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High temperature creep of ultrafine-grained
Fe-doped MgO polycrystals
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Creep deformation in ultrafine-grained (0.1 to 1 um) Fe-doped magnesia polycrystals
is studied in compression, at temperatures of 700 to 1050° C, and constant loads of 50
to 140 MPa. The stress exponent observed to be nearly unity and the strong grain size
sensitivity (é ~d~2-%°) suggest that diffusional creep mechanisms dominate the
deformation. In the grain size range of the present study the grain boundary diffusion
contribution is significantly more important than lattice diffusion. Magnesium is
tentatively identified as the rate-controlling species along grain boundaries from an
analysis of the diffusivities inferred from the present work and from other authors for

Fe-doped magnesia.

1. Introduction

The mechanical properties of fully dense, fine-
grained magnesia polycrystals have been of interest
for a long time [1-9]. In many creep experiments
published on MgO polycrystals, viscous defor-
mation has been reported for materials at small
grain size (<30um) [1-4,6,8,9]. In most of
these works, the experimental data fall in a grain
size range which is controlled by Nabarro—Herring
creep, and up to now evidence was found only
once for a creep controlled solely by grain
boundary diffusion [6]. However, in ultrafine-
grained ceramics, the possibility should exist for
observing a predominant grain boundary creep
behaviour.

Experiments at very small grain sizes are com-
plicated by problems associated with specimen
fabrication and grain growth during test. An
ultrafine-grained (~ 0.1 um), almost fully dense
(91%) MgO has been produced by reactive hot-
pressing. This paper deals with the role of grain
boundary diffusion on the deformation of these
ceramics in a grain size range of 0.1 to 1um. A
further paper will be concerned with the micro-
structure and grain boundary sliding. The creep
rate due to the vacancy stress-directed diffusion
between grain boundaries at elevated tempera-
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tures is usually written for a metal as [10]
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where € is the compressive creep rate under the
applied compressive stress o, D; and Dy, are the
lattice and grain boundary diffusivities, & is the
width of the grain boundary region in which
enhanced grain boundary diffusion occurs, d is the
grain size, £ the atomic volume and kT has its
usual meaning.

For ceramics like MgO, several possible mass
transport mechanisms dependent on nature and
concentration of dopants can occur [11] :intrinsic/
extrinsic isolated vacancy diffusion, or vacancy
pair diffusion. In the case of isolated vacancy
diffusion, both ions must of course diffuse and
Equation 1 becomes [12]
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where ¢ is the MgO molecular volume, and the
superscripts refer to cations and anions. In the case
of a vacancy pair diffusion, Equation 1 remains
relevant but D; and Dy, are now lattice and grain
boundary vacancy pair diffusivities and £2 must be
taken as Q.

Passemore et al. [2] were the first to study the
deformation of fully dense MgO as a function of
temperature, stress, and grain size for grain sizes
from 2 to 20 um. They found the observed creep
rate versus grain size dependence is described by
an exponent — 2.5 for grain sizes between 5 and
20 um, leaving unclear whether lattice or grain
boundary diffusion is the rate-controlling
mechanism in this experiment. This work led to
further investigations in the search for diffusional
creep in fully dense magnesia and Terwilliger et al.
[6] reported Coble creep for Fe-doped MgO
(0.05 to 0.25%Fe cations) with grain sizes
between 5 and 14pum at 1300° C. However, it
cannot be concluded definitively which ionic
species controls the boundary diffusion process.

In the work reported here, we show that
diffusional creep is predominant over the range of
temperatures (700 to 1050°C) stresses (50 to
140MPa) and grain sizes (0.1 to 1um) studied,
and that our results are consistent with the grain
boundary controlled creep behaviour as found
by Terwilliger et al. [6] .

2. Experimental procedure

2.1. Specimen fabrication

Ultrafine-grained polycrystalline MgO is produced
by reactive hot-pressing during the dehydroxylation
of magnesium hydroxide powder at temperature
900° C and pressure 110MPa for 15min. All as-
pressed specimens (Specimens A) have an average
grain size of 0.1 um, as determined by both the
X-ray line broadening method and electron micro-
scope characterization [13]. All specimens are
>91% dense and doped with 0.5% Fe cations. In
order to determine the grain size effect on creep
rate, larger grained specimens have been obtained
by annealing at 900°C for 2h (Specimen B), and
at 1100° C for 6 h (Specimens C).

Flectron microscopical observations will be
described in a further paper. They show mainly
the localization of some porosity at triple points
and the lack of dislocations in most of the grains
with size < 3 um.

In order to keep porosity and grain size as
stable as possible during tests, the samples are
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always crept below the hot-pressing or sintering
temperature. With these precautions the density
of samples, determined before and after creep
using a hydrostatic weighing technique, remains
nearly constant during creep tests.

2.2. Creep testing

For the creep tests, samples are cut from the
pressed discs into 2 x 2 x Smm® parallelepipeds
parallel to the pressing direction. Compression
creep tests are conducted in air throughout the
temperature range 700 to 1050° C, using constant
load equipment described elsewhere [14]. Stresses
up to 160MPa are transmitted to the sample by
alumina rods and sapphire discs which prevent
indentation. The strain is measured by a sapphire
probe which activates an LVDT and is continuously
recorded.

The stress dependence of creep rate is deter-
mined both by the differential and the con-
ventional method, i.e. either by stress jumps on
the same sample, or by comparing several samples
at different stresses. Creep activation energies are
obtained both from the Dorn technique, and from
log € versus T™! plots.

3. Results

(a) Specimens A have been allowed to creep
between 700 to 860° C at a stress of 140 MPa, as
reported earlier [13]. After several tem hour
periods the quasi-steady state strain rate levels out
in the range 107® to 107 7sec™. The stress
exponent, as obtained from differential tests
(Ao >~ 0.130) is found to be nearly unity over
the whole temperature range. The apparent
activation energy, about 36kcal mole™ as
determined from a log € versus 77" plot (Fig. 1)
is surprisingly low in comparison with the usual
values in MgO (from S50kcal mole ™ to 120kcal
mole™).

In order to confirm this value, and to investi-
gate the grain size dependence, larger grained
specimens, Specimens B and C have been also
tested.

(b) Specimens B with 0.2 um grain size, have
been allowed to creep at 730 to 860° C and 140
MPa. Representative examples of creep curves are
presented in Fig. 2. They are quite similar to the
ones obtained for Specimens A. After a long initial
period, a quasi-steady state is achieved. However,
due to a larger initial grain size (by a factor 2),
quasi-steady state creep rates are lower. The ap-
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Figure 2 Creep curves at o = 140 MPa, initial grain size = 0.2 ym.
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Figure 3 Creep rate versus stress curve at
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parent activation energy, obtained from a log €
versus T plot, (Fig. 1) is found to be 54 kcal
mole™" .

The difference between these two apparent
energies for otherwise quite comparable samples
can only be ascribed to some microstructural
feature, i.e. the grain size. If a slight grain growth
does occur during tests at the highest tempera-
tures, then apparent rates are correspondingly
lowered, and so is the apparent energy. Now the
smaller the initial size, the larger this effect should
be, as is observed (Fig. 1).

In order to avoid grain growth problems creep
activation energies were redetermined using the
Dormn technique, i.e. performing the temperature
changes on a single creep sample. In this case, grain
sizes remain nearly constant during the tempera-
ture change (AT small, comparison of short-time
creep rates). With this technique, more consistent:
results are found for Specimens A, AH yep, = 87
17kcal mole™, and for specimens B, AHoep =
88 + 16 kcal mole . ‘

{c) A third series of specimens, Specimens C of
grain size 1 um, has also been allowed to creep at
880 to 1050° C and 100 MPa.
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After a much shorter period than above,
generally less than five hours, quasi-steady creep
rates are obtained in the range 1077 to 107 % sec™*.

The stress dependence is determined from iso-
thermal tests at 977° C and stresses in the range
50 to 140 MPa. Plotting log € versus log o gives a
stress exponent n =1.1. Further confirmation
is obtained on a linear scale which yields a straight
line passing through the origin (Fig. 3). This shows
clearly, together with the results on Specimens A,
that viscous creep is predominant in MgO over the
whole range 700 to 1050° C, 50 to 140 MPa, and
0.1 to 1 um.

The creep activation energy for lum size is
found to be AHgeep = 90kcal mole™ from a
simple log é versus T-! plot (Fig. 1). This value is
quite comparable with those observed by the Dorn
technique on 0.1 um and 0.2 um samples and with
the one reported by Passemore et al. [2] for 3 um,
showing that here no grain growth affects the
measurement.

Finally the grain size dependence can be de-
termined from the slope of a log—log plot of é/a
versus grain size at 730°C. The data for 1um
samples are measured for temperatures of 880° C
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Figure 4 Log é/(o — log grain size) curve at 730° C.

and above, so that values extrapolated from Fig. 1
to 730° C have been used. A straight line with a
slope m = —2.85. describes the data reasonably
(Fig. 4).

4. Discussion

As suggested by the value near unity found for the
stress exponent for submicron as well as micron
sized grains, diffusional creep must be the pre-
vailing mechanism in these ultrafine-grained
magnesia. The grain size exponent, — 2.85, on the
other hand (see in Fig. 4) suggests Coble creep
(¢ ~ d®) makes a significant contribution to
the total creep strain. However, the deviation of
this non-integer exponent from 3 might be in-
dicative of a slight contribution of lattice diffusion
also, for it is obtained from data taken over a
decade in grain size.

Since the nature of the controlling diffusing
species is not yet definitively stated, it is of
interest to attempt to determine the rate-
controlling diffusivities. Following the analysis of
Cannon et al. in Al, 05 [15], controlling diffusi-
vities are inferred from our data by assuming
Equation 1 is applicable with either lattice or
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fusivities from this work and from [3, 4, 6,
9], with tracer diffusivities from [16—18, "
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MgO; 4 0.1 um; © 0.2 ym; w 1 ym;in air. [6]: 10—17 [20] L
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in air. 0.5% Fe cation-doped MgO; + 19 um; |
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Figure 6 Apparent boundary diffusivity-widths
from this work and from [6, 8, 12]. This work:
0.5% Fe cation-doped MgO; 4 0.1 um; @ 0.2 um;
& 1um;in air. [8, 12]: 0.05% Fe cation-doped
MgO; @ 7 to 9 um; in air. [6]: 0.05% Fe cation-
doped MgO; @ 5 to 14 um; in air.
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boundary diffusion prevalent. The obtained lattice
diffusivities are plotted versus T~' in Fig. 5, while
the boundary ones are shown in Fig. 6. Again, it
can be noted that our data points fall along a
unique straight line in a much better fit when
boundary diffusion applies; moreover they agree
reasonably well with data from other authors
obtained for sizes below 15 um in this case.

Although direct diffusivity measurements are
not available for comparision with each possible
type of isolated vacancy it is possible to set a scale
of diffusivities from the knowledge of the nature
of lattice versus boundary creep diffusion.

Firstly, it is clear that lattice diffusion by
oxygen vacancies makes a negligible contribution
to mass transport kinetics, since creep diffusivities,
as reported in Fig. 5 for grain sizes below 30 um
from different authors, are several magnitudes
higher than measured oxygen diffusivities, as it has
been previously noted by Gordon [15]. Now
lattice diffusion is supported by a number of creep
data® for sizes in the range 10 to 30 um, where a

grain size dependence closer to 2 than to 3 is
found (Passemore et al. [2} : — 2.5 from 5 to 20 ym;
Terwilliger ef al [6] :—2 from 15 to 30pum;
Tremper et al. [9]:—1.95 from 10 to 30um).
Therefore, from the expression of D gamplex given
in Equation 2 where DP has been made negligible,
the only possibility consistent with the above
statement is

moDyE pVE < o DF
d d

At the other end of the size range 10 to 0.1 um,
the grain size dependence is found, on the con-
trary, to be closer to 3 than to 2 (Terwilliger ef al.
[6] : —3 from 10 to 4 um, this work: —2.85 from
1 to 0.1um) in favour of boundary diffusion
control. Refering back to Equation 2, with respect
to the above inequality for the boundary-width
diffusivities, it is seen that it has to be

78D} _ s DN
d

>
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*Creep data for Fe-doped magnesia with dopant level < 0.5% Fe cations are only quoted here, and the same applies in

Figs. 5 and 6.
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So that the consistent scale of diffusivities should
be

78 DME
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at least for Fe’*-doped magnesia, and 10um >
d=0.1 um.

Considering now this work, it follows from
above that both ions are transported through
grain boundaries, the magnesium grain boundary
diffusion being rate controlling. This result is quite
complementary with electron micrograph ob-
servations done in our laboratory on 1 um grains.
These show that some boundary opening up and
some porosity redistribution around the grains
along boundaries, are the major features after
creep straining.

The apparent magnesium grain boundary dif-
fusivity can be estimated from our creep data. The
plot in Fig. 6 gives

§DYE = 34 %1073

—96 kcal mole™

T (cm?*sec™t).

&)

Although no direct measurement of 8§Dy is
available, this expression can be compared to a
similar creep diffusivity inferred from Gordon
et al. [8]

50Me = 15x 107!

exp

—108 kcal -
exp 108 kcal mole (em?sec™)

kT
(4)

for 0.05% Fe-doped MgO allowed to creep in air
at 12000 1300°C and 7 to 9 and 5 to 14 um grain
size. These two results give similar diffusivities in
the observed creep conditions by a balance
between the activation energies and the pre-
exponential factors; but because of the larger
range in the investigated temperatures, we think
that our Equation 3 is more reliable, although
good precision on activation energies cannot be
claimed (compare, for example, with the value
near 90 kcal mole™ measured by differential tests
in Part 3).

It is generally recognized that activation energy
for boundary diffusion must be equal to or slightly
less than that for lattice diffusion. The activation
energy of 96 kcal mole™ found here for mag-

nesium boundary diffusivity is lower than the
average value of 120kcal mole™ found in other
creep studies by Trember et al. [9] for the mag-
nesium sublattice.

All creep results discussed here are for doped
MgO, so that cation lattice diffusivity should be
extrinsic. Consistently, all the energies above creep
activation energy are higher than that reported for
magnesium tracer diffusion in MgO [16—18]. It
is generally suggested that high activation energy
in an oxide which is doped with a transition metal
probably results from a contribution of tempera-
ture dependence from both the Fe3*/Fe" ratio
and the solubility of the dopant {9, 19]. However,
it can be noted that Tagai er al. [3, 4] found also
a high activation energy of 104 kcal mole™ for
both a 0.55% Fe cation-doped and a much purer
MgO, and Tremper er al [9] reported a high
activation energy of ~ 117kcal mole™ in a large
range of dopant levels. Furthermore, the apparent
boundary diffusivity deduced here is close to the
one inferred from the creep studies of Gordon
et al [8] for a 0.05%Fe cation-doped MgO.
Therefore 8 Dy, appears to be insensitive to dopant
levels.

This remark raises the question of a possible
change in the basic diffusion mechanism for creep
in doped materials from isolated vacancy diffusion
to vacancy pair diffusion, as it has been suggested
in Al**-doped MgO [11], where the creep acti-
vation energy of 120kcal mole™ is correlated
with lattice vacancy pair diffusion. In this case our
96 kcal mole™ would represent the energy of the
boundary vacancy pair diffusion, again smaller
than the lattice value.

Acknowledgements

The financial support of CNRS is acknowledged.
J. Crampton is grateful for helpful discussions with
Drs R. M. Cannon and A. H. Heuer. We should also
like to thank Dr A. Risbet for his assistance at the
start of the project and Professor A.C.D. Chaklader
for providing us with the samples.

References

1. T.VASILOS, J. B. MITCHELL and R. M. SPRIGGS,
J. Amer. Ceram. Soc. 47 (1964) 203.

2. E. M. PASSEMORE, R. H. DUFF and T. VASILOS,
ibid. 49 (1966) 594.

3. H.TAGAIand T. ZISNER, ibid. 51 (1968) 303.

Idem, ibid. 51 (1968) 310.

5. J.H.HENSLER and G. V. CULLEN, ibid. 51 (1968)
557.

=Y

2625



6.

10.
11.
12.
13.

14.

G. R, TERWILLIGER, H. K. BOWEN and R. S,
GORDON, ibid. 53 (1970) 241.

T. G. LANGDON and J. A. PASK, Acta. Met. 18
(1970) 505.

R. S. GORDON and G. R. TERWILLIGER, J. Amer.
Ceram. Soc. 55 (1972) 450.

R. T. TREMPER, R. A. GIDDINGS, J. D. HODGE
and R. S. GORDON, ibid. 57 (1974) 421.

R. RAJ and M. F. ASHBY, Met. Trans. 2 (1971)
1113.

M. HURM and B. ESCAIG, J. de physique. 34
(1973) 347.

R. S. GORDON, J. Amer. Ceram. Soc. 56 (1973)
147.

J. CRAMPON, A. C. D. CHAKLADER and B.
ESCAIG, J. Phys. Lett. 37 L. (1976) 299.

N. DOUKHAN, R. DUCLOS and B. ESCAIG, J.
Phys. 34 (1973) 379.

2626

15.

16.

17.

18.

19.

20.

21.

R. M. CANNON, W. H. RHODES and A. H. HUEUR,
to be published.

R. LINDNER and G. D. PARFITT, J. Chem. Phys.
26 (1957) 182.

B. C. HARDING and D. M. PRICE, Phil. Mag. 26
(1972) 253.

B. J. WUENSCH, W, C. STEELE and T. VASILOS,
J. Chem. Phys. 58 (1973) 5258.

G. W. HOLLENBERG and R. S. GORDON, J. Amer,
Ceram. Soc. 56 (1973) 109.

Y. OISHI and W. D. KINGERY, J. Chem. Phys. 33
(1960) 905.

J. NARAYAN and J. WASHBURN, Acta. Met.
21 (1973) 533.

Received 28 February and accepted 26 May 1978.



