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Densification of nanocrystalline MgO ceramics by hot-pressing

David Ehre, Elazar Y. Gutmanas, Rachman Chaim∗

Department of Materials Engineering, Technion—Israel Institute of Technology, Haifa 32000, Israel

Received 8 June 2004; received in revised form 13 September 2004; accepted 18 September 2004
Available online 7 December 2004

Abstract

Densification of pure nanocrystalline MgO powder with 10 nm particle size by hot-pressing was investigated in the temperature range
700–800◦C, applied pressure range 100–200 MPa, and for durations of up to 240 min. It was shown that significant densification under the
pressure begins above 440◦C. Densities higher than 99.5% with grain size of 73 nm were achieved at 790◦C and 150 MPa for a 30 min
duration. Remarkable densification from 90 to 99.5% was observed by temperature change from 700 to 790◦C, for which the grain size was
doubled only. The final grain size decreased with increasing the applied pressure. Higher shrinkage rates and cumulative shrinkages were
recorded by the application of pressure at 550◦C rather than from room temperature. The temperature at which the pressure was applied is
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rucial in determining the maximum shrinkage rate in the nanocrystalline compacts. This effect was related to the morphological
he particles caused by plastic deformation at lower temperatures. Analysis of the densification rate and its comparison to the lite
as in agreement with Coble creep, where self-diffusion of Mg2+ cations along the grain boundaries acts as a main densification mech
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Effects of the nanocrystalline character on the various
roperties of structural and functional ceramics become im-
ortant with miniaturization of devices and technological sys-

ems. For exploring such effects, dense nanocrystalline ce-
amics are needed as model systems. Fabrication of dense
ulk nanocrystalline oxides is very challenging since in-
vitable grain growth occurs at relatively high sintering tem-
eratures needed for densification. MgO has high melting

emperature (∼2850◦C) and temperatures as high as 1700◦C
ere reported for pressureless sintering of micron size MgO
owder to full density.1–3 This has motivated fabrication of

he nanocrystalline MgO (nc-MgO) powders formed from
ydroxide precursor prior to compaction.4–6 Decrease in the
article size of the MgO powder into the nanometer range
11–260 nm) resulted in nearly fully dense specimens with
ub-micron grain size.4 Hot-pressing was used in order to
ecrease the densification temperature and resulted in a finer

∗ Corresponding author. Tel.: +972 4 8294589; fax: +972 4 8321978.

grain size.7–12 Pressure calcintering of magnesium hydr
ide powders resulted in fully dense MgO at 1000◦C under
the pressure of 46 MPa albeit with micrometer size gra7

Translucent specimens were obtained by hot-pressin
1100◦C for 1 h.12 Recently, translucent MgO ceramics w
also fabricated by hot-pressing of nanopowders.13 However
the average grain size in these MgO ceramics was ab
few micrometers, most probably due to high hot-pres
temperatures above 1000◦C.

The present paper describes methodological hot-pre
experiments through which effects of the pressure, tem
ture, and duration as well as pressure application regim
full densification of nc-MgO was investigated. It is sho
that temperatures between 700 and 800◦C suffice for full
densification of nc-MgO.

2. Experimental procedures

Highly pure nc-MgO powder (Nanomaterials Res. In
formed by chemical precipitation with specific surface a
of 145 m2/g and calculated spherical diameter of 11 nm
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.09.023
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used. The impurity content was (in ppm): 100 Fe, 76 Na, 70
Al, 30 Sn, 25 As, 14 Mn, 10 Bi, 10 Pb, 8 Ca, and 7 K. The as-
received powder was uniaxially cold pressed at 30 MPa into
cylindrical compacts, 15 mm in diameter and 15 mm height
and the relative density up to 30%. The ash-free lubricant
was used for die wall lubrication. This was followed by cold
isostatic pressing (CIP) at 250 MPa, where the green density
increased up to 51%. In order to prevent moisture absorption,
the green compacts were kept within a desiccator evacuated
to 0.8 mbar, until the hot-pressing step. The hot-pressing ex-
periments were performed in air at the temperature range
700–800◦C, the pressure range 100–200 MPa, and duration
up to 4 h. Instron 8500 testing machine with boron-nitride
coated Inconel dies placed into cylindrical furnace was used.
The external surfaces of the hot-pressed samples were ground
to remove surface layers that may be affected by the lubri-
cating BN coating. The pressure was applied either at room
temperature or at higher temperatures as indicated.

The powder shrinkage behavior was characterized using
dilatometer (Linses-75) at the heating rate of 5◦C/min. The
linear shrinkage of the disc thickness was measured during
the hot-pressing. Since the mass and diameter were constant
during the hot-pressing, this linear shrinkage represents fairly
well the volume shrinkage. The final density of the speci-
mens was measured by the Archimedes technique using the
2-propanol as the immersion liquid. The microstructure of
t ed us-
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Fig. 1. TEM image of the nc-MgO powder exhibiting agglomeration of
10 nm equiaxed polyhedral shape crystallites. The scale bar is 50 nm.

was 10.2× 10−6 ◦C−1 compared to 13.5× 10−6 ◦C−1, the
mean CTE for conventional MgO.14

The effect of the applied pressure on the volume shrink-
age versus temperature was investigated in Instron machine
(8500) at 50 and 150 MPa, as shown inFig. 3a. Since the
diameter of the compact is considered to be constant during
the hot-pressing due to the die diameter constraint, the mea-
sured linear shrinkage is referred as the volume shrinkage
of the compact. No shrinkage was observed below 400◦C
at 50 MPa pressure. The shrinkage curve at this lower pres-
sure exhibited a sigmoidal character similar to that expected
from the load-free shrinkage curve (Fig. 2) though the onset
temperature for shrinkage start was shifted to lower temper-
atures. For comparison, continuous shrinkage was observed
already from room temperature at 150 MPa (Fig. 3a). Since
the heating rate was constant, the slopes of the two curves in
Fig. 3a are directly proportional to their densification rates.
At higher pressure of 150 MPa the shrinkage curve may be
approximated by two linear lines, the latter above∼440◦C
exhibiting much higher shrinkage rate than the former below

F ssed
n

he powder and the dense specimens were characteriz
ng transmission electron microscopy (TEM, JEOL 2000
perated at 200 kV) and high resolution scanning electro
roscopy (HRSEM, Leo Gemini 982 FEG operated at 4
he specimens were not coated for the TEM/HRSEM ob
ations.

HRSEM images were used for image analysis (S
mage-NIH) to determine the median grain size as we
he grain size distribution, where 200 grains were count
east for a given specimen statistics.

. Results

The as-received powder exhibited polyhedral shape
allites with average diameter of∼10 nm arranged in porou
gglomerates (Fig. 1). In order to determine the powd
hrinkage behavior and the optimal densification temp
ure range, the linear shrinkage of a 5 mm in diameter
0 mm long CIPed nc-MgO rod was recorded in dilatom
Fig. 2). The shrinkage began already at 100◦C and increase
ontinuously with temperature; the main shrinkage start
00◦C and continued up to 1600◦C. The 2% shrinkage b

ween 100 and 400◦C is related to the burnout of the exc
ubricant and was neglected. The additional linear sh
ge was∼21% which is comparable to∼63% volumetric
hrinkage, assuming homogeneous and isotropic shrin
he maximum shrinkage rate at the inflection point of
urve was at∼1180◦C. The coefficient of the linear therm
xpansion (CTE) derived from the slope of the cooling c
ig. 2. Dilatometric linear shrinkage curve of the cold isostatically pre
c-MgO compact vs. temperature.



D. Ehre et al. / Journal of the European Ceramic Society 25 (2005) 3579–3585 3581

Fig. 3. (a) Effect of the applied pressure and (b) of the pressure applica-
tion regime on volume shrinkage during hot-pressing of nc-MgO compacts.
Application of pressure at 570◦C significantly increased the densification
rate.

this temperature. The reason for this change in the densifica-
tion rate was further explored and will be discussed below.
Therefore, effective densification of the green nc-MgO com-
pact necessitates application of the critical temperature and
pressure.

The effect of the regime at which the pressure may be
applied on the volume shrinkage was studied using 51%
dense CIPed compacts. Application of a constant pressure
(150 MPa) already at room temperature has led to cumula-
tive volume shrinkage of 45% at 640◦C as shown inFig. 3b.
On the other hand, when the same pressure was applied bu
only at 570◦C, a much higher shrinkage rate was observed re-
sulting in cumulative volume shrinkage of 75% at 640◦C and
88% at 700◦C. It appears that the temperature at which the
pressure is applied is crucial for determining the maximum
shrinkage rate in these nanocrystalline compacts.

The volume shrinkage versus temperature (up to 720◦C) at
three different pressures applied at 550◦C is shown inFig. 4.
Generally, the observed densification rates were very fast and
similar to one another, immediately after the pressure appli-
cation and at shrinkage values below 20%. The cumulative
volume shrinkage increased at higher temperatures with in-
crease in the applied pressure, however, by a few (i.e. 2 to 8)

Fig. 4. Effect of applied pressure on volume shrinkage vs. temperature.

percents. At this stage, the relative densities ranged between
93 and 95%.

The volume shrinkage versus time under the applied pres-
sure of 200 MPa is shown inFig. 5 together with the heat-
ing curve. It was apparent that significant densification oc-
curred immediately after the pressure application at 550◦C.
The maximal shrinkage of 85% was reached within 15 min
from the pressure application. The volume shrinkage curve
reached a saturation level before the actual hot-pressing tem-
perature (720◦C) was reached. At this stage, the relative den-
sity of the specimen is about 92%. In order to follow the effect
of the hot-pressing temperature on the overall shrinkage be-
havior, the hot-pressing temperature was changed within the
720–790◦C range, while 150 MPa pressure was applied start-
ing at 550◦C (Fig. 6). Very rapid and comparable shrinkage
rates (slope of the curves) were observed for the first 20%
shrinkage, regardless of the maximal hot-pressing temper-
ature. However, the shrinkage rate beyond 20% was found
to monotonically decrease to zero. At these shrinkage val-
ues, faster shrinkage rates were associated with higher hot-
pressing temperatures. The cumulative volume shrinkages
near saturation varied only by a few percents for different
temperatures.

F
p hin
1

t

ig. 5. Volume shrinkage vs. heating time for hot-pressing at 720◦C. The
ressure was applied at 550◦C. The maximum shrinkage is reached wit
5 min already during the heating.
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Fig. 6. Volume shrinkage vs. heating time for hot-pressing at 720◦C. The
pressure was applied starting at 550◦C. The maximum shrinkage is reached
within 15 min already during the heating.

Fig. 7. X-ray diffraction from the hot-pressed nc-MgO.

X-ray diffraction spectrum from the hot-pressed nc-MgO
specimens revealed their rock-salt cubic crystal structure (i.e.
Fig. 7). Typical HRSEM images taken from the nc-MgO
hot-pressed at different pressures are shown inFig. 8. Al-
though these dense specimens exhibited nano-size grains,
image analysis of such micrographs revealed the wide grain
size distribution with log-normal character (Fig. 9). The main
microstructural feature of these dense specimens was the
polyhedral shape of the hot-pressed grains that resembled
the original polyhedral shape of the powder particles. The

Fig. 9. The log-normal grain size distribution in the hot-pressed nc-MgO.

Fig. 10. Effect of the applied pressure on the mean grain size resulting from
hot-pressing of nc-MgO for 4 h at 720◦C.

size of the regions suspected as pore was of the same order
or lower than the grain size. In this respect, the effect of pres-
sure on the grain size at 720◦C for 4 h hot-pressing duration
is shown inFig. 10. The density at these conditions ranged
between 92 and 95%. The effect of pressure on grain growth
inhibition was clearly observed. The median grain size was
76 nm under the 100 MPa pressure compared to 52 nm under
200 MPa.

Fig. 8. HRSEM of the nc-MgO hot-pressed for 4 h at 720◦C and different pressures. (a) 200 MPa with average grain size of 52± 27 nm. (b) 100 MPa with
average grain size of 76± 35 nm. The scale bar is 200 nm.
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Fig. 11. HRSEM image from the fracture surface of nc-MgO hot-pressed at
150 MPa up to 650◦C and air cooled. The acicular and distorted nano-grains
indicate fragmentation during the low temperature densification. The scale
bar is 500 nm.

In order to explore the cause for the change in the den-
sification rate with temperature (Fig. 3) one specimen was
pressed at 150 MPa already from room temperature up to
650◦C, followed by pressure release and rapid cooling to
room temperature. The fracture surface of this specimen
that was examined in HRSEM, exhibited elongated grains
(Fig. 11) which resemble a microstructure typical of plasti-
cally deformed grains within partially dense compact. The
origin of this microstructure will be discussed below.

The overall results indicated that significant densifica-
tion under the pressure may begin above 440◦C. Neverthe-
less, pressureless densification within dilatometer (Fig. 2)
and temperature–pressure densification pattern (Fig. 3) re-
vealed that significant shrinkage started only above 550◦C.
Since grain growth is expected to occur around 900◦C,1,4 the
hot-pressing temperature window was set between 700 and
800◦C. The overall density–grain size–hot-pressing temper-
ature pattern for 4 h duration under 150 MPa pressure applied

F MPa
a cation
w

at 550◦C is presented inFig. 12. The relative density was 90%
at 700◦C and increased to more than 99.5% at 790◦C. Then,
the corresponding grain sizes changed from 43 to 73 nm, re-
spectively. Such changes in the grain size are considered to
be small compared to the accelerated grain growth that is ex-
pected in compacts with relative densities above 90%. The
present results clearly show that fully dense nanocrystalline
MgO can be fabricated by application of appropriate hot-
pressing conditions at elevated temperatures and for relatively
short durations.

4. Discussion

The pressure level and the temperature at which it ap-
plied are very important in determining the maximum shrink-
age rate. In this respect, application of pressure from room
temperature was found to lead to plastically deformed elon-
gated grains. Two deformation processes may be considered
while applying pressure on the green compact already from
room temperature. First, plastic deformation of the com-
pact by particles’ sliding over each other to fill the resid-
ual pores. This process is not likely to occur at room tem-
perature, since the present compacts were CIPed at much
higher pressure of 250 MPa prior to hot-pressing. The high
frictional forces between the particles may be overcome only
a xists.
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ig. 12. Relative density and grain size of nc-MgO hot-pressed at 150
nd different temperatures. The grain size at the final stage of densifi
as only doubled.
t higher temperatures where suffice surface diffusion e
he second process is by plastic deformation of the g

o form extrusions through the residual porosity. This
ess, which is aided by the frictional forces between
articles, may lead to strain hardening and fracture. S

he densification below 440◦C require a threshold stre
Fig. 3a) it may be related both to plastic deformation
anoparticles and fragmentation of their agglomerates.

rend is very plausible at lower temperatures due to the
ardness of MgO (7 GPa)14 and its low room temperatu
ield stress both in bending (138 MPa)15 and in compres
ion (75 to 140 MPa).15,16 Flow of MgO under high hydro
tatic pressures (up to 1000 MPa) at room temperatur
ibited low work hardening rate up to 3% strain followed
teeper work hardening rate up to 15% strain, where
ure was occurred.17 Similar strain hardening behavior w
tress exponent of unity was observed under lower stre
40 MPa between 700 and 860◦C in MgO with submicron
rain size.18 These data support the relatively large p

ic strains observed in the nanocrystalline grains (Fig. 11).
owever, this plastic strain is limited (∼15%) due to strai
ardening and can lead to limited densification at lower
eratures. On the other hand, cyclic deformation of M
ingle crystals has shown that plastic recovery occurs
ween 400 and 470◦C, mainly by screw dislocations.19 This
train recovery may partially explain the higher densifi
ion rate that was observed above 440◦C where the pressu
as applied from room temperature (Fig. 3a). Investigation
f the hot-pressing kinetics of ultrafine MgO between
nd 700◦C and between 60 and 295 MPa, showed the C
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creep (via grain boundary sliding) as the dominating densi-
fication mechanism.16,20 Therefore, application of pressure
at room temperature results in morphological changes of the
grains (i.e. change in the grain aspect ratio). Further densifi-
cation at higher temperatures by grain boundary sliding may
be inhibited by interlocked grain morphology. The 150 MPa
curve (Fig. 3a) exhibited densification below 440◦C com-
pared to no densification under 50 MPa pressure; the later is
apparently lower than the yield stress of the nanocrystals.
However, the slopes of the two curves become compara-
ble above 440◦C. The weaker pressure effect on the den-
sification rate of the two curves above 440◦C may also be
explained by mutual sliding of the grains over each other,
once a temperature is high enough for releasing the fric-
tional forces by surface diffusion as mentioned above. In
this respect, application of pressure only at higher temper-
atures (i.e. 570◦C in Fig. 3b) leads to densification by slid-
ing of equiaxed particles over each other. Therefore, higher
densification rate and cumulative shrinkage is expected for
sliding of equiaxed grains compared to those of elongated
grains.

It was further found that significant densification begins
immediately at pressure application around 550◦C (Fig. 6).
Nevertheless, densification tends to saturate within the time
interval of 15 to 30 min after this rapid shrinkage. Comparing
the shrinkage behavior with respect to temperature and pres-
s nsity
w
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exponent of 3 at constant density of 80%, which was related
to dislocation creep.11 The corresponding densification rates
were between 10−5 and 10−3 s−1.

Although rapid densification immediately after pressure
application (Fig. 6) may be associated with particle sliding
aided by surface diffusion, the last stages of densification
(i.e. 80% volume shrinkage and higher) should be related
to grain boundary diffusion. This arises from the loss in
continuity of the internal pores. The shrinkage curves rep-
resent the engineering strainε for which the initial length of
the specimen is assumed to be constant. However, the true
strain is given by natural logarithmic of 1 +ε from which
the true strain rate may be determined. The lower shrink-
age rate in the last stages of densification in the temperature
range 650–700◦C at 100 MPa (Fig. 4) yields true strain rate of
the order 5.5× 10−4 s−1. Using the deformation-mechanism
map of ultra-fine MgO at 770◦C and 10 MPa,23 compara-
ble strain rates of 10−3 and 10−4 s−1 were obtained for 50
and 100 nm grain size, respectively. In these conditions the
Coble creep is a dominating deformation mechanism con-
trolled by diffusion of Mg2+ cations.23 On the other hand,
decrease of the grain size in deformation mechanism maps
of MgO is associated with extension of the diffusional flow
field to higher stresses.24 Since the effect of stress on the
strain rate is linear for diffusional processes, the evaluation
of the actual strain rate at 100 MPa (compared to 10 MPa)
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ure, a pronounced effect of the applied pressure on de
as observed (compareFig. 2 without pressure andFig. 4
ith pressure). This behavior may be expected in the
f the high pressures applied in comparison to the cap

orces; the later comprise the driving force for pressure
intering. The driving force�P, during hot pressing of th
reen powder compact with average particle radiusr, under

he applied pressurePApplied, is given by:21

P = PApplied − 2γSV

r
(1)

hereγSV is the solid–vapor surface energy. For the p
le size of 10 nm and surface energy of 0.12 J m−2 (see Ref
2) the driving force for pressureless sintering (i.e. ca

ary forces) is about 24 MPa, which is four to eight tim
ower than the applied pressures (100 to 200 MPa). In a
ion, some coarsening of the particles during the heatin
he hot-pressing temperature may further decrease the
ponding capillary forces. Therefore, the contribution of
pplied pressure to densification is very high. For com

son, hot-pressing of nanocrystalline MgO with 30 nm p
icle size for 30 min at 500◦C and in the 6 to 28 GPa pre
ure range has led to final densities ranging from 41 to 9
espectively.9 The stress exponent during the hot-pressin
00◦C was 1.14, very close to unity for which diffusion
rocesses were suggested as densification mechanism
ctual strain rates ranged between 0.021 and 0.132 s−1, re-
pectively. However, hot-pressing of MgO with submicro
ter grain size (0.1 to 0.5�m) at much higher temperatur

.e. 1600◦C and the pressure range 5–30 MPa yielded s
e

ay vary within one order of magnitude, in agreement
ur present calculated strain rates above. According t
resent analysis, Coble creep is expected to take place
resent hot-pressing conditions, and will be controlled
iffusion of Mg2+ cations along the nc-MgO grain boun
ries.

Diffusion of Mg2+ cations along the grain boundaries w
lso the dominating flow mechanism in MgO with 1�m grain
ize at 800◦C and 100 MPa (i.e. normalized shear stres
8.7× 10−4).24 However, the strain rate in the latter w
× 10−7 s−1, lower by three orders of magnitude than
resent strain rates. Consequently, the high strain rate
erved here may be related to the nano-size character
rains at the hot-pressing temperature window.

Finally, remarkable effect of the hot-pressing tempera
n the final density (Fig. 12) was noted in the narrow ran
f temperatures. Fully dense MgO with nanometer grain
ay be achieved provided that critical pressure is ap
bove 550◦C. Nevertheless, grain growth was inevitable o

he density was higher than 90%, which is associated wit
ransition of continuous pores to isolated pores. Yet, the
ize was only doubled in this temperature range and pres
ts nanocrystalline character.
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