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Ambipolar diffusion gives rise to four distinct types of diffusion creep in ceramic
materials, depending on whether the processes of lattice and grain-boundary diffusion
creep are controlled by the anions or cations, respectively. These four processes are in-
corporated in a deformation mechanism map for diffusion creep in pure Al, 05, using a
new form of map which is independent of the selected stress level. This map may be used
to determine the rate-controlling mechanism for diffusion creep under any selected
experimental conditions. By superimposing dislocation creep on to the map, it is possible
to estimate the highest permissible stress and the {owest feasible temperature for
experimental observation of any of the diffusion creep processes.

1. Introduction

Since the work of Ashby [1] on the development
of deformation mechanism maps for a number of
different materials, deformation mapping has
become firmly established as an important tool in
the representation of mechanical data. The rapid
acceptance of this technique may be readily illus-
trated by noting that examples of maps are
included in several very recent introductory [2—4]
and advanced [5—8] texts.

Two basic types of deformation mechanism
map have been developed to date. The first type,
originally suggested by Weertman and Weertman
[9, 10], plots normalized stress against homolo-
gous temperature at constant grain size. The
second type, suggested by Mohamed and Langdon
[11], plots normalized grain size against normalized
stress at constant temperature.

Maps of both types have been presented for
several different ceramic materials. For the first
type, maps are now available for CoO [12-14],
MgAl, 04 [13], olivine [(Mgo.ssFeo.1s),8i04—
(Mgo. 95 Feq,05),Si04] [15—17],MgO [1, 15],NiO
[18], PbS [19], SiC [20], UC [21], UO, [1,22],
and ZrCq 95 [23]; for the second type, maps are
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available for Al,05, KClI, LiF, MgO, NaCl, and
UC [24].

When constructing deformation mechanism
maps, the procedure adopted is to estimate the
best constitutive equations for the various defor-
mation processes, and then to plot these relation-
ships in terms of two of the permissible variables.
To date, all of the maps developed for ceramic
materials have considered two distinct types of
stress-directed diffusional creep: Nabarro—Herring
creep [25, 26], where vacancies diffuse through
the lattice, and Coble creep [27], where vacancies
diffuse along the grain boundaries. In every case,
it has been assumed that the anions and cations
move together along the same path, and the
diffusional process is controlled by the movement
of the slower diffusing ion. In practice, however,
ambipolar diffusion may take place in an ionic
compound, so that there is simultaneous mass
transport of the anions and cations along parallel,
but different, diffusion paths. Under steady-state
conditions, the total flow associated with each
ionic component remains in the stoichiometric
ratio as a result of ambipolar diffusion, but the
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net current flow along each parallel diffusion
path is not necessarily zero.

It has been established that ambipolar diffusion
plays an important role in the creep of ceramic
materials [28—30]. The purpose of this paper is
therefore two-fold. First, to investigate the effect
of incorporating ambipolar diffusion in defor-
mation mechanism maps for ceramics. Second,
to demonstrate a new form of map, introduced
elsewhere [31], which is particularly suited for

ceramic materials. when ambipolar diffusion is.

included.

2. Diffusion creep in ceramics
When creep occurs by the Nabarro—Herring
process, the steady-state creep rate is given by

N

where Ay is a dimensionless constant (~240), €2, is
the molecular volume, b is the Burgers vector, G is
the shear modulus, k is Boltzmann’s constant, T is
the absolute temperature, d is the grain size, o is
the applied stress, and Dy is the coefficient for
lattice diffusion.

When creep occurs by the Coble process, the
steady-state creep rate is given by

com BT o

where Ag,, is a dimensionless constant (= 150/m),
& is the effective width of the grain boundary for
enhanced diffusion, and Dy, is the grain boundary
diffusion coefficient.

For monatomic materials, the vacancies may
diffuse along either path and the total strain rate

TABLE 1 Types of diffusion creep in ceramics

due to diffusional creep, €4, is equal to the sum of
the individual rates due to lattice and grain-
boundary diffusion:

€ac = €x T €go )

However, in an ionic compound of the type
AyBg, in which the valence of the cation 4 is §+
and the valence of the anion B is a—, both the
cations and the anions participate in the diffusion
process, and these two atomic species may diffuse
along different paths [28]. In this case, the total
strain rate is'given by [32]

. Q) (GB\ (Y
€de — Adc (b_3> (ﬁ) (E) (Eo')Dcomplex (4)

where Ag4. is a dimensionless constant (=240), and
Doompiex is defined as

(1/a) [D} +1.2(8* Dy, [d)]

[D} + 1.2(5* D" /)]
1+ (B/o) [D7+ 1.2(5 Dy /d)]

(5)

Dcomplex -

where DY, D'y, and 6 are the lattice diffusivity,
grain boundary diffusivity, and effective grain
boundary width, respectively, for the AP* cation,
and D7y, Dy, and 8~ are the same terms for the
B®™ anion.

Depending on the relative magnitudes of the
lattice and grain-boundary diffusivities for the
A and B ions, Equation 4 shows that there are
four possible types of diffusion creep in ionic
compounds: Nabarro—Herring creep controlled
by diffusion of either the cation (&%) or anion
(éw), and Coble creep controlled by diffusion
of either the cation (€%,) or anion (€¢,). The
equations for these processes are shown in Table I,

Type Equation Number
Cation-controlled + Ade AYIAYE Dt 6)
Nabarro—Herring creep Ve N e Na et

Anijon-controlled - |Adc){ v |[Gb \[b V(o D N
Nabarro—Herring creep €N = s \p* Ner N ]\G 1

Cation-controlied o _ [ 1.244c) {Sv) [GD 221 8" Dgn )
Coble creep €Co =\ 7y p* ||kt \d |G|\ <

Anion-controlled [ 124a.\ [y \[GB\(BY [0 \(6 Dy

Coble creep €Co = 8 B NerNalle d ®
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Figure 1 Logarithmic creep rate versus
the reciprocal of homologous tempera-
ture for a hypothetical compound A,Bg,
indicating the four diffusion creep
processes and the calculations to
- determine the rate-controlling mechan-
€ ism. (a) Cations control the behaviour
> at low temperatures and anions at high
2 | temperatures; (b) anions control the
= i N
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representing the four limiting conditions of
Equation 4.

The various classes of behaviour arising for
different values of grain size and temperature are
described in detail elsewhere [32]. Under any
experimental conditions, it follows from Equation
4 that the total strain rate experienced by an
ionic compound during diffusion creep is deter-
mined by the movement of the slower diffusing
species along the faster diffusion path.

An examination of Equations 6 to 9 shows
that, neglecting the terms 1/a and 1/8 for cation
and anion control, respectively,* and also the
relatively minor difference of a factor of 1.2 in
the relationships for Coble creep, the rate-control-

ling process is determined exclusively by the
relative magnitudes of Dy, Dy, 8'Dgy/d, and
8 Dgp/d. Since the two relationships for Coble
creep include an inverse dependence on grain size
in addition to the standard (b/d)? term, the rate-
controlling process under any experimental
conditions depends on both temperature and grain
size.

The temperature dependence at constant grain
size is illustrated schematically in Fig. 1 for a
hypothetical compound A,Bg, where the loga-
rithmic creep rate (in arbitrary units) is plotted as
a function of the reciprocal of the homologous
temperature, 7y, /7, from 0.4 to 1.0 Ty, where
Ty, is the melting point of the material in degrees

*For many ceramic materials, such as BeO, LiF, MgO, and NaCl,'Equations 6 to 9 are simplified because a =8 = 1.
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Kelvin. The four lines shown in the upper portions
of the diagrams represent typical creep rates for
€%, €N, €60, and €g,, Tespectively™.

Over any selected range of temperature, the
rate-controlling mechanism is obtained by a two-
step procedure. First, it is necessary to identify the
faster process for both the anions and the cations,
since this indicates the preferred diffusive paths.
Second, it is necessary to determine the slower of
these two processes, since this gives the rate-
controlling mechanism.

The relevant calculations are shown in the
lower portions of Fig. 1, and the rate-controlling
process is indicated by the thicker line in the
upper portions. For example, at the lowest tem-
peratures in Fig. la, Coble creep via the grain
boundaries is the faster process for both the
cations (€go > €xy and the anions (€g, > €x). A
comparison of the two Coble creep rates shows
that €5, < €z, SO that the rate-controlling process
is Coble creep for the AP* cation.

For this hypothetical case, Fig. 1a shows four
distinct regions of behaviour over the temperature
range from 04 to 1.0 Ty, cation-controlled Coble
creep, cation-controlled Nabarro--Herring creep,
anion-controlled Coble creep, and anion-controlled
Nabarro—Herring creep. This result is significant
because it reveals the possibility of a transition
from Nabarro—Herring creep to Coble creep with
an increase in temperature at constant grain size.
This situation contrasts with monatomic systems
where, at constant grain size, the transition is
always from Coble creep to Nabarro—Herring
creep with increasing temperature. As indicated in
Fig. 1a, the transition in ionic compounds is
accompanied by a change in the rate-controlling
ion.

A similar set of data is shown in Fig. 1b, except
that in this case the B*~ anion is the rate-control-
ling species at the lower temperatures. An alter-
native possibility, not illustrated in Fig. 1a, is a
transition from the two Coble processes at the
lower temperatures to the two Nabarro—Herring
processes at the higher temperatures: for example,
Coble (B*™) - Coble (AP*) > Nabarro—Herring
(B*~) - Nabarro—Herring (A®*). As will be

demonstrated, in a real material for a single grain
size, all four mechanisms are not necessarily

revealed over the temperature range from 0.4 to
1.0Tm.

3. Diffusion creep in aluminium oxide
Undoped aluminium oxide was selected for the
purpose of illustration, because of the availability
of good experimental data for both the lattice and
grain boundary diffusivities.

For the cation, the lattice [33] and grain-
boundary [34] diffusion coefficients are given by

Df = 28 exp (—478 000/RT) cm? sec™!

(10)
and
8"Dg, = 8.6 x 107* exp (—419 000/RT) cm? sec™!
(11)

where R is the gas constant (8.31 Jmol™! K™1).
For the anion, the lattice diffusion coefficient is
given by [35]

Di = 1.9 x 10® exp (—637000/RT)cm? sec™!
(12)

The value of 8 Dg, for the anion was estimated
from the line calculated as a lower bound by
Cannon and Coble [34] (see their Fig. 8), to give

8 Dg, = 2x 107 exp (—226 000/RT)cm® sec™
(13)

In addition, £, =4.20x 1072 ¢m?® and b=
4.75 x 1078 cm for slip on the {0001} (1120)
basal system in Al,0j3. Taking 44, =40 in
Equations 6 to 9, and using the diffusivities given
by Equations 10 to 13, the creep rates in arbitrary
units were logarithmicaily plotted against Ty, /T
for four grain sizes, each differing by an order of
magnitude, from 10um to l1emt. The results,
shown in Fig. 2, are in the same format as Fig. 1,
and again indicate the calculations required to
determine the rate-controlling process. Fig. 2a
shows that cation-controlled Coble creep is the
dominant process over the entire temperature
range for a grain size of 10 um; but, as indicated in
Fig. 2b, an increase in grain size to 100 um leads to
a transition to cation-controlled Nabarro—Herring

*Since Qg < 01, Where Qg and O are the activation energies for grain-boundary and lattice diffusion, respectively, the
slopes of the lines for Coble creep in Fig. 1 are necessarily lower than the slopes for Nabarro—Herring creep for the

same ion.

TFor convenience, the creep rates were expressed in arbitrary units so that the term (Q,/b®) (Gb/kT) (b/d)? (a/G),
which is common to each equation for diffusion creep, may be excluded. The creep rates shown in Fig.2 were calcu-

lated from the first and last terms in Equations 6 to 9.
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Figure 2 Logarithmic creep rate versus the reciprocal of homologous temperature for polycrystalline Al, O, having
grain sizes of (a) 10 um, (b) 100 um, (c) 0.1 cm, (d) 1 cm. The calculations indicate the rate-controlling process.

creep at a temperature of ~ 1250 K. Because the
slopes of the lines for €¢, and €y are very similar
it is difficult to use Fig. 2a to derive the exact
temperature of transition from cation-controlled
Coble creep to cation-controlled Nabarro—Herring
creep. As will be demonstrated by the use of a
deformation mechanism map, the transition
occurs at a temperature which is slightly below the
melting point for a grain size of 10 um.

The form of the transition shown in Fig. 2b,
from Coble creep at lower temperatures to
Nabarro—Herring creep at higher temperatures, is
in conformity with the standard behaviour in

monatomic systems, whereas for a grain size of
0.1 cm, given in Fig. 2¢, cation-controlled Nabarro—
Herring creep dominates over most of the tem-
perature range but there is a transition to anion-
controlled Coble creep at temperatures above
~2000K. The transition from Nabarro—Herring
creep at lower temperatures to Coble creep at
higher temperatures is also evident for a grain
size of 1 cm, as shown in Fig. 2d, but, because of
the additional 1/d term in Equation 9 which
reduces the magnitude of €g, at larger grain sizes,

the transition temperature is then reduced to
~1800K.
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4. A deformation mechanism map for

diffusion creep in Al, O,

4.1. Construction of the map

The equations for diffusion creep in a ceramic
material are given in Table I. An important simi-
larity between these processes is that each is
linearly related to the applied stress. The two
variables in the constitutive relationships are
grain size, because of the additional 1/d term in
the Coble equations, and temperature, which
enters as an exponential term through the dif-
fusion coefficient.

As discussed elsewhere [31], when several
mechanisms have the same dependence on stress,
such as Newtonian viscous processes in diffusion
creep, it is possible to construct a simple defor-
mation mechanism map which is independent of
the selected stress level. This is achieved by
plotting the normalized grain size, d/b, as a
function of the reciprocal of the homologous
temperature, T, /T, from 0.4 Ty, to the melting
point. A reciprocal temperature relationship is
used so that the boundaries separating the various
fields in grain size—temperature space appear on
the map as straight lines.

Following the construction procedure described
elsewhere [31], Fig. 3 shows the map obtained for
Al, O3 using Equations 6 to 9. The lines in Fig. 3
represent the boundaries between fields within
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Figure 3 Deformation mechanism map of normalized

grain size versus the reciprocal of homologous tempera-

ture for the four diffusion creep processes in Al,O,.

This map is independent of the selected stress level.

which a single diffusion creep mechanism domi-
nates the behaviour. The scale of normalized grain
size, d/b, is from 2 x 10® to 2 x 108, which cor-
responds to grain sizes from ~ 1 um to 9.5 cm.

As indicated on the map, cation-controlled
Coble creep is the dominant mechanism of dif-
fusion creep at low temperatures and small grain
sizes. As the temperature and grain size are
increased, there is a transition to cation-controlled
Nabarro—Herring creep, anion-controlled Coble
creep, and, at very large grain sizes (d > 2 cm) and
temperatures very near to the melting poiht
(T>2300K), anion-controlled Nabarro—Herring
creep.

The map shown in Fig. 3 is independent of the
stress level. Provided the stress is sufficiently low
in a real situation that the behaviour is controlled
by diffusion creep rather than a dislocation
mechanism, the rate-controlling process may be
obtained directly from the map. Maps of the
type shown in Fig. 3 represent a powerful tool in
the evaluation of creep behaviour*. For example,
for polycrystalline samples of Al, O3 having grain
sizes in the range from 100 to 500um tested at
temperatures from 1500 to 2000K, the map
shows that the rate-controlling process in the
diffusion creep regime is Nabarro—Herring creep
controlled by diffusion of the AI** jons. Con-
versely, if the same samples are tested at 1000K,
the rate-controlling process is Coble creep control-
led by diffusion of the AI** ions.

4.2, Insertion of constant strain rate
contours
The field boundaries in Fig. 3 trace out the loci of
points where the two adjacent processes have equal
strain rates. It is a simple procedure to insert
contours of constant strain rate on to the map for
any selected stress level, since the field boundaries
remain fixed in grain size—temperature space.
Two examples are shown in Fig. 4, correspond-
ing to values of normalized stress, 6/G, of 1076
and 1073, respectively. Fig. 4a shows the con-
tours for two strain rates of particular interest,
107! and 107° sec™, corresponding to an upper
limiting strain rate for many structural design
purposes and a lower limiting strain rate for most
laboratory experiments,: respectively. For simpli-
city, the contours are shown as straight lines up
to the field boundaries, although in practice this
introduces a slight error because the contours are

*The completion of the map through the incorporation of dislocation creep is described in Section 5.
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Figure 4 Deformation mechanism map of normalized grain size versus the reciprocal of homologous temperature for
the four diffusion creep processes in Al, O,, showing constant strain rate contours for normalized stresses of (a) 107,

(b) 1073,

curved in the immediate vicinity of the boundaries.
The contours shown in Fig. 4 were inserted by a
simple procedure described elsewhere [31]. If
required, the exact positions of the contours may
be calculated over the entire map by solving
Equation 4 with a computer, thereby including
the curvature in the vicinity of the field bound-
aries. In view of the rather large uncertainties
associated with the diffusion coefficients for
Al, 03, as given by Equations 10 to 13, and with
the corresponding uncertainties in the diffusion
coefficients for other ionic compounds, it seems
reasonable not to include this additional refine-
ment at the present time. As indicated by a
comparison of Figs. 4a and b, the effect of an
increase in stress level is to displace the contours
to larger grain sizes.

5. Deformation mechanism maps for

Al, O, including dislocation creep
The map developed for Al,0; in Fig. 3 relates
specifically to the four Newtonian viscous pro-
cesses of diffusion creep. The map is therefore
incomplete for use at all stress levels during high
temperature creep, because Al,0; may also
deform by a dislocation process.

The steady-state creep rate for the dislocation
mechanism is given by

n
. Gb\| o
© A(FT) ('5) D

(14)

where Dy is the lattice diffusion coefficient for the
slower moving ion (D7 for Al,03), and 4, and n
are constants. Based on the available creep data for
polycrystalline Al,Og, it is estimated that n =23
and A, =4 [24]. The precise nature of the dis-
location process is not known at the present time,
and the mechanism is henceforth designated
dislocation creep.

It is evident from Equation 14 that dislocation
creep is independent of grain size but varies with
the applied stress raised to the third power. This
means that the mechanism is primarily important
at large grain sizes, and also that it increases in
importance as the stress level is raised. This effect
is demonstrated by the deformation mechanism
maps in Fig. 5 for normalized stresses of 107°,
107, and 1073, respectively. The field boundaries
for the diffusion creep processes remain in identical
positions at all stress levels, but dislocation creep
gradually extends to smaller grain sizes and lower
temperatures as the stress is increased. The
constant strain rate contours are again shown in
Fig. 5, to permit a direct comparison with Fig. 4.

An examination of Fig. - 5a shows that it is
experimentally impossible to observe Nabarro—
Herring creep controlled by anion diffusion in
pure Al,O5. At ¢/G = 107%, the field for anion-
controlled Nabarro—Herring creep is excluded by
the dislocation creep process. This latter process
may be removed from the map by decreasing the
value of 0/G, but the strain rate contours are then
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Figure 5 Deformation mechanism map of normalized
grain size versus the reciprocal of homologous tempera-
ture for diffusion creep and dislocation creep in Al, O,,
for normalized stresses of (a) 107¢, (b) 107%, (c) 1073,

displaced to smaller grain sizes. It is apparent that
the strain rates associated with anion-controlled
Nabarro—Herring creep are too small to measure
in laboratory experiments.

It is also evident from Fig. 5a that it is difficult,
but not impossible, to experimentally observe
anion-controlled Coble creep in pure Al, 05, since
the required temperatures are very high and the
resultant strain rates are near to the lower limit of
convenient laboratory detection.

A comparison of Figs. 5b and c reveals two
criteria which must be fulfilled in order to observe
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laboratory experiments on pure Al,O3: (1) the
normalized stress level must be less than ~ 1073,
since at higher stresses the cation-controlled
Nabarro—Herring field is effectively excluded by
the dislocation creep process; (2) the testing
temperature must be above ~1600K, since at
lower temperatures the strain rates are too slow
for convenient measurement at the required stress
levels.

6. Discussion
Deformation mechanism maps provide a very
useful method of displaying mechanical data,
especially for conditions of high temperature creep.
The maps developed in this report differ in two
important respects from those previously pub-
lished for ceramic materials. First, the maps
recognize the presence of two atomic species in
ceramics, by incorporating ambipolar diffusion
to give four constitutive relationships for dif-
fusion creep. Second, the maps are presented in
a new format which is particularly suited for ionic
compounds at high temperatures. By plotting
normalized grain size, d/b, against the reciprocal of
homologous temperature, Ty, /T, for pure Al, 05,
it is demonstrated that the four alternative pro-
cesses for diffusion creep may be represented on a
simple map which is independent of the selected
stress level.

Although simple to construct, maps of this
type provide very useful information in the
planning and interpretation of creep experiments.



Since each of the four diffusion creep processes
is only dominant over a limited range of tempe-
rature and grain size, the map may be used to
determine the rate-controlling mechanism for
diffusion creep under any selected experimental
conditions. By superimposing on to the map the
best available data for dislocation creep, estimates
may be made of the highest permissible stress and
the lowest feasible temperature for experimental
observation of any of the diffusion creep processes
(for example, from Fig. 5c, 6/G <107 and T >
1600K for cation-controlled Nabarro—Herring
creep in Al,03).

It must be emphasized that all deformation
mechanism maps are necessarily only accurate
within the accuracy of the constitutive relation-
ships, and the values for the various diffusion
coefficients, used in their construction. This is
clearly important in ceramic materials, where
there is often rather limited information on the
appropriate values for §"Dg, and 5 Dg,. A map
of the type developed for diffusion creep processes
in Al,0; (Fig. 3) represents a best estimate based
on the diffusion data available at the present
time. Any future improvements in the experi-
mental measurements of the diffusion coefficients
will, of course, lead to modifications and improve-
ments in the map.

Finally, it should be noted that no attempt
has been made in this report to examine the effect
of doping on the positions of the field boundaries
in the maps. Since selective doping may signifi-
cantly affect the values of the diffusion coef-
ficients, this leads to the possibility of using
doping to modify the basic deformation mechan-
ism map for the diffusion creep processes.

7. Summary and conclusions
(1) In an ionic compound, ambipolar diffusion
may take place so that there is simultaneous mass
transport of the anions and cations along parallel,
but different, diffusion paths. This gives rise to
four distinct types of diffusion creep, depending
on whether Nabarro—Herring and Coble creep is
controlled by the anions or cations, respectively.
(2) Ambipolar diffusion was incorporated in a
deformation mechanism map for diffusion creep in
pure Al,0;, using a new form of map which is
independent of the selected stress level. This map
indicates the rate-controlling mechanism for dif-
fusion creep under any selected experimental
conditions.

(3) By superimposing dislocation creep on to
the map, it was demonstrated that (a) it is experi-
mentally impossible to observe anion-controlled
Nabarro—Herring creep in pure polycrystalline
Al, 05 in the laboratory, and (b) it is difficult to
observe anion-controlled Coble creep in Al, 0,
because the required temperatures are very high
and the resultant strain rates are near to the lower
limit for laboratory detection.
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