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Abstract

Densification of pure nanocrystalline MgO powder with 10 nm particle size by hot-pressing was investigated in the temperature range
700-800C, 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 44D. Densities higher than 99.5% with grain size of 73 nm were achieved aC780d 150 MPa for a 30 min
duration. Remarkable densification from 90 to 99.5% was observed by temperature change from 70Ctdofthich 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 S5@ather than from room temperature. The temperature at which the pressure was applied is
crucial in determining the maximum shrinkage rate in the nanocrystalline compacts. This effect was related to the morphological changes of
the particles caused by plastic deformation at lower temperatures. Analysis of the densification rate and its comparison to the literature data
was in agreement with Coble creep, where self-diffusion of"Mgtions along the grain boundaries acts as a main densification mechanism.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction grain size’"12 Pressure calcintering of magnesium hydrox-
ide powders resulted in fully dense MgO at 10@under
Effects of the nanocrystalline character on the various the pressure of 46 MPa albeit with micrometer size grains.
properties of structural and functional ceramics become im- Translucent specimens were obtained by hot-pressing at
portantwith miniaturization of devices and technological sys- 1100°C for 1 h12 Recently, translucent MgO ceramics were
tems. For exploring such effects, dense nanocrystalline ce-a|so fabricated by hot-pressing of nanopowdérdowever,
ramics are needed as model systems. Fabrication of densghe average grain size in these MgO ceramics was above a
bulk nanocrystalline oxides is very challenging since in- few micrometers, most probably due to high hot-pressing
evitable grain growth occurs at relatively high sintering tem- temperatures above 1000.
peratures needed for densification. MgO has high melting  The present paper describes methodological hot-pressing
temperature{2850°C) and temperatures as highas 1760 experiments through which effects of the pressure, tempera-
were reported for pressureless sintering of micron size MgO ture, and duration as well as pressure application regime for
powder to full density: This has motivated fabrication of  full densification of nc-MgO was investigated. It is shown

the nanocrystalline MgO (nc-MgO) powders formed from that temperatures between 700 and 8DGsuffice for full
hydroxide precursor prior to compactiérf Decrease inthe  densification of nc-MgO.

particle size of the MgO powder into the nanometer range
(11-260 nm) resulted in nearly fully dense specimens with )
sub-micron grain siz&.Hot-pressing was used in order to 2+ Experimental procedures

decrease the densification temperature and resulted in a finer .
Highly pure nc-MgO powder (Nanomaterials Res. Inc.)

formed by chemical precipitation with specific surface area
* Corresponding author. Tel.: +972 4 8294589; fax: +972 4 8321978.  of 145 nf/g and calculated spherical diameter of 11 nm was
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used. The impurity content was (in ppm): 100 Fe, 76 Na, 70 [Fregeagse?
Al, 30 Sn, 25As, 14 Mn, 10 Bi, 10Pb,8Ca,and 7K. Theas- | 4%,
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 | i ST
isostatic pressing (CIP) at 250 MPa, where the green density | g
increased up to 51%. In order to prevent moisture absorption, | T
the green compacts were kept within a desiccator evacuatedf =
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. TR prem—
The external surfaces of the hot-pressed samples were grounc 8043 200 ORV _XI120K  56na
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 6£23min. The ,
linear shrinkage of the disc thickness was measured during™ean CTE for conventional Mg®. _
the hot-pressing. Since the mass and diameter were constant 1 n€ €ffect of the applied pressure on the volume shrink-
during the hot-pressing, this linear shrinkage represents fairly 29€ VErsus temperature was investigated in Instron machine
well the volume shrinkage. The final density of the speci- (8500) at 50 and 150 MPa, as shownFig. 3a. Since the
mens was measured by the Archimedes technique using thedlameter of tr_\e compact is cgnS|.dered to be con.stant during
2-propanol as the immersion liquid. The microstructure of the hotjpressmg_due to _the die diameter constraint, th_e mea-
the powder and the dense specimens were characterized ysSured linear shrinkage is referred as the volume shrinkage
ing transmission electron microscopy (TEM, JEOL 2000Fx, ©f the compact. No shrinkage was observed below"00
operated at 200 kV) and high resolution scanning electron mi- & 50 MPa pressure. The shrinkage curve at this lower pres-
croscopy (HRSEM, Leo Gemini 982 FEG operated at 4kv). Sure exhibited a sigmoidal character similar to that expected

The specimens were not coated for the TEM/HRSEM obser- [fom the load-free shrinkage curveig. 2) though the onset
vations. temperature for shrinkage start was shifted to lower temper-

HRSEM images were used for image analysis (Scion atures. For comparison, continuous shrinkage was observed
image-NIH) to determine the median grain size as well as &/réady from room temperature at 150 Mifég( 3a). Since

the grain size distribution, where 200 grains were counted at th€ Néating rate was constant, the slopes of the two curves in
least for a given specimen statistics. 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 abové40°C
3. Results exhibiting much higher shrinkage rate than the former below

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 10.2x 10°6°C~1 compared to 13.% 10°6°C~1, the

The as-received powder exhibited polyhedral shape crys- s
tallites with average diameter 6f10 nm arranged in porous
agglomeratesHig. 1). In order to determine the powder
shrinkage behavior and the optimal densification tempera-
ture range, the linear shrinkage of a 5mm in diameter and
10 mm long CIPed nc-MgO rod was recorded in dilatometer
(Fig. 2. The shrinkage began already at 2@and increased
continuously with temperature; the main shrinkage started at
700°C and continued up to 160C. The 2% shrinkage be-
tween 100 and 40TC is related to the burnout of the excess 25
lubricant and was neglected. The additional linear shrink-
age was~21% which is comparable t6-63% volumetric -30
shrinkage, assuming homogeneous and isotropic shrinkage.

The maximum shrinkage rate at the inflection point of this
curve was at-1180°C. The coefficient of the linear thermal  Fig. 2. Dilatometric linear shrinkage curve of the cold isostatically pressed
expansion (CTE) derived from the slope of the cooling curve nc-MgO compact vs. temperature.
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percents. At this stage, the relative densities ranged between
93 and 95%.
The volume shrinkage versus time under the applied pres-
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RERE ] sure of 200 MPa is shown iRig. 5 together with the heat-
& Pressure app"edi ing curve. It was apparent that significant 'den.sification oc-
at 570°C curred immediately after the pressure application at®&50
anl A~ 1 The maximal shrinkage of 85% was reached within 15 min
from the pressure application. The volume shrinkage curve
I reached a saturation level before the actual hot-pressing tem-
0 200 400 600 800 1000 perature (720C) was reached. At this stage, the relative den-
(b) Temperature [°C] sity of the specimen is about 92%. In order to follow the effect

of the hot-pressing temperature on the overall shrinkage be-
Fig. 3. (a) Effect of the applied pressure and (b) of the pressure applica- havior, the hot-pressing temperature was changed within the
tion regime on volume shrinkage during hot-pressing of nc-MgO compacts. 750_79(C range, while 150 MPa pressure was applied start-
,I:p:gllcatlon of pressure at 57 significantly increased the densification 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.

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- T 800
tive volume shrinkage of 45% at 64CQ as shown irFig. 3. 0] T 700
On the other hand, when the same pressure was applied but £ 20 - j600 3
only at570°C, amuch higher shrinkage rate was observed re- oy {500 3
sulting in cumulative volume shrinkage of 75% at 6@and g -40 200MPa 3 400 §
88% at 700C. It appears that the temperature at which the E r rd Applied at 550°C 5
pressure is applied is crucial for determining the maximum S Or ,:" 190 =
shrinkage rate in these nanocrystalline compacts. E ol /-" 200 =
The volume shrinkage versus temperature (up to )@t = L <— j100
three different pressures applied at 380s shown inFig. 4. 100 : ‘ I ' ' 0
0 10 20 30 40 50 &0 70

Generally, the observed densification rates were very fast and
similar to one another, immediately after the pressure appli-

Time [min]

. - o -
cation and _at shrln_kage values b_elow 20%. The Cumu_'a“Ye Fig. 5. Volume shrinkage vs. heating time for hot-pressing at'@20rhe
VOlume.Sh”nkage. increased at higher temperaturgs With in- pressure was applied at 550. The maximum shrinkage is reached within
crease in the applied pressure, however, by a few (i.e. 2 to 8)15 min already during the heating.



3582 D. Ehre et al. / Journal of the European Ceramic Society 25 (2005) 3579-3585

20 T T T T 250 T T T T T T
150 MPa applied at 550 °C
0 ] 200 L Hot-pressed nc-MgO
—_ ° 790°C /150 MPa/ 4h
2 l 790°C a
‘o 20 . = 150 | ]
o VoS “—765°C o
g LA —— s 5]
T a0t 740°CH 5 100 | ]
o = 720°C g
g 60 - £ 50Ff | | ]
3 2 T
g_aok 0F - |I|||l|.-. ,,,,,,,
-100 - 1 1 1 1 1 I
25 30 35 40 45 50 0 50 100 150 200 250 300 350
Time [min] Grain Size [nm]
Fig. 6. Volume shrinkage vs. heating time for hot-pressing at'Z20rhe Fig. 9. The log-normal grain size distribution in the hot-pressed nc-MgO.
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Fig. 7. X-ray diffraction from the hot-pressed nc-MgO.

Fig. 10. Effect of the applied pressure on the mean grain size resulting from
X-ray diffraction spectrum from the hot-pressed nc-MgO  hot-pressing of nc-MgO for 4 h at 72C.

specimens revealed their rock-salt cubic crystal structure (i.e.
Fig. 7). Typical HRSEM images taken from the nc-MgO size of the regions suspected as pore was of the same order
hot-pressed at different pressures are showhign 8. Al- or lower than the grain size. In this respect, the effect of pres-
though these dense specimens exhibited nano-size grainssure on the grain size at 72G for 4 h hot-pressing duration
image analysis of such micrographs revealed the wide grainis shown inFig. 10 The density at these conditions ranged
size distribution with log-normal charactéig. 9). The main between 92 and 95%. The effect of pressure on grain growth
microstructural feature of these dense specimens was thdnhibition was clearly observed. The median grain size was
polyhedral shape of the hot-pressed grains that resembled’6 nm under the 100 MPa pressure compared to 52 nm under
the original polyhedral shape of the powder particles. The 200 MPa.

u S mm x z 4 ODKY Zvenm
HOLF SUM CEMIRL HOLFSONM CENTRE

4 .00k

Fig. 8. HRSEM of the nc-MgO hot-pressed for 4 h at 7@0and different pressures. (a) 200 MPa with average grain size 6fZ2m. (b) 100 MPa with
average grain size of 7635 nm. The scale bar is 200 nm.
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at550°Cis presentedikig. 12 The relative density was 90%

at 700°C and increased to more than 99.5% at 7@0Then,

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-
Fig. 11. HRSEM image from the fracture surface of nc-MgO hot-pressed at plied are very important in determining the maximum shrink-
150 MPa up to 650C and air cooled. The acicular and distorted nano-grains age rate. In this respect, application of pressure from room
indi(_:ate fragmentation during the low temperature densification. The scale temperature was found to lead to plastically deformed elon-
baris 500 nm. gated grains. Two deformation processes may be considered
while applying pressure on the green compact already from
In order to explore the cause for the change in the den- F00M tempe_rature. _Fi_rst, plastic deformation _of the com-
sification rate with temperatur&ig. 3 one specimen was Pact by particles’ sliding over each other to fill the resid-
pressed at 150 MPa already from room temperature up toual pores. Th|s process is not likely to occur at room tem-
650°C, followed by pressure release and rapid cooling to Perature, since the present compacts were ClPed at much
room temperature. The fracture surface of this specimen higher pressure of 250 MPa prior to hot-pressing. The high
that was examined in HRSEM, exhibited elongated grains frictional forces between the particles may be overcome only
(Fig. 11) which resemble a microstructure typical of plasti- &t higher temperatures where su_fflce surfac_e diffusion exists.
cally deformed grains within partially dense compact. The The second process is by plastic deformation of the grains

origin of this microstructure will be discussed below. to form extrusions through the residual porosity. This pro-
The overall results indicated that significant densifica- €SS, which is aided by the frictional forces between the
tion under the pressure may begin above Z@0Neverthe- particles, may lead to strain hardening and fracture. Since
less, pressureless densification within dilatomeFég.(2) th_e den5|_flcat|on below 44 require a _threshold stress
and temperature—pressure densification patteim. @) re- (Fig. 3a) it may be related both to plastic deformation of

vealed that significant shrinkage started only above°&50 nanoparticles and fragmentation of their agglomerates. This
Since grain growth is expected to occur around @H4 the trend is very plausible at lower temperatures due to the low
hot-pressing temperature window was set between 700 andardness of MgoO (7 GP]E{? and its low room temperature
800°C. The overall density—grain size—hot-pressing temper- Yield stress both in bending (138 MP&)and in compres-

ature pattern for 4 h duration under 150 MPa pressure appliedSion (75 to 140 MPaj>1® Flow of MgO under high hydro-
static pressures (up to 1000 MPa) at room temperature ex-

hibited low work hardening rate up to 3% strain followed by
80 steeper work hardening rate up to 15% strain, where frac-

100 ;

- i, = ture was occurred’ Similar strain hardening behavior with

& ggf & stress exponent of unity was observed under lower stress of

2 1% 8 140 MPa between 700 and 860 in MgO with submicron

S 9%r 16 @ grain sizet® These data support the relatively large plas-

(a] 160 g- tic strains observed in the nanocrystalline graifig(11).

2 ol iss However, this plastic strain is limited(15%) due to strain

% 16y > hardening and can lead to limited densification at lower tem-

oc 92r Hot-pressed =) peratures. On the other hand, cyclic deformation of MgO
150 MPa/4h 445 3 ; ; _

= single crystals has shown that plastic recovery occurs be

P . A DT . . ; .
680 700 700 740 760 780 800 twegn 400 and 47TC, mal_nly by screw dlsloqat|or’i'§.Th|§_

strain recovery may partially explain the higher densifica-

tion rate that was observed above 4@where the pressure

Fig. 12. Relative density and grain size of nc-MgO hot-pressed at 150 MPa was applled from roo_m t(_emperatu"é'_g‘ Sa) Investigation

and different temperatures. The grain size at the final stage of densificationOf the hot-pressing kinetics of ultrafine MgO between 500

was only doubled. and 700 C and between 60 and 295 MPa, showed the Coble

Temperature [°C]



3584 D. Ehre et al. / Journal of the European Ceramic Society 25 (2005) 3579-3585

creep (via grain boundary sliding) as the dominating densi- exponent of 3 at constant density of 80%, which was related
fication mechanism®20 Therefore, application of pressure to dislocation creep! The corresponding densification rates
at room temperature results in morphological changes of thewere between 1@ and 163s 1.

grains (i.e. change in the grain aspect ratio). Further densifi-  Although rapid densification immediately after pressure
cation at higher temperatures by grain boundary sliding may application Fig. 6) may be associated with particle sliding
be inhibited by interlocked grain morphology. The 150 MPa aided by surface diffusion, the last stages of densification
curve Fig. 3a) exhibited densification below 44Q com- (i.e. 80% volume shrinkage and higher) should be related
pared to no densification under 50 MPa pressure; the later isto grain boundary diffusion. This arises from the loss in
apparently lower than the yield stress of the nanocrystals. continuity of the internal pores. The shrinkage curves rep-
However, the slopes of the two curves become compara-resent the engineering strairior which the initial length of

ble above 440C. The weaker pressure effect on the den- the specimen is assumed to be constant. However, the true
sification rate of the two curves above 44D may also be strain is given by natural logarithmic of letfrom which
explained by mutual sliding of the grains over each other, the true strain rate may be determined. The lower shrink-
once a temperature is high enough for releasing the fric- age rate in the last stages of densification in the temperature
tional forces by surface diffusion as mentioned above. In range 650-700C at 100 MPakig. 4) yields true strain rate of
this respect, application of pressure only at higher temper-the order 5.5« 10~*s~1. Using the deformation-mechanism
atures (i.e. 570C in Fig. 3) leads to densification by slid- map of ultra-fine MgO at 770C and 10 MP&3 compara-

ing of equiaxed particles over each other. Therefore, higherble strain rates of 10 and 104 s~ were obtained for 50
densification rate and cumulative shrinkage is expected forand 100 nm grain size, respectively. In these conditions the
sliding of equiaxed grains compared to those of elongated Coble creep is a dominating deformation mechanism con-

grains. trolled by diffusion of Mg* cations?® On the other hand,
It was further found that significant densification begins decrease of the grain size in deformation mechanism maps
immediately at pressure application around 55(qFig. 6). of MgO is associated with extension of the diffusional flow

Nevertheless, densification tends to saturate within the timefield to higher stressé¥. Since the effect of stress on the
interval of 15 to 30 min after this rapid shrinkage. Comparing strain rate is linear for diffusional processes, the evaluation
the shrinkage behavior with respect to temperature and pres-of the actual strain rate at 100 MPa (compared to 10 MPa)
sure, a pronounced effect of the applied pressure on densitymay vary within one order of magnitude, in agreement with
was observed (compafgg. 2 without pressure an#ig. 4 our present calculated strain rates above. According to the
with pressure). This behavior may be expected in the light present analysis, Coble creep is expected to take place in the
of the high pressures applied in comparison to the capillary present hot-pressing conditions, and will be controlled by
forces; the later comprise the driving force for pressureless diffusion of Mg?* cations along the nc-MgO grain bound-
sintering. The driving force\P, during hot pressing of the  aries.

green powder compact with average particle radjusder Diffusion of Mg?* cations along the grain boundaries was
the applied pressum@appiied, is given by?! also the dominating flow mechanismin MgO witlutn grain
5 size at 800C and 100 MPa (i.e. normalized shear stress of
AP = Papplied — =Y 1) 18.7x 10~%).24 However, the strain rate in the latter was
r 5x 10~ "s1, lower by three orders of magnitude than the

whereysy is the solid—vapor surface energy. For the parti- present strain rates. Consequently, the high strain rates ob-
cle size of 10 nm and surface energy of 0.12 Frtsee Ref. served here may be related to the nano-size character of the
22) the driving force for pressureless sintering (i.e. capil- grains at the hot-pressing temperature window.

lary forces) is about 24 MPa, which is four to eight times Finally, remarkable effect of the hot-pressing temperature
lower than the applied pressures (100 to 200 MPa). In addi- on the final densityKig. 12 was noted in the narrow range
tion, some coarsening of the particles during the heating to of temperatures. Fully dense MgO with nanometer grain size
the hot-pressing temperature may further decrease the corremay be achieved provided that critical pressure is applied
sponding capillary forces. Therefore, the contribution of the above 550C. Nevertheless, grain growth was inevitable once
applied pressure to densification is very high. For compar- the density was higher than 90%, which is associated with the
ison, hot-pressing of nanocrystalline MgO with 30 nm par- transition of continuous pores to isolated pores. Yet, the grain
ticle size for 30 min at 500C and in the 6 to 28 GPa pres- size was only doubled in this temperature range and preserved
sure range has led to final densities ranging from 41 to 90%, its nanocrystalline character.

respectively’ The stress exponent during the hot-pressing at

500°C was 1.14, very close to unity for which diffusional

processes were suggested as densification mechanisms. The

actual strain rates ranged between 0.021 and 0.132se- Acknowledgments
spectively. However, hot-pressing of MgO with submicrom- o _
eter grain size (0.1 to 046m) at much higher temperatures, The support of the Israel Ministry of Science through the

i.e. 1600°C and the pressure range 5-30 MPa yielded stressGrant No. 1090-1-00 is gratefully acknowledged.
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