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Abstract Pure and dense nanocrystalline MgO with grain
size ranging between 25 and 500 nm were prepared by hot-
pressing. Vickers microhardness was found to increase with
decrease in the grain size down to 130 nm, following the
Hall-Petch relation. Further decrease in the grain size was
followed by continuous decrease in microhardness. A
composite model was used to describe the microhardness
behavior in terms of plastic yield of the nanocrystalline
grains accompanied by strain accommodation and nano-
cracking at the grain boundaries (gb’s). Good agreement
between the experimental and the calculated values indi-
cates that gb’s may have significant effect on strengthening
and ductility of nanocrystalline-MgO ceramics in the
nanometer size range. Critical grain size exists below which
limited plastic deformation within the grains and nano-
cracking at gb’s enhance the brittleness of the ceramic.

Introduction

Conventional MgO has excellent high temperature refrac-
toriness and thus necessitates relatively high temperatures
for powder consolidation and sintering. Fabrication of
dense MgO ceramics often necessitates sintering tempera-
tures above 1,600 °C. This was motivated fabrication of
the ultrafine and nanocrystalline MgO (nc-MgO) powders
using the hydroxide precursor prior to compaction [1-3].
Decrease in particle size of MgO powder was found to
result in a nearly fully dense, transluscent bodies with sub-
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micron grain size [4]. Vast amount of research was dedi-
cated to densification of MgO by hot-pressing [5-8].
Recently, transparent nc-MgO was fabricated using spark
plasma sintering [9]. On the other hand, MgO is also
characterized by a relatively low hardness and undergoes
plastic deformation at elevated temperatures [10, 11].

In the last two decades several nanocrystalline metallic
systems were reported to exhibit abnormal Hall-Petch
behavior below a critical grain size [12-15]. Numerous
models were also developed to explain the origin of this
abnormal behavior [i.e., 16-21]. However, this effect was
not studied in the ceramic systems mainly due to their
brittle character as well as the difficulties in fabrication of
fully dense nanocrystalline ceramics. Nevertheless, defor-
mation of single crystal and polycrystalline MgO as model
system has been studied extensively; its elastoplastic
behavior resembles plastic behavior similar to the metallic
systems [22-25]. In this respect, characterization of the
room temperature plastic behavior of MgO and its grain
size dependence in the nanometer range is interesting; it
may have significant impact on fabrication processes of
other ductile oxide systems (i.e., tin, lead, zinc, and indium
oxides) with functional properties.

Experimental procedures

Commercial pure nc-MgO powder (Nanomaterials Res.
Inc., USA) with specific surface area of 145 m* g~' and
calculated spherical diameter of 11 nm was used for hot-
pressing. The hot-pressing conditions were described in
detail elsewhere [8]. Dense disk-shape nc-MgO specimens
were fabricated at different hot-pressing conditions. A
series of specimens, exhibiting similar corrected relative
densities (see below), with average grain size (diameter)

@ Springer



6140

J Mater Sci (2008) 43:6139-6143

Table 1 Fabrication

parameters and properties of No. Temp (°C)—Pressure Meagured Corrfect:,d Average grain Vi.ckers

hot-pressed ne-MgO specimens (MPa)-duration (h) density (%) density” (%) size (nm) microhardness (GPa)
1 790-150-2 93.6 97.0 27+ 7 85+09
2 790-100-1 94.0 96.0 50 £ 10 9.5+ 1.7
3 790-100-2 94.0 96.0 130 £+ 30 13.0 £ 1.5

# Using Eq. 1 in Ref. [26] and 4 790-100-4 95.5 96.0 280 £+ 170 11.6 +£ 0.9

grain boundary thickness of 5 900-50-1 97.0 97.0 450 + 140 89 & 17

1 nm

between 27 and 450 nm (Table 1), were selected. The
density of the specimens was measured by the Archimedes
technique using the 2-propanol as the immersion liquid.
The surfaces of these specimens were polished prior to the
Vickers microhardness tests, using 0.25 um diamond paste.
The microhardness was determined using a 1-kg load in
Vickers microhardness tester (Buehler Ltd.) while aver-
aging over ten different test results from different locations
at a given specimen. This load was the maximum load at
which no cracks were observed around the indents; it was
used to avoid the indentation size effects at low indentation
loads. The average diagonal of the microhardness indents
was about 40 um. This diagonal size is higher by more than
two orders of magnitude compared to the largest grain size
tested, thus providing large number of the grains to be
associated with the plastically deformed volume of the
indent. The microhardness test duration was 10 s (inden-
tation depth of ~3.2 pm) and the indent size was measured
within 10 s from the load removal in order to avoid any
effects of time-dependent plastic relaxations.

The microstructure was characterized using high-reso-
lution scanning electron microscope (HRSEM, Leo Gemini
982 FEG) operated at 4 kV. No coating was applied to the
SEM specimens. HRSEM images were used to determine
the average grain size and its distribution via image anal-
ysis (Scion image-NIH). At least 200 grains were counted
for a given specimen statistics. Selected specimens were
also characterized using high-resolution transmission
electron microscopy (HRTEM, Jeol-3010) operated at
300 kV.

Results

The processing parameters and the average grain size were
summarized in Table 1. All the specimens exhibited na-
nometric grain size between 27 and 450 nm. The
Archimedes densities ranged between 93.6 and 97.0%
assuming a theoretical density of 3.58 g cm ™ (Table 1).
However, HRSEM observations of these specimens
revealed almost fully dense nanostructures (i.e., Fig. la);
the observed volume fraction of the porosity was much
lower than the measured porosity (3.0-6.4%). This
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Fig. 1 (a) HRSEM image from polished surface of nc-MgO after
hot-pressing at 790 °C for 4 h. (b) HRTEM image showing the
disordered nature of the grain boundary region

difference may be associated with the excess free volume
of the grain boundaries (gb’s) in nanocrystalline materials
[26]. Therefore, the density was calculated also by cor-
recting for the excess free volume using Eq. 1 in [26]
assuming a conservative grain boundary thickness of 1 nm;
the corrected densities ranged between 96 and 97% of the
theoretical density (Table 1). This indicates that the actual
relative densities in these nanocrystalline specimens may
be higher up to 3.4% of the measured values. Ultrafine
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Fig. 2 Vickers microhardness versus the inverse of the square root of
the grain size. The slope at larger grains (dashed line) is identical to
the slope of the Kennard results (triangles) extrapolated to nanometer
grain size range (solid line). See text for further details

mechanical polishing has revealed the morphology of the
grain structure at the surface (Fig. 1a) which indicated on
very weak strength of the gb’s and consequent grain pull-
outs. The gb’s in HRTEM images were clearly visible
(Fig. 1b); their width varied between 0.5 and 2.0 nm. The
grain size distribution was fairly wide (Table 1) and
revealed standard deviations as high as 60% of the average
grain size. The microhardness results also showed rela-
tively high standard deviations between 10 and 20% of the
average values (Table 1). Nevertheless, the average mi-
crohardness values were clearly distinguishable from each
other.

Plot of the microhardness versus inverse square root of
the grain size (Fig. 2) showed increase in microhardness
with decrease in the grain size down to 130 nm. This trend
was reversed below 130 nm grain size, where microhard-
ness was found to decrease. Such grain size dependence of
the microhardness may follow that of the normal and the
abnormal Hall-Petch behavior above and below 130 nm
grain size, respectively, as shown below.

Discussion

The Hall-Petch behavior has been already observed in
MgO alloy. Kennard et al. [27] measured the Knoop
hardness of MgO lamellae in the directionally solidified
MgO-MgAlL,O, eutectics with different lamellae thick-
nesses formed by controlled cooling rates. The hardness of
the lamellar MgO versus the lamella spacing (2-10 pm
range) followed the Hall-Petch behavior. The slope of the
linear line fitted to our experimental data above 130 nm
grain size (dashed line in Fig. 2) was identical to the slope

of Auten et al. [23] results, extrapolated to the finer grain
sizes (solid line in Fig. 2), hence confirming the Hall-Petch
behavior in the present nc-MgO specimens.

In order to explain the abnormal Hall-Petch behavior in
nc-MgO, the change in the microhardness is assumed to be
directly related to the plasticity of the specimen. This
assumption is justified since no microcracks were formed
around the indents and at the indentations surfaces. The
fracture energy due to microcracking during Vickers
indentation of MgO (001) single crystals loaded in the
range of 1 to 20 N was found to be 2.5% only of the total
energy input, leading to elastoplastic behavior of MgO
[28]. Therefore, the loading energy is put to plastic
deformation and the strengthening effect should be asso-
ciated with plastic deformation mechanisms.

With respect to the grain size effects, two main effects
of the gb’s should be considered. First, the gb acts as an
obstacle to the dislocation motion by forming dislocation
pile-ups; hence the corresponding Hall-Petch strengthen-
ing behavior with increase in the density of the gb’s per
unit volume. Second, assuming a finite thickness for the gb,
the volume fraction of the gb’s increases with the grain size
decrease, especially in the nanometer size range. Since
plasticity is a volumetric property, the overall microhard-
ness values are affected both by plasticity of the grain
interiors and the grain boundary ‘phase.’ Plasticity of the
gb’s, especially in ceramic systems, is expected to be far
limited compared to that of the crystal. This is due to the
disordered/amorphous nature of the gb’s. Thus gb’s at
room temperature may accommodate some plastic defor-
mation on the account of their free volume. However, due
to absence of slip systems and non-active viscous flow at
room temperature, any further deformation should be fol-
lowed by bond breaking and nanocrack formation.
Nevertheless, nanocracks can also act as dislocation sour-
ces as was observed in MgO [29]. Considering the grain
boundary ‘phase’ as an amorphous, its hardness is a frac-
tion of the hardness of its counterpart grain. The hardness
of various fully dense amorphous metallic [30, 31] and
ceramic [32, 33] compounds were found to be between 60
and 80% of the hardness of their corresponding crystalline
form.

Eventually the pile-up strengthening effect ceases where
it becomes energetically unstable below a critical grain size
in the nanometer range [16]. Since the stress cannot be
released further by dislocation slip, the grain boundary
‘phase’ should accommodate the corresponding strain.
Therefore, at these nanometric grain sizes the plasticity
may be controlled by the gb hardness, especially due to its
high volume fraction.

Previous work has shown that the elastic modulus of the
nanocrystalline MgO was lower by 13% compared to that
of MgO with conventional grain size [34]. In order to

@ Springer



6142

J Mater Sci (2008) 43:6139-6143

simplify the treatment we assume that the elastic modulus
is independent of the grain size hence the elastic recovery
at the indent during unloading is proportional to the load
only. In addition, any effects of the time dependent plastic
relaxations around the indent [35, 36] can be neglected due
to the short duration of the present microhardness tests.

Using the composite model, the hardness of the isotropic
polycrystalline material with high angle gb’s may be
described as the sum of the hardness contributed by the
grain interiors and the gb’s [18-20, 37, 38]. In such system,
the volume of the gb’s is determined by the grain boundary
thickness (6). The stressed volume beneath the indenter is
subjected both to radial and compressive tensile stresses.
Generally, one expects that the tangential tensile stresses
will cause to formation of radial microcracks within the
deformed volume in brittle materials. Nevertheless, it is
well documented that radial microcracks during indenta-
tion of these ceramics form only above a critical load [39]
and mainly near the free surfaces due to the lack of elastic
constrain [40]. This indicates for low propensity of mi-
crocrack formation within the deformed volume, below this
critical load. Physically, the absence of such radial mi-
crocracks within the deformed volume may be related to
the relatively low magnitude of the tangential tensile
stresses as is evidenced from their calculated distribution
beneath the indenter in brittle systems [40].

Therefore, plastic deformation within the nc-MgO
grains is expected to take place by dislocation glide due to
the shear component of the compressive stresses. The
dislocations formed in MgO under stress are known to be
highly mobile even at room temperature and multiply by
double-cross-slip mechanism. The hardness of the grain
interior is related to the yield strength of the grain, which in
turn is subjected to Hall-Petch strengthening. Thus, the
hardness of the grain interior may be described by [41]:

H, = H k 1

g — 0 + ﬁa ( )
where, H, is the intrinsic hardness of the grain, k constant,
and d is the grain diameter.

The constants H, and k can be estimated using the data
from the literature. As was mentioned above following the
Knoop hardness of MgO lamellae versus the lamella
spacing (2-10 um range), the Hall-Petch behavior with
k = 2.99 GPa um”z was determined [27]. The value of H,
is independent of the grain size and is fairly equal to mi-
crohardness of MgO single crystal averaged over its
different crystallographic orientations. Averaging the mi-
crohardness over five different orientations (i.e., (100) and
(110) on (001); (001), (111), and (110) on (110)) yields
Hy = 6.5 GPa [42]. This value is very close to those
reported for MgO polycrystals, 6.3 [43] and 5.95 GPa
[44, 45].
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Following the composite model the effective hardness of
nc-MgO is given by summation over the hardness of the
grains and the gb’s and follows that of the Hill’s model: an
algebraic average of the upper bound and lower bound of
hardness [38]:

Reuss Voigt
HHiIl _ (Heffect + Heffect) (2)
effect — 2 ’

where the effective upper bound (Voigt) and lower bound
(Reuss) hardness were given by:

1 V. |

Reuss = = + _gb ) (33)
Hegreer  Hy  Hgp
and
Hg;?;it = Vg - Hy + Vg - Hyp, (3b)

where V, and Vg, are the volume fractions of the grain
interior and the gb’s, and H, and Hy, are the hardness of
the grain interior and the gb’s, respectively.

The volume fraction of the grain interior and the gb’s for
a composite with Tetrakaidekahedron shape grains of cal-
iper diameter d, and grain boundary thickness ¢ are given
by [38, 46]:

3
o (-3
and
Voo =1—V,. (5)

Substituting V,, Vg, and Hy, respectively, from Egs. 4, 5,
and 1 into Eq. 3, and further into Eq. 2 yields the effective
hardness of nc-MgO, subjected to grain size strengthening
and weakening and its grain size dependence. The fol-
lowing values were used: Hy = 6.4 GPa [42, 43],
k = 83.36 GPa nm"? [27], Hy, = 0.7 - Hy [30-33]. The
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Fig. 3 Effective microhardness of nc-MgO versus the grain size
(open circles) and its fit to the composite model (solid line)
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better fit was found with grain boundary thickness
0 = 2 nm. The calculated curve is shown in Fig. 3 together
with the experimental microhardness values. The standard
deviations of the microhardness as well as of the average
grain size were also indicated. The good-fit of the experi-
mental values to the calculated curve indicates that
composite model may be applied successfully for
describing both normal and abnormal Hall-Petch behavior
during plastic deformation of ductile nc-MgO. The lower
experimental data at the smallest grain sizes may be due to
extensive nanocracking at the gb’s.

Summary and conclusions

Fabrication of dense nc-MgO by hot-pressing enabled to
measure the microhardness versus the average grain size.
The microhardness followed the Hall-Petch behavior with
decreasing the grain size down to 130 nm. However,
abnormal behavior of microhardness was observed below
this grain size. The experimental data were analyzed using
a composite model that considers dislocation hardening of
the grains and plastic flow under compression within the
gb’s. The good agreement between the experimental and
the calculated values indicates that gb’s may have signifi-
cant effect on strengthening and ductility of nc-MgO
ceramics in the nanometer size range. Critical grain size
exists below which limited plastic deformation within the
grains and nanocracking at gb’s enhances the brittleness of
the ceramic.
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