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The Temperature-Dependence of the
Strength of Polycrystalline MgO
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The temperature-dependence of the strength of a range of polycrystalline magnesias has
been studied. Fracture occurs either by the extension of inherent flaws or is initiated by
plastic flow. It has been possible to give a quantitative account of the effects of
temperature, grain-size, porosity and surface condition on the strength of polycrystalline

magnesia.

1. Introduction

There have been many attempts to explain the
brittle fracture of polycrystalline oxides but these
are mostly empirical in nature and not of general
applicability. This paper presents a general
approach to strength which can, in principle,
be applied to any material at temperatures
below that at which significant ductility is
obtained. The approach is demonstrated by
reference to the temperature-dependence of the
fracture strength of a range of magnesias with
various grain-sizes and porosities.

It is recognised that fracture can originate
either from flaws present prior to testing or
from flaws produced by plastic deformation
during testing. In the former case the fracture
strength (o¢) is given by a modified Griffith

equation:
2E'yi %
g = ( 7T_C" > ’ (1)

where E is Young’s modulus, y; an effective
surface energy for fracture-initiation and C a
flaw-size. In the latter case flaws are nucleated
by plastic processes such as dislocation pile-ups
or grain-boundary sliding. Hence, it may be the
stress needed to nucleate the flaw or the stress
needed to propagate it that is the controlling
factor. One requires, therefore, estimates of the
stresses needed to propagate existing flaws, to
nucleate fresh flaws and to propagate fresh flaws.
A comparison of these stresses will indicate the
controlling mechanism.

Experimentally, one needs to determine: the
effective surface energy for fracture-initiation,
the size of existing flaws, and the stresses at
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which new flaws are created. The flaw nucleation
stress 1s related to the flow stress for primary
slip (o0) [1] or the macroscopic flow stress (o¢)
[2].
An earlier study [1] showed that the room
temperature fracture stress of fully dense MgO
is sensitive to the surface condition, the grain-
size and the dislocation flow stress. In the chemi-
cally polished condition fracture is found to be
dislocation-initiated, and is congistent with the
stress to initiate a crack according to the Stroh
model [3]. The fracture stress is given by:

ot = 0o + ks G, 2

where k¢ is a constant that depends on the energy
for crack-initiation and G is the grain-size: o, 18
independent of grain-size. The temperature-
dependence of the strength of a similar material,
in the chemically polished condition, has been
studied by Day and Stokes [4]. Between 600 and
~1400° C the fracture stress is found to decrease
with an increase in temperature in a manner
similar to the single crystal flow stress. They
suggested, therefore, that fracture in this
temperature range is dislocation-initiated, which
is consistent with our room temperature
observations. In the as-machined condition, at
room temperature, the fracture mechanism is
different and fracture occurs by the extension of
the flaws produced by machining. The fracture
stress is given quantitatively by equation 1. The
temperature-dependence of the strength of as-
machined material should differ, therefore, from
that for chemically polished material.

Four magnesias are used in this study: the
fully dense material used previously with grain-
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sizes of 25 or 150 pm, and two porous materials:
97 dense, grain-size 25 pm, and, 859 dense,
grain-size 20 pm. The temperature-dependence
of the fracture stress from 20 to 1700° C is
measured for specimens with either machined or
polished surfaces. These stresses are compared
with the stress needed to propagate existing
flaws, the primary slip stress, oo, and the macro-
scopic flow stress, ge.. The temperature-depen-
dence of o, is obtained from the flow stress of
single crystal MgO with a room temperature
flow stress similar to that of the polycrystals.
The macroscopic flow stress is determined from
compression tests on the polycrystalline material.
Microscopy observations indicate the nature of
both the pre-existing flaws and the flaws formed
during deformation.

In this way it has been possible to give a
comprehensive and quantitative explanation of
the effects of grain-size, pore-size, flow stress,
temperature and surface condition onthe strength
of polycrystalline magnesia.

2. Experimental

The fully dense material was prepared as des-
cribed by Miles er a/ [5]. The as-pressed discs
were annealed in argon for 1 h at 1750 and 1950°C
to give grain-sizes of 25 um and 150 pm
respectively. The porous materials were prepared
from powder supplied by Kanto Ltd. One was
hot-pressed in air in a graphite die at 2000 psi,*
at 1800° C for § h, and the other cold-pressed at
10000 psi and sintered at 1600° C for 12 h.
The former material was 979, dense with a
grain-size 25 pm and the latter ~85%, dense
with a grain-size 20 pum.

The fracture stresses were determined in three-
point bending using specimens with dimensions
22 X 4 x 3 mm and a knife edge span of 18 mm.
Tests up to 1500° C were conducted in air in a
small SiC furnace and those at higher temper-
atures in a molybdenum furnace in an argon
atmosphere. At least four specimens were tested
at each temperature.

yi values were obtained, also from three-point
bend tests, by inserting the stress, o, to extend
sharp single edge cracks of length C, into the
following equation:

1 [2Eyi\*
where Y is a numerical factor that depends upon
the geometry of the system [6]. The sharp edge
*1 psi = 6894.76 N m—*
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cracks were introduced by driving a wedge into
a shallow notch in a controlled manner [7].
However, it has been found that equation 3
applies approximately to machined notches,
where C is the length of the notch [1], because
machining introduces sharp cracks along the
root of the notch. Most experiments were thus
conducted, for convenience, on bars with
machined notches, with a smaller number of
confirmatory experiments on bars with long
sharp cracks. Some experiments were also
conducted on notched bars which were annealed
at various temperatures for 20 min - the time that
a specimen is normally held at temperature prior
to testing — and then tested at room temperature.
This would indicate whether changes in y; are
due to irreversible structural alterations at the
test temperature.

The temperature-dependence of the primary
dislocation flow siress, oo, was measured on a
single crystal that had a room temperature flow
stress similar to that of the fully dense poly-
crystals, 180 MN m~2 The flow stress was
determined in bending using a {100} stress axis.
The specimens were annealed at 1800° C after
cleavage and sprinkled with carborundum
powder prior to testing [8].

The macroscopic flow stress of all the poly-
crystals was determined from the compressive
yield stress using compression specimens with
dimensions 8 X 4 X 3 mm.

3. Results
3.1. The Temperature-Dependence of the
Fracture Stress

The fracture stresses of the fully dense material
between room temperature and 1700° C are
shown in fig. 1a. For polished material oy falls
monotonically with increasing temperature to an
approximately constant value at 1200° C (25 pm
grain-size) or 1400° C (150 um grain-size). The
fine-grained material is the stronger at all
temperatures. At the lower temperatures oz is
lower for machined material than for polished
material, whereas, at higher temperatures, the
curves for machined and polished materials
coincide. All fractures are brittle, i.e. there is no
deviation from linearity in the load-deflection
curves, below 1500° C. Above this temperature,
the 25 um grain-size material shows some
plasticity but the plastic strain never exceeds 2 9.

The fracture stresses of the porous materials
are shown in fig. 1b. The as-machined, hot-
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Figure 1 The temperature-dependence of the fracture
stress: (a) fully dense material; G = 25um, O, chemically
polished, @, as-machined; G = 150um, [J, chemically
polished, ll, as-machined. (b) hot-pressed; A, mechanic-
ally and chemically polished, A, as-machined; cold-
pressed, O, mechanically polished, @, as-machined.

pressed material is stronger at room temperature
than the fully dense material of similar grain-
size and compares well with results obtained on
similar material by Vasilos ef a/ [9]. The fracture
stress is virtually temperature-independent up
to ~600° C and then decreases with increase in
temperature. The rate of decrease above 1200° C
is more rapid than in the fully dense material,
so that the strengths are similar at ~1400° C.
Removing the machining flaws by a combination
of mechanical and chemical polishing, has a
similar effect to that encountered in the fully
dense material. Thus, the strength is increased
at low temperatures, where the fracture stress of
the as-machined material is temperature-indepen-
dent, but polishing has no effect at higher
temperatures. The strength of the cold-pressed
and sintered material is very much lower. It is
temperature-independent up to ~1100° C, and
then decreases with an increase in temperature.
In contrast to the other materials the removal of
the machining flaws has no significant effect on
the strength.

3.2. The Temperature-Dependence of the
Flow Stresses

The flow stress of the single crystal MgO - twice
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Figure 2 Temperature-dependence of the macroscopic
flow stress and the flow stress for primary slip. Macro-
scopic flow stress o, O, fully dense, G = 25um, A, fully
dense, G = 150um, [J, porous hot-pressed, G = 25um,
X, porous, cold-pressed, G = 20um, Flow stress for
primary slip, o,, @, fully dense, ll, porous, hot-pressed.

the critical resolved shear stress —is shown in
fig. 2. This gives an approximate temperature-
dependence of o, for the fully dense material.
A value of o, was obtained in the hot-pressed,
porous material at room temperature, using the
indentation wing technique [1, 8]. It is found to
be 220 MN m~2. This is larger than the value
obtained in the fully dense material, which
implies that there is a larger concentration of
impurity within the grains. Unfortunately, it has
not been possible to apply the indentation tech-
nique successfully to the porous, cold-pressed
material, so a value of o, for this material is not
available.

The macroscopic flow stresses (o¢) of the
various polycrystalline materials are also shown
in fig. 2. The porous hot-pressed, material
exhibits plastic flow in compression above
700° C, whereas the fully dense materials do not
deform plastically below 1100 and 1400° C for
the 25 pum and 150 wm grain-size materials
respectively (fig. 3). A similar observation has
been made by Copley and Pask [10]. The porous,
cold-pressed material exhibits ductility above
900° C. o, for the porous, hot-pressed material
is always higher than that of the fully dense
material. This is consistent with the larger value
of oq, i.e. an increase in the concentration of
impurity within grains would increase the
secondary as well as the primary slip stress [11].
In the fully dense material, o. increases with
decrease in grain-size. A similar trend is en-
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Figure 3 Compressive stress-strain curves as a function
of temperature. — porous, hot-pressed; - - - - fully dense,
G = 25um; -~ fully dense, G = 150pum; —— ——porous,
cold-pressed and sintered.

countered in metals and has been explained by
Petch [12]. The porous, cold-pressed material
has the lowest o.. Since a value of o, is not
available for this material, it is not clear whether
this low o is due to a low impurity level within
the grains or to deformation around the pores
[13].

Finally, it is interesting to note that work-
softening is observed in the porous hot-pressed
material above 1300° C and that limited grain-
boundary migration accompanies deformation
in the fully dense, fine-grained, material above
1400° C.

3.3. The Effective Surface Energy for Fracture
Initiation y,

The y; values obtained for half-way-through
single edge notches and sharp cracks are shown
in fig. 4. These are valid according to the ASTM
specifications [6] up to 1300° C. Above this
temperature, the fracture stress of the bars is
> 0.4 g,. The plastic zones around the notches
must therefore be relatively large, and the values
of v; obtained may be in error.

The values obtained for sharp cracks are
similar at all temperatures to those for notches.
Thus, the notched bar experiments give true y;
values. y; is virtually -temperature-independent
for the fully dense and porous, cold-pressed
materials, but decreases slowly with increase in
temperature for the porous, hot-pressed material.
In the fully dense material there is an increase in
yi with increase in grain-size (fig. 4a), as
observed in pure polycrystalline alumina [14].
yi for the 97 %, dense material is larger than that
for the 859 dense material, fig. 4b.

In the fully dense material, y; depends on the
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Figure 4 The temperature-dependence of Vit (@) fully
dense material, G = 25um, O, notched bar, @, sharp
crack; G =150pm, A, notched bar, A, sharp crack.
(b) porous materials, [], porous, hot-pressed, notched
bar, X, porous, cold-pressed, sintered, notched bar.

crack length, C, for cracks < 10G, e.g. for 20 um
grain-size material, y; is reduced to 4 J m~2 for
C = 2G [1]. In ALO, and UO,, however, y; is
independent of C, at least at room temperature,
so the effect is genuinely related to the properties
of the material and is peculiar to MgO. Thus, the
crack length-dependence of y; has been evaluated
for the porous materials, to see whether they
exhibit a similar effect. In the hot-pressed,
porous material a decrease is observed, and
yi at room temperature is reduced to ~5 J m—2
for C = 2G. In the cold-pressed and sintered
material, the pre-existing flaws are > 40G in
diameter (see section 3.4) and it is not possible,
therefore, to insert flaws smaller than this.
For flaws > 40G in length, it is found that there
is no significant variation of y; with crack length.

yi values were also obtained at room temper-
ature on specimens pre-annealed for 20 min at
elevated temperatures. There is no significant
change, for anneals up to 1400° C. This indicates
that the flaw geometry is unaffected at these
temperatures.

Finally, observations were made of the plastic
zone ahead of a sharp crack as the stress was
raised. The diameter of the plastic zone increases
with increase in stress, as expected. It was also
observed, however, that microcracks are created
ahead of the main crack at stresses > 909 of
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Figure 5 Microcracks ahead of a pre-existing crack at
~90% of the fracture load; transmitted light.

the fracture stress (fig. 5). They were observed
regularly for tests above 1000° C but infrequently
at Jower temperatures. When these microcracks
are created, catastrophic fracture presumably
occurs when these link up with the main crack.
The crack is thus extended prior to catastrophic
propagation. In the determinations of i,

150um
ARSI

()

therefore, the flaw size should be that at the
point of catastrophic propagation and not the
initial dimensions. The extension is only of the
order of a few G, so it is not significant for half-
way-through notches. The results in fig. 4 are
thus unaffected. The effect is likely to be import-
ant for small flaws, however, and may account,
at least in part, for the crack length-dependence
of y; for small crack lengths.

3.4, The Determination of the Flaw Size

In the fully dense material, the largest flaws in
the chemically polished condition are grain-
boundary grooves of depth < 3 pum; whereas in
the as-machined condition, the largest flaws are
grain-size cracks and grain pull-outs [1]. In the
porous hot-pressed material, the flaws in the
polished condition are small pores (fig. 6a).
These are generally ~ 0.1G in diameter but can
be as large as ~ 0.2G, After machining, grain-
size cracks and grain pull-outs are again
observed. In the cold-pressed and sintered
material, pores very much larger than the grain
diameter are observed (fig. 6b). The largest of
these are ~ 800 um long. These are thus the
largest flaws in both the polished and as-
machined conditions.

Under certain conditions, flaws can be created
under stress prior to catastrophic failure. Thus,
on specimens polished before testing at 1200° C,
a large number of grain-size cracks are observed
on the tensile face, at stresses > 909% of the
fracture stress. The cracks are largely inter-
granular in the fully dense material (fig. 7a).
whereas a large proportion of transgranular

(b)
Figure 6 The size and distribution of pores in: (a) hot-pressed material, optical micrograph; (b) cold-pressed and sin-
tered material, scanning electron fractograph —flaws arrowed.
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(b)

Figure 7 The generation of microcracks at ~909 of fracture stress at 1100° C: (a) fully dense material, transmitted

light; (b) hot-pressed, porous material, reflected light.

cracks are observed in the hot-pressed porous
material (fig. 7b). The average density of micro-
cracks on a cross-section is about one per twenty
grains but the local density, as in fig. 7a for
instance, can be very much higher.

3.5. Topography of the Fracture Faces

Fracture faces were examined optically and in
the scanning electron microscope to see whether

the features of the topography could be related
to the observed fracture characteristics. The
principal difference between the materials is the
varying proportion of transgranular fracture.
In the fully dense material, the proportion
increases with increase in grain size, from ~ 2%,
in the finer-grained material (fig. 8a) to ~ 109
in the coarser-grained material, and does not
vary significantly with temperature. In the porous,

(a)

(b)

Figure 8 Scanning electron fractographs for room temperature fracture: (a) fully dense, 25 pm grain-size material;

(b) porous, hot-pressed material.
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hot-pressed material there is very much more
transgranular fracture at room temperature,
~ 409 (fig. 8b) but the proportion decreases
with increase in temperature, e.g. to ~ 59 at
1400° C. The cold-pressed and sintered material
has ~ 59 transgranular fracture at all temper-
atures.

4. Discussion

4.1. The Effective Surface Energy for Fracture
Initiation v,

The measured y; values are > v,, the thermo-

dynamic surface energy, The difference between

yi and 7y, can be accounted for largely by a

plastic flow contribution, y, [15]. The depen-

dence of y; on temperature, grain-size and

porosity, is discussed, therefore, in terms of their

effect on yp.

Gilman [16] has shown that py is proportional
both to the energy for crack propagation in the
absence of plastic flow, v, — and hence the mode
of fracture -and to a function of Young’s
modulus divided by the stress needed to move
dislocations.

The grain-size-dependence of yp has been
discussed previously [2]. It is shown that, for a
material of given purity, yp should increase with
an increase in grain-size, which is consistent with
the observed grain-size-dependence of y; for the
fully dense material (fig. 4a). The temperature-
dependence of o, is more difficult to predict.
Both Young’s modulus [17] and the stress
needed to move dislocations (fig. 2) decrease
with increase in temperature. yp is expected,
therefore, to vary less with temperature than
either E or o, which is in qualitative agreement
with the observed temperature-dependence of y;.

The effect of porosity on y; depends upon
whether fracture is trams- or inter-granular.
Pores within grains tend to be spherical so, for
transgranular fracture, the pores blunt the crack
at various points along its length [18] and give
an apparent increase in yi. Conversely, pores at
grain-boundaries have sharp angles where the
boundary and the pore meet [2]. They do not
blunt the crack, therefore, but merely reduce the
surface area that has to be created by the
propagating crack. This effectively reduces yo
and hence y,. It may not be possible to fit the
observed porosity-dependence of y; into this
framework, however, because the purity of the
material is variable. Thus, the stress needed to
move dislocations and the proportion of trans-
granular fracture varies in each material. Both

affect yp, and the variation of y; may be related
primarily to these effects. It is interesting to note,
however, that where the modes of fracture are
comparable — in the fully dense and 859/ dense
materials — porosity has little effect on ;i (fig.
4b). The significance of this is considered later.

4.2, The Fracture Mechanisms

The stress needed to extend inherent flaws is
compared with the measured fracture stress
(fig. 9) for each of the four materials and two
surface conditions. The inherent flaws comprise
grain-boundary grooves, machining flaws of
about one grain diameter, or pores; for each
material and surface condition it is the lowest
flaw extension stress that is important. Two cases
can be considered. When the fracture stress and
the stress needed to extend the largest flaws are
equivalent, the fracture mechanism is identified
immediately. When the fracture stress is lower
than the inherent flaw extension stress, a plastic
deformation-initiated fractureis indicated ; here a
comparison with the dislocation flow stress and
the compressive flow stress is useful. This is
clearly a complex analysis and it is convenient
to consider the two cases separately.

4.2.1. Fracture Initiated from Inherent Flaws

In fully dense material in the as-machined
condition, the flaws are grain-sized cracks and
pull-outs. The stress needed to extend these
flaws is obtained by inserting v for the appropri-
ate flaw size, and E into equation 1, and is
shown in figs. 92 and b.

The flaws in the machined, porous, hot-pressed
material are similar to those in fully dense
material of a similar grain-size. Since y; is
larger, however, the stress needed to extend
these flaws is larger than in the fully dense
material, fig. 9c. Removal of the machining
flaws by polishing, leaves the small pores (fig.
6a) as the inherent flaws. The spacing between
the pores is small compared to their size, so the
stress (op) needed to extend them is given by the
following equation [19]:

Ey\*
Up:(wzg) ) (4)

The initial extension of a pore occurs along the
grain-boundary containing it. y; for this process
is the grain-boundary fracture energy, i.e. ~ 0.7
vo [1]. The stress needed to extend the largest
pores to a grain dimension is obtained, therefore,
by inserting this y; value and a value for C of
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figure 9 The temperature-dependence of the fracture and flow stresses and the stresses needed to extend pre-existing

flaws: (a) fully dense, G = 25 um; (b) fully dense, G = 150 um; (¢) porous, hot-pressed; (d) porous, cold-pressed
and sintered.

~ 0.2G into equation 4, fig. 9c. This is larger equation 4, is ~ 10 MN m2, i.e. well below the
than the stress needed to extend grain-size cracks  observed fracture stress. Further extension of the
given by equation 1, so that the extension of the flaws is a more complex process and y; increases
pore is the controlling process. to the measured value given in fig, 4b. The stress

Finally, the flaws in the cold-pressed and needed to propagate the pores to fracture (fig.
sintered material are the large pores shown in  9d) is thus given by inserting this value of y;
fig. 6b. The stress needed to extend these pores and a flaw size of ~ 40G into equation 4.
along the adjacent grain-boundaries, given by Thus, it is seen (fig. 9) that fracture occurs by
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the extension of the inherent flaws in the
following cases: (a) fully dense material,
machined surface, 25 pm grain-size: << 600° C;
(b) fully dense material, machined surface,
150 pm grain-size: << 900° C; (c) porous hot-
pressed material, machined surface: << 800° C;
(d) porous hot-pressed material, polished surface:
< 500° C; (e) porous cold-pressed and sintered
material, machined or polished surface:
<<1300° C.

4.2.2. Fracture Initiated by Plastic Flow

In the fully dense materials, the fracture stress
of the polished specimens is well below the stress
needed to extend the inherent flaws ~ the grain-
boundary grooves — at all temperatures, figs. 9a
and b. For the machined specimens, the fracture
stress is below the grain-sized flaw extension
stress at temperatures > 600° C (25 um grain-
size) or > 900° C (150 pum grain-size). In these
cases it is concluded that fracture is dislocation-
initiated.

The fracture stresses are in excess of oo, the
flow stress for primary slip, but lower than o
the macroscopic flow stress (fig. 9a). Fracture is
thus initiated by limited dislocation motion,
largely on the primary system. At room temper-
ature, it has been shown that the experimental
fracture stresses correspond to the stress needed
to initiate Stroh cracks (equation 2), where oo
is the flow stress for primary slip in favourably
oriented grains [1]. This flow stress is the stress
needed to form slip bands so that cracks are
only nucleated when a slip band has formed. A
similar observation has been made in bicrystals
[20]. The nature of the slip band may be deter-
mined from the grain-size proportionality
factor ks. The larger ks is compared with the
theoretical value - for nucleation by a pile-up
on a single slip plane [21, 22] - the broader the
slip band, and the fewer the number of dis-
locations on each plane within the band [23].

Examination of the current grain-size and
temperature effects on fracture strength shows
that at temperatures <C 1300° C the fracture
strength extrapolates to o, at infinite grain-size
and that the calculated values of ks are close to
the theoretical values. Fracture, therefore occurs
at the stress needed to nucleate cracks by a
narrow slip band. At temperatures > 1300° C
the fracture strengths are larger than expected,
but this could be due to an increasein kg. This
may be related to an increase in the ease of cross-
slip which results in a broadened slip band.

Alternatively grain-boundary migration or in-
creased difficulty in crack propagation could be
important.

Since fracture appears to be controlled by the
stress needed to nucleate Stroh cracks — at least
at temperatures <C 1300° C - the cracks must be
able to propagate to fracture at a stress lower
than the nucleation stress. It is believed that the
crack can grow to a grain dimension at the
nucleation stress, but it remains to be shown that
such cracks can lead to catastrophic fracture.
At low temperatures, where the strength of
polished specimens is greater than that of
machined specimens (which contain grain-sized
cracks) the creation of a grain-size crack is
clearly the controlling mechanism. But at higher
temperatures the fracture stress is lower than
that needed to propagate grain-sized cracks.
Thus, some linking of cracks to form a flaw
large enough for catastrophic fracture is
required; the evidence in figs. 5 and 7 gives
support to this.

In the porous hot-pressed material the fracture
stress above 800° C varies with temperature in a
manner similar to that observed in the fully dense
material. It also lies between o, and o, (fig. 9c¢).
Fracture in this temperature range is likely
therefore to be initiated by limited dislocation
motion as in the fully dense material. The larger
fracture stress in the porous material can be
related directly to the larger value of oo, so the
form of the crack-initiating slip band must be
similar in both materials. Above ~ 1300° C,
unlike the fully dense material, the strength
continues to decrease. It is also noted that this
is the temperature where work-softening is first
encountered in the compression tests. The two
effects may be related.

In the porous, low-density material above
1200° C the fracture stress is lower than the
stress needed to extend the pores and similar to
the macroscopic flow stress. Fracture is thus
initiated by plastic flow. This situation is identical
to that encountered in polycrystalline UO,,
containing pores > G in diameter [2]. Fracture,
corresponding to the stress needed to initiate
Stroh cracks, is not encountered in this material.
This implies that the stress needed to extend the
pores is always lower than the stress needed to
initiate Stroh cracks as depicted in fig. 9d. This
may be possible if the stress needed to initiate
cracks becomes temperature-independent, as in
the fully dense material above ~ 1200° C
(fig. 9a). This may occur when secondary slip
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partially relieves the stress concentration at
grain-boundary pile-ups. Then, although slip
occurs in favourably oriented grains throughout
the specimen, the initial primary dislocation
pile-ups do not initiate sufficient microcracks
for fractute to occur. More extensive dislocation
motion is required, therefore, to initiate enough
cracks for catastrophic fracture.

4.3. The Réle of Dislocation Motion in
Fracture

It is clear from the preceding discussion that
dislocation motion exhibits a dual role in the
fracture of polycrystalline MgO. At low temper-
atures it is confined to the vicinity of the pre-
existing flaws. It reduces the stress concentration
at the tip of the flaws and hence, contributes to
yi. This is beneficial to strength. At high
temperatures, plastic deformation can occur
throughout the specimen, in favourably oriented
grains, before the stress needed to extend
inherent flaws isreached. Microcracksare formed,
which lead to fracture. This is deleterious to
strength. There must also be an intermediate
temperature range where cracks are initiated in
the plastic zone ahead of a pre-existing flaw
(fig. 5). Here plastic flow both extends pre-
existing flaws and increases y;, and could be
beneficial or deleterious. In this range, fracture
occurs at a stress lower than that predicted by
inserting the original flaw size into equation 2.
The difference becomes significant when the
extension, prior to catastrophic propagation,
and hence the plastic zone size, is comparable to
the dimensions of the pre-existing flaw. The
plastic zone size is almost as large as the flaw
size in as-machined material at room temperature
[1]. This intermediate range could, therefore,
commence at quite low temperatures.

4.4. The Effect of Porosity on Fracture

The effect of porosity on strength is complex.
The total porosity has little effect on yi. Thus
when fracture occurs by the extension of pre-
existing flaws the fracture stress is related to the
effect of the porosity on Young’s modulus and
the size of the flaw. Porosity invariably reduces
Young’s modulus, largely through a reduction in
load bearing area. The reduction is large, e.g.
a 70% reduction for a change in porosity from
0to 159% [24]. The effect on the fracture stress is
smaller, however, because oo E*, e.g. areduction
in stress of ~ 40 %, for the above porosity change.
The effect of porosity on the flaw-size is more
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critical. In as-machined material, for instance,
if the largest pores are << G, the pores do not have
a significant effect on the flaw-size. The strength
is then only affected through Young’s modulus.
In this case, an 859, dense material could have
a strength as large as ~ 609, of that for fully
dense material of similar grain-size and purity.
When the pores are > G, however, the pores
become the largest flaws and the strength is
further reduced by an amount proportional to
the square root of the pore-size. Thus, in the cold-
pressed and sintered material with pores ~ 40G
in diameter, the strength is reduced to < 309,
of that for the fully dense material. Finally,
pores, even if < G, reduce or nullify the strength
increase that can be achieved by polishing the
specimen surfaces.

5. Conclusions and Implications

The fracture of polycrystalline MgO is a complex
process. The mode of fracture, at a given
temperature, depends on grain-size, surface
finish, the quantity and size of the pores, and
the quantity and distribution of the impurity.

In fully dense material with polished surfaces,
fracture is initiated by plastic flow. Up to 1300°C,
fracture is consistent with the stress needed to
initiate cracks by a pile-up of primary dis-
locations. The pile-up is in the form of a narrow
slip-band. Sufficient microcracks are formed at
the initiation stress to enable them to link up
and propagate to fracture. Above 1300° C,
fracture is complicated by the onset of grain-
boundary migration.

The stress needed to initiate cracks by grain-
boundary pile-ups can be raised by decreasing
the grain-size, increasing the stress needed to
move dislocations within grains and increasing
the strength of the grain-boundaries. The most
effective of these is increasing the stress needed
to move dislocations. This is shown clearly by
the difference in fracture stress between the
979, dense and fully dense materials in the
polished condition. More effective increases
may be achieved, for instance, by controlled
impurity additions, provided they do not
segregate to the grain-boundaries and lower their
strength,

When the surfaces are machined, grain-size
cracks form at the surface. These reduce the
fracture stress at low temperatures. Fracture then
occurs by the extension of the surface flaws and
the fracture stress is determined by y; and the
flaw-size, i.e. the grain-size. The smaller the
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surface grain-size, the larger is the fracture
stress. y; appears to be related strongly to the
strength of the grain-boundaries in addition to
its dependence on the stress needed to move
dislocations. The “‘cleaner” the grain-boundaries,
the larger y; and thus, the larger the fracture
stress.

The effect of porosity on strength is related to
the pore-size as well as the total porosity. The
total porosity affects strength through a Young’s
modulus term, whilst the pore-size determines
the magnitude of the inherent flaws. Thus, if the
material is to be used in the as-machined
condition, the pore-size should be < G. The
pores then have little effect on the flaw-size and
affect the strength only through Young’smodulus.

In materials where large pores, > G, are
present, the stress needed to extend the pores is
less than the stress needed to initiate large
numbers of cracks by the Stroh mechanism.
Thus, sufficient microcracks to cause fracture are
only injtiated after extensive dislocation activity.
The fracture stress then approximates to the
macroscopic flow stress.
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