large grain sizes and high
stresses and a diffusional creep mechanism con-
trolled by magnesium lattice diffusion (Nabarro—
Herring creep) which is dominant at low stresses
and small grain sizes. It is noted that as the grain
size increases, the transition from diffusion con-
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Figure 2 Deformation mechanism map at 1350°C for
polycrystalline MgO doped with 0.53 cation % iron.

*Unlike previous deformation maps, maps constructed for this paper were not normalized. This procedure while
making comparison with other materials more difficult, presents creep data in an easier-to-understand form and allows

for direct comparison with experimental creep data.
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Figure 3 Deformation mechanism map at 1350°C for
polycrystalline MgO doped with 2.65 cation % iron.

trolled creep to non-viscous creep occurs at lower
stresses. Magnesium lattice diffusion is assumed to
be rate-controlling [10, 11]. Previous deformation
reported [15] to be a fast diffusion path for
oxygen. In addition, the magnesium lattice dif-
fusion coefficient inferred from creep data (Table
1) is in reasonable agreement with the cation tracer
value. Because of rapid oxygen grain-boundary
diffusion, ambipolar diffusional creep theory pre-
dicts that at low lattice diffusivities (i.e. low
impurity levels) magnesium lattice diffusion will
be rate-controlling [10, 11]. Previous deformation
maps [5] have been constructed assuming that
oxygen lattice and/or grain-boundary diffusion are
rate controlling in polycrystalline MgO. However,
ambipolar diffusional creep [10,11] theory de-
monstrates that oxygen grain-boundary diffusion
will be rate controlling only at very large grain
sizes (>>200 um) and at very small stresses and that
oxygen lattice diffusion will never be rate-con-
trolling in an extrinsic ionic compound in which
rapid anion grain-boundary diffusion takes place.
Creep maps which are constructed from consti-
tutive equations based on a single diffusing species
(i.e. metals) will give erroneous conclusions when
applied to the diffusional creep of a polycrystal-
line ionic compound in which anion and cation
diffusion are coupled and in which mass transport
can take place in parallel over more than one
path.

The effect of doping polycrystalline MgO with
0.53 cation % Fe is shown in Fig. 2 in a second
constant temperature deformation map. Because

doping with trivalent iron enhances diffusion
(especially cation lattice diffusion), there is an
expansion of the diffusional creep fields in the
doped system over that which existed in undoped
MgO. Consequently, the transition from diffusion
controlled creep to non-viscous creep occurs at
higher stresses and larger grain sizes since the non-
viscous creep rates are essentially independent of
the iron dopant concentration [8, 9].

Three diffusional creep mechanisms are in-
dicated in the viscous regime: (1) Coble creep
controlled by magnesium grain-boundary diffusion
at grain sizes below about 10 um, (2) Nabarro—
Herring creep controlled by magnesium lattice
diffusion for intermediate grain sizes (10 to
250 um), and (3) Coble creep controlled by
oxygen grain-boundary diffusion at very large
sizes (>>250 um). All of the experimental data to
date have fallen in the intermediate grain size
range which is controlled by Nabarro—Herring
creep. Experiments at smaller grain sizes are com-
plicated by problems associated with specimen
fabrication and excessive grain growth. At larger
grain sizes creep rates become undetectable
(<107%h™) at the stress levels required for dif-
fusional creep (<5.0MNm™). Because of this,
diffusion coefficients for magnesium and oxygen
grain-boundary diffusion were estimated from
those values obtained at the 0.05 cation % and the
2.65 cation % dopant levels, respectively.

In Fig. 3 a third constant temperature map is
shown for a higher (2.65 cation % iron) dopant
level. Here, as was shown in the previous map,
the diffusional creep fields have expanded signi-
ficantly over what they were at the lower dopant
level due to the enhancement of diffusional
processes by the presence of trivalent iron. Be-
cause the presence of trivalent iron causes a
significant enhancement in the magnesium lattice
diffusivity compared to relatively smaller effects
on magnesium and oxygen grain-boundary dif-
fusion, the extent of the diffusional creep regime
controlled by magnesium boundary diffusion has
decreased from what it was at the lower dopant
concentration and the regime controlled by
oxygen boundary diffusion has increased. It is
interesting to note that any increase in the magni-
tude of the magnesium lattice diffusivity due to a
change in the defect structure will cause a decrease
in the regime controlled by magnesium grain-
boundary diffusion and to a comparable increase
in the regime which is rate limited by oxygen
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grain-boundary diffusion. These effects are in
accord with that predicted by the ambipolar
diffusional creep theory [10, 11].

The creep data obtained at this dopant level
extended into both the regimes controlled by
magnesium lattice and oxygen grain-boundary
diffusion. However, for reasons given earlier,
experiments at grain sizes below about 10um
proved difficult and therefore the value of the
magnesium boundary diffusion was estimated
from the value obtained in experiments* at an
iron concentration of 0.05 cation %.

4. Deformation maps as constant stress
In Figs. 4 and 5, deformation mechanism maps for
polycrystalline MgO doped with 0.53 and 2.65
cation % Fe, respectively, are shown wherein the
grain size has been plotted against temperature at
a constant stress (10.0 MN m™) for creep tests in
air.t This new type of map is particularly useful
for materials which deform primarily via dif-
fusional mechanisms because the creep rate is
much more sensitive to changes in temperature
and grain size than it is to changes in stress.

Several interesting features are readily apparent
in these maps. Two regimes of Coble creep (i.e.
€= GS™) are present, one at low temperatures
and small grain sizes (magnesium -grain-boundary
diffusion) and the other at high temperatures and
large grain sizes (oxygen grain-boundary dif-

1000

fusion). This type of behaviour is strikingly
different from that observed in metals (single
diffusing species) for which Coble creep is pre-
dicted only at low temperatures and for small
grain sizes. Since the activation energy for grain-
boundary diffusion is likely less than that for
lattice diffusion, the transition grain sizes between
adjacent Coble and Nabarro—Herring regimes
decrease as the temperature is increased. The
transition to non-viscous creep (Figs. 4 and 5) is
curved because of the mixed nature of creep in
the diffusional regime which results in an acti-
vation energy for creep which is temperature
dependent. It approaches ~64kcalmol™ at low
temperatures where magnesium grain-boundary
diffusion is controlling, 117 kcalmol™ at inter-
mediate temperatures where magnesium lattice
diffusion is important, and ~35kcalmol™ at
high temperatures where oxygen grain-boundary
diffusion is dominant. Consequently, the non-
viscous transition occurs at a maximum grain
size in the region where magnesium lattice dif-
fusion is dominant and decreases with either
increasing or decreasing temperature as either
magnesium or oxygen grain-boundary diffusion
becomes rate-limiting. Also, as was the case in the
constant temperature maps, as the stress is in-
creased the non-viscous modes will become domi-
nant at smaller grain sizes in these constant stress
deformation maps.

*In these experiments the grain size dependence and the relevant mass transport parameters were deduced from the
correlation between transient creep and simultaneous grain growth [7, 16].

TSince the stress is constant, these maps may be regarded as a horizontal section cut through a map at constant tem-

perature.
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It is noted, that due to the enhancing effect of
trivalent iron on magnesium lattice diffusion, the
transitions between adjacent Coble and Nabarro—
Herring creep regimes occur at higher temperatures
and larger grain sizes as the dopant level is de-
creased. This behaviour is consistent with that
shown in the constant temperature maps wherein
an increase in the magnesium lattice diffusivity
caused a decrease in the magnesium boundary
diffusion controlled field and a corresponding
increase in the regime controlled by the oxygen
boundary diffusion.

At the 0.53% dopant concentration, most of
the experimental data taken in the diffusional
regime fell in the Nabarro—Herring field. For this
reason, diffusivities used for magnesium and
oxygen grain-boundary diffusion were estimated
from creep experiments at the 0.05 cation % and
2.65 cation % dopant concentrations, respectively.
With respect to the experimental range at the
2.65% dopant level much of the deformation in
the diffusion controlled regime is mixed in charac-
ter, ie. [(GS)/M]Djy ~8,D§. Consequently,
both the magnesium lattice and the oxygen grain-
boundary diffusion coefficients were calculated
using the analysis developed by Gordon and
Hodge [12]. The magnesium grain-boundary dif-
fusion coefficient was estimated from the value
obtained experimentally at the 0.05 cation % Fe
dopant level. Finally, the non-viscous regime at the
2.65% dopant concentration was assumed to be
identical to that measured experimentally at the
0.53% dopant level at large grain sizes (<100 um)
{8].

5. Conclusion

The construction of deformation mechanism maps
for a polycrystailine ionic solid in which anion
and cation transport are coupled has been demon-
strated. Because of anion--cation ambipolar
coupling, two regimes of Coble creep are possible
in systems where anion grain-boundary transport
is rapid: (1) at low temperatures and small grain
sizes rate-controlled by cation grain-boundary
diffusion and (2) at high temperatures and large
grain sizes rate-controlled by anion grain-boundary
diffusion.

A new type of deformation mechanism map
was introduced in which the temperature and grain
size were primary variables. This map was shown
to be particularly useful for materials which
deform primarily by diffusional mechanisms.

Ambipolar diffusional creep theory was used to
construct several deformation mechanism maps in
the MgO and MgO-FeO—Fe,0; systems over a
wide range of experimental variables which in-
cluded stress, grain size, temperature and com-
position.
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