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Abstract

Four different processes to produce porous MgO have been studied; firstly, calcination of powders at several

temperatures before forming by uniaxial pressing; secondly, effect compaction of powders at high mechanical isostatic

pressure (400 MPa), followed by sieving and classical forming, addition of dopants, such as Li, Na and Al, and finally, a

pressure gas sintering, even after long dwell times at high temperature (1700 �C/24 h). Densification during sintering has

been studied. The microstructure evolution during stabilisation test, i.e. 1700 �C up to 24 h has also been characterised.

Thermal treatment of the powder does not permit a good dimensional stability of sintered samples, the shrinkage

rate after 1 h at 1700 �C is about 0.2% min�1. The addition of shrinkage delaying dopant (Li, Na) is not efficient, Al has

a positive role, but depends on the addition process, the shrinkage rate after 1 h at 1700 �C is about 0.002% min�1. The

high pressure powder compaction has an intermediate effect (the rate of sintering is about 0.01% min�1). Using a high

gas pressure during sintering results in pores with flat surfaces, without re-densification during the 1 h treatment at 1700

�C. Nevertheless, the microstructure shows a grain growth.

� 2003 Elsevier Science B.V. All rights reserved.
1. Introduction

This work deals with studies about targets for long

life fission products and minor actinides transmutation

(Np, Cm, Am, . . .). The latter, diluted in an inert matrix,

still generate a high quantity of gas (mainly He), which

leads to an important swelling of the material (the

EFFTRA-T4 experiment has recently shown 18 vol.%

change in an MgAl2O4 matrix). This study is based on

the innovative concept of a porous matrix permitting far

elimination of gases to the plenums as and when they are

produced, to avoid geometrical modifications. The ob-

jective is to get a microdispersion of fissile material (<30

vol.% (Am, Cm)O2) into a porous magnesia matrix,

whose main qualities are:

• small grains, in order to limit the diffusion length to

pores,
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• small pores, to increase the number of diffusion

paths,

• high open porosity rate,

• thermal stability of porosity to avoid densification in

pile for temperatures< 1600 �C.

A lot of theoretical and experimental studies of dif-

ferent stage sintering have dealt on the elimination of the

porosity, in order to control the final microstructure of

the material [1–4]. Nevertheless, there is a narrow rela-

tion between the initial density, the agglomeration of the

powder, the grain distribution size and the pore size with

the microstructure evolution during sintering and the

final density. Therefore, the mastering of these para-

meters permits the control of the final microstructure.

So, Zhao and Harmer [5] and Zheng and Reed [6] have

shown that a broad pore size distribution, due to ag-

glomeration or poor consolidation, leads to sintering

difficulties. Thus, smaller pores, higher densities, and

narrow pore size distribution are precursors to rapid

sintering densification and high densities [7].

Nevertheless, in the final stage of sintering, when the

pores close, this evolution is connected to the relation
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between the mobility of porosity with the mobility of

grain boundary [8,9], based on kinetics considerations.

The microstructural evolution diagram of grain size

versus pore size shows the pore–boundary interaction

when the migration of pores is limited by surface dif-

fusion. Thus, with this diagram one can see there is a

limit where the pores and boundary have the same

mobility; therefore the microstructure is stable. Never-

theless, this limit can be modified by impurities [10,11],

and also by the pore size distribution [12]. To sum-

marize, the analysis of the pore–boundary interaction

and its representation in terms of the grain size versus

pore size diagram requires simplifications and as-

sumptions. They provide a useful basis for qualitative

understanding of microstructural control in the final

stages of sintering. However, they cannot be used to

predict quantitatively the microstructural evolution of

real systems.

The thermodynamics of interaction must also be

considered because it determines whether a pore will

shrink or grow during sintering. Actually, the equilib-

rium pore shape is dictated by the dihedral angle w de-

fined by cosðw=2Þ ¼ cgb=2csv, where csv and cgb are the

interfacial tensions at the pore surface and the grain

boundary interface, respectively. Kingery and Franc�ois

[2] using geometrical consideration have shown there is a

relation between the dihedral angle and the number of

sides of a closed pore (or the grain growth). Thus, pores

with a concave curvature are unstable and shrinks; pores

with a convex curvature also are unstable but they grow,

and finally pores with plane surfaces are stable.

If these thermodynamic or kinetic considerations

about the stability of porosity have been established for

pores closed in materials, only modelling of the kinetics

of the elimination of porosity have been studied in the

intermediate stage of sintering, where the porosity is

open [13,14].

The aim of the present work is to determine experi-

mentally the preparation of a porous material, based on

magnesia. The porosity should be at the limit of open-

closed porosity, i.e. between 90% and 94% TD, and

stable after heat treatment. Different ways have been

investigated.

• The powder is fired for a long time and at different

temperatures to promote grain growth and larger

pores after sintering.

• Dopants have been added to assist or to delay the

sintering process.

• Hard, poorly deformable agglomerates have been

generated to introduce differential sintering during

the stage of firing, and consequently a large porosity

around these agglomerates.

• Sintering under a high pressure of gas (gas pressure

sintering) has been tested to diminish the sintering

and improve the stability of the pores.
The stability of pellets, is compared to the dense

material (Al2O3, 99.9% dth) submitted to a same test, i.e.

1700 �C/1 h.
2. Experimental procedure

2.1. Samples preparation

Magnesium oxide powder (CERAC M 1017, 99.95%

purity) was pelletised at various pressures (60 or 170

MPa) using a double effect uniaxial press. In order to

produce calibrated agglomerates with higher density,

isostatic pressing was used: A quantity of powder was

pressed at 400 MPa, then the compact obtained was

crunched in an agate bowl and was sieved at 100 or 200

lm. Then, the pellet was pressed with this powder using

a uniaxial press (60 or 170 MPa).

The addition of small quantities of Li2CO3, Na2CO3

and c-Al2O3 was made by dry mixing in a turbula. These

oxides were added by successive dilutions with MgO

powder, in order to perform 1 wt% of additional oxide

(Li2O, Na2O or Al2O3) in the MgO matrix; the total

time of mixing was 1 h.

Before sintering, the compacted samples were sub-

mitted to a thermal treatment from room temperature to

800 �C at a rate of 200 �C h�1, under dynamic vacuum

conditions (primary vacuum), then stocked in a drying

oven at 120 �C, in order to prevent their hydration be-

fore sintering.

The pressureless sintering of the samples was per-

formed in a furnace, under air conditions, at a rate of

200 �C h�1 up to the determined temperature. Another

device used to improve the shrinkage of the samples was

the gas pressure furnace (G.P.S, FPW 100/150-2200-100

AS, KCE Sondermaschinen, Germany). It has two

modes of operations, the pressure of nitrogen gas was

controlled and increased concurrently with the temper-

ature from 0.1 to 6.5 MPa. In the second mode, the

pressure of the gas was maintained at 6.5 MPa during all

the time of the cycle of temperature. Table 1 summarises

all powders and samples prepared and their corre-

sponding names (a letter in this case).

2.2. Sample characterisation

The sinterability of samples was characterised by

dilatometry (TMA 92-17, SETARAM) on samples with

initial dimensions of 6 mm height and a diameter of

8 mm.

The dimensional stability of sintered specimens was

characterised, also following a standard procedure, i.e.

the dilatation or shrinkage is recorded during a thermal

cycle of 200 �C h�1 up to 1700 �C followed by a dwell

of 1 h (in some cases up to 4 and 24 h). The rate of

shrinkage at the end of the dwell was the parameter



Table 1

Powders prepared in this study

Name Treatment of the powder Type of sintering

A Raw MgO powder Pressureless in air or gas pressure

sintering

B MgO powder fired at 1000 �C during 16 h, in air Pressureless in air

C MgO powder fired at 1000 �C during 40 h, in air Pressureless in air

D MgO powder fired at 1300 �C during 30 h, in air Pressureless in air

E MgO pellet fired at 1300 �C during 30 h, in air Pressureless in air

F MgO powder, isostatic compression at 400 MPa, then sieved at 200 lm Pressureless in air

G MgO powder, isostatic compression 400 MPa, sieved at 200 lm, and then

mixed with 1 wt% c-Na2CO3 in turbula

Pressureless in air

H MgO powder, isostatic compression at 400 MPa, sieved at 200 lm, and then

mixed with 1 wt% c-Al2O3 in turbula

Pressureless in air

I MgO powder, isostatic compression at 400 MPa, sieved at 200 lm, and then

mixed with 1 wt% c-Li2CO3 in turbula

Pressureless in air

J MgO powder mixed with 1 wt% c-Al2O3 in turbula, compacted at 400 MPa,

and then sieved at 100 lm

Pressureless in air or gas pressure

sintering

MgO powder mixed with 1 wt% c-Al2O3 in turbula, compacted at 400 MPa,

and then sieved between 100 and 200 lm

Pressureless in air or gas pressure

sintering

L MgO powder, compacted at 400 MPa, sieved at 100 lm, and then mixed with

1 wt% c-Al2O3 in turbula

Pressureless in air or gas pressure

sintering

M MgO powder, compacted at 400 MPa, sieved between 100 and 200 lm, and

then mixed with 1 wt% c-Al2O3 in turbula

Pressureless in air or gas pressure

sintering

N MgO powder mixed with 1 wt% c-Al2O3 in turbula Pressureless in air
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chosen to evaluate the dimensional stability of samples.

This rate was compared with shrinkage rate of a pure

alumina sample (99.9% dth), named reference sample.

The density of samples was measured using Archi-

medes method in alcohol (99.95%). To characterise the

porosity the specimens have been fractured or cut in

order to observe respectively, with an electron micro-

scope (JEOL JSM 840), the morphology of the porosity

and its evolution inside the material.
Fig. 1. Raw MgO powder (A) (bar¼ 10 lm).
3. Results and discussion

3.1. Effect of thermal process of powder on reactivity

The initial magnesia powder has a coarse granulo-

metric distribution and large agglomerates, of a few tens

of microns. These agglomerates are constituted of fine

(100–200 nm) particles (Fig. 1). Thus the system, with

fine particles and consequently fine porosity, has a good

reactivity during the sintering cycle. In order to suppress

this reactivity, and form large pores in the compact, that

will be more stable, the powder has been thermally

processed at two temperatures. The treatment was made

at 1000 �C, where no shrinkage mechanism is observed,

for 16 and 40 h, or at 1300 �C where a small densifica-

tion is observed (see Fig. 2). At lower temperatures
(1000 �C) no difference with the raw powder was ob-

served.

Fig. 3 shows the dilatometry curves obtained from

compacted pellets from the powders A, B, C and D. It

appears clearly that the densification is affected by the

different treatments, even though the powders have not

shown visual differences, apart from powder D. Actu-

ally, the densification begins at higher temperatures, for

the thermally heated powders. Also, the reactivity of



Fig. 2. Powder fired at 1300 �C during 30 h (D) (bar¼ 10 lm).
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Fig. 3. Linear relative shrinkage rate versus temperature: for

powders (s) A, (�) B, (e) C and (�) D.
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Fig. 4. Linear relative shrinkage rate versus temperature during

the dwell of temperature at 1700 �C in air: (s) A, (�) B, (e) C

and (�) D.
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Fig. 5. Linear relative shrinkage rate versus temperature: for

samples (s) A, (e) D and (u) E.
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powder D, heated at 1300 �C for 30 h, is strongly re-

duced, the maximum relative shrinkage rate is about a

fourth of that for the other powders.

The samples sintered from powders A, B and C

densify to 85% TD, while the sample obtained with

powder D only reaches 65% TD. The final density can

be adjusted by controlling the temperature of thermal

treatment on the powder. For an effective effect this

treatment must be performed in a temperature range

where the powder starts to shrink. However, even if the

shrinkage has been sharply inhibited, as for D, at the

end of the sintering cycle the linear relative shrinkage

rate stays higher, 0.03% min�1, whereas in the cases

where the shrinkage has been slowly delayed 0.01%

min�1, for powders A, B, C (Fig. 4).

So, the shrinkage rates following a 1 h dwell at

1700 �C are significantly higher compared with the
sample reference, Al2O3 99.9% TD (0.0015% min�1).

As a consequence, these different systems will present

density evolution. Fig. 5 shows the difference in the

sintering behaviours between a powder and a compact

heated at 1300 �C during 30 h. Sample E is a pellet

which has been pressed at 56 MPa then heated at 1300

�C for 30 h, while sample D is a pellet pressed at 56

MPa realised with a powder heated in the same ther-

mal cycle.

During the thermal pre-treatment stage, the densifi-

cation between particles is more important in pelletised

samples than in powders, consequently the densification

rate in sample E is higher than D, before sintering at

1700 �C. After sintering, sample E has a higher shrink-

age rate than sample D. Also the density is higher, 65%

and 83% TD, respectively. Consequently, the heat

treatment, as expected, has more influence on the re-

activity of the powder than on the pressed powder.
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Fig. 7. Linear relative shrinkage rate versus time at 1700 �C for

samples pressed at (s) 56 MPa and (�) 170 MPa.

F. Valdivieso et al. / Journal of Nuclear Materials 320 (2003) 1–10 5
Never- theless, because of low densification rate (on

sample D) the system presents a relative evolution more

significant than sample E. In spite of a lower relative

shrinkage rate, in sample E, at the end of sintering (after

the dwell at 1700 �C), it is similar to that obtained with

raw powder, but still too high.

3.2. Effect of forming pressure

The heat treatment inhibits the reactivity of the sys-

tem, but leading to poor densification rate, and an in-

sufficiently stable system. In order to prevent further

densification during the dwell at 1700 �C, the samples

have been pressed with two different methods: to in-

crease the reactivity of the system and enhance the final

density, to obtain more stable sintered samples.

3.2.1. Effect of compaction pressure

Fig. 6 shows the shrinkage behaviour of two samples

of untreated MgO powder (A), pelletised at 56 and 170

MPa. The maximum relative shrinkage rate is higher for

samples, pressed at low pressure, because of the low

initial density, 41% TD versus 50% TD. During the

dwell at 1600 �C, the rate nears zero more rapidly when

the green density was the highest. However, the final

densities are the same, about 88% TD, because of the

long time dwell. The compaction at a higher pressure (or

initial density) improves significantly a better final den-

sity, and therefore the linear relative shrinkage rate is

reduced quantitatively to 0.008% min�1 (Fig. 7). Never-

theless, the dwell at 1600 �C for 4 h, could play a ma-

jor rule in the stabilisation of densification. Therefore,

at once the duration dwell at high temperature and a

high pressure of forming can lead to reasonable mate-

rials. Unfortunately, in this study the relative shrinkage

rate, at the end of the dwell temperature at 1700 �C, is

low (0.008% min�1) but too high compared to the

standard sample.
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Fig. 6. Effect of pressure of compaction on sinterability of

powders A, pressed at (s) 56 MPa and (�) 170 MPa.
3.2.2. Effect of isostatic pre-compaction

Fig. 8 shows the linear relative shrinkage rate during

the standard temperature cycle (200 �C h�1 up to 1700

�C, and a dwell of 1 h) for samples compacted at 56 MPa

with the raw powder A and the sample also compacted

at 56 MPa but with powder F, which is a powder having

undergone pre-compaction at 400 MPa, and then sieved

at 200 lm. It appears clearly that the maximum of the

relative rate is lowered by 150 �C, due to a better contact

between the particles in the agglomerates.

Also, the sintering of sample F is finished, long be-

fore sample A. At 1600 �C the relative shrinkage rate is

yet near zero, and after 1 h at 1700 �C its value is 0.008%

min�1, and its relative density was 89.2% TD.

3.3. Effect of doping and pressure

The pre-compaction powder stage seems to be an

excellent process in order to improve the sinterability of
-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

900

1000

1100

1200

1300

1400

1500

1600

1700

0 4000 8000 1.2 104 1.6 104

L
in

ea
r

re
la

ti
ve

sh
ri

nk
ag

e
ra

te
(%

.m
in

-1 )

T
em

perature
(˚C

)

time (sec.)

Fig. 8. Effect of compaction of the raw powder on sintering:

(s) A powder and (�) F powder.



Fig. 10. Polished surface of sample H.
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the samples. However, for the same sintering cycle the

densification rate is not very improved compared to the

case where the powder is simply pressed.

Another way to improve the densification is to in-

fluence the point defect concentration in the compact

powder. In fact, an increase in defect concentration

can result in faster sintering. In the case of MgO, it is

known well [15] that the intrisic defects are Schottky

defects, i.e. oxygen and magnesium vacancies, and the

sintering is controlled by the diffusion of oxygen va-

cancies. Thus, the addition of cations with charge

lower than +2 will act to increase the sintering rate,

whereas the addition of cations with charge higher

than +2 will inhibit it. Thus, NaF and particularly LiF

can positively adjust the ionic vacancy, whereas Al2O3

would act as an inhibitor.

3.3.1. Effect of doping process by c-alumina on micro-

structure

Figs. 9 and 10 show the difference in microstructure

between sample N prepared from MgO powder mixed

with 1 wt% of c-alumina and sample H which was

prepared from the mixture of 1 wt% of c-alumina with

MgO powder compacted at 400 MPa and then sieved

at 200 lm. It appears that porosity is concentrated

around small aggregates in sample N and around large

agglomerates in case where alumina has been added to

dense agglomerates. The presence of c-alumina leads to

an absence of densification compared to agglomerates

which are free from it. After sintering the relative

densities of samples H and N are respectively 90.7%

and 85.2% TD. On other hand, it seems when the

alumina is mixed to raw powder before compaction (at

400 MPa) the sintering is delayed compared to the case

where the alumina is mixed after the compaction, i.e. at

the surface of agglomerates. It is impossible to con-

clude on the efficiency of c-alumina addition, because
Fig. 9. Polished surface of sample N.
compared to raw powder (A) the final relative density

is comparable. But, for sample H the relative densifi-

cation rate at the end of dwell is only 0.003% min�1,

near to the standard sample (pure and dense alumina

sample).

3.3.2. Doping by c-alumina, Li2CO3 or Na2CO3

Fig. 11 shows the linear relative shrinkage rate of

four types of samples: Sample G with addition of

Na2CO3 to the powder pre-compacted at 400 MPa and

sieved at 200 lm, sample H with c-Al2O3 addition after

the same process and finally sample I with Li2CO3 ad-

dition. For these three powders 1 wt% of oxides has been

added. Their sintering behaviour is compared to raw

material compacted at 400 MPa and then sieved at

200 lm (F). All samples present a high reactivity com-

pared with sample F, the maximum rate of shrinkage
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Fig. 11. Effect of dopant addition on sintering: (s) F, (�) G

(Naþ), (e) H (Al3þ) and (�) I (Liþ) powders.
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significantly advanced. Clearly, Na or Al addition has

the same effect on rate of sintering: two peaks appear at

1160 and 1350 �C, while at 1500 �C their rates are near

zero. In the case of Li addition, one single peak appears,

at an intermediate temperature (1275 �C), but with a

higher intensity. So, after a rapid deceleration of

shrinkage, the rate remains constant with a value about

0.03% min�1 from 1400 �C up to 1600 �C. Above this

temperature, the rate decreases near the values obtained

with other additives. Thus Li has a good capability to

enhance sintering until high temperatures, compared to

other additives.

After sintering (1700 �C/1 h, in air) the relative den-

sities were 85.3%, 87.8% and 85.8% TD for G, H and I

samples respectively. After the heat treatment some

variations of densities are noted: whereas a minor re-

densification is observed on the sample doped with Al

(88.9% TD), both dopants with a lower cationic charge,

lead to a high re-densification, 90.3% for Na addition

and 90.8% TD for Li addition, respectively.

3.3.3. Effect of doping process and classification

For c-alumina addition, Fig. 12 shows the shrinkage

rate evolution during sintering of four powders (J, K, L

and M, see Table 1). These results are compared to the

powder simply compacted at 400 MPa (F). As observed

earlier, the addition of small quantities of c-alumina lead

to a better reactivity in the compact sample.

The powders which have been sieved under 100 lm

(J and L) start their shrinkage earlier than powders

sieved between 100 and 200 lm (K and M), even

though they have the same initial density, 55% TD. As

powders J and L have a large particle size distribution

from primary crystallite to agglomerates of 100 lm,

their reactivity is higher than agglomerates of 100–200

lm present in K and M powders. Moreover, for the

larger agglomerates (K and M), if the c-alumina is

inside instead of around the agglomerates, the shrink-
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Fig. 12. Effect of sieving and process of the addition of c-Al2O3

on the sintering: (d) F, (s) J, (u) K, (e) L and (�) M.
age starts later. Thus the best sintering inhibition by

the Al dopant occurs when it is dispersed in the MgO

matrix rather than around the agglomerates. After the

sintering cycle, all samples have the same density,

87.5% TD. If we compare to sample H (obtained

without classification) it appears that is not necessary

to use a powder with a narrow granulometric distri-

bution in order to obtain the best relative density after

sintering.

During the test of re-densification all compositions

show the same behaviour (Fig. 13). The linear relative

shrinkage rate is relatively constant and very low

during the dwell at 1700 �C, about 0.002% min�1.

Table 2 shows the evolution of the densification of the

samples sintered in air, and after heat treatment (1700

�C/1 h). As previously observed in Fig. 12, the samples

with c-alumina added, sieved below 100 lm (J),

showed a higher densification compared to samples

sieved over 100 lm (K). Moreover, when c-alumina is

added to agglomerated powder (obtained by compac-

tion, L and M), the densities are lower than obtained

with c-alumina added directly to the raw powder (J

and K respectively). The alumina is more efficient in its

role of shrinkage inhibitor, when it is located over

agglomerate surfaces. The intra-agglomerate sintering

is possible but the inter-agglomerate sintering is inhib-

ited by a higher concentration of c-alumina between

the agglomerates. After heat treatment, the densities

vary a little, except for L and M compositions. We can

see here that the control of the process of c-alumina

addition and of the agglomerate size distribution can

allow us to adjust the final density, with a good dimen-

sional stability at high temperatures (for H, J and K

samples).

Table 2 shows the densification rate after sintering

and re-heating of sample H, which has a large particle
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Fig. 13. Linear relative shrinkage during the test of stability at

1700 �C: (s) J, (u) K, (e) L and (�) M.



Table 2

Effect of doping process by c-alumina combined with sieving on the densification

H J K L M

Density of green samples (% TD) 52.2 51.1 49.7 51.9 51.4

Density after pressureless sintering (% TD) 87.8 88.6 83.6 83.6 82.2

Density after heat treatment (% TD) 87.5 88.6 84.4 86.1 84.0
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size distribution. It appears for this sample H that the

final density is higher and its variation after heat treat-

ment is comparable to previous powders.

3.3.4. Effect of doping and gas pressure during sintering

In order to promote a large porosity, samples have

been sintered from powders A, G, H and I (see Table 1),

under gas pressure conditions. In the first case the gas

pressure (N2) was increased linearly, parallel to the

temperature from 1000 to 1700 �C, at 0.03 MPa min�1.

The results of densities are presented in Table 3. When

dopants are added, and specially with c-alumina (H), the

inhibitor effect is really marked, the density is about 6%

less than other samples. It seems that the pressure has

inhibited the activator effect of sintering with Li (I) and

Na (G) dopants. Actually, even after heat treatment all

samples show a little bit densification, and specially the

samples doped with Li or Na present a very weak evo-

lution.

In the second case, the gas pressure (N2, 6.5 MPa)

was held constant from room temperature to the end

of the sintering cycle. The results of densification are

presented in Table 4. Except for sample H powder (Al

doped), all other samples show a lower densification

compared to the case where the pressure was contin-

uously increased. When gas pressure is high during all

cycle, it appears that the activator or inhibitor mech-

anism of the sintering due to doping are not effective.
Table 4

Effect of additives on the density, after gas pressure sintering (PN2
is con

1700 �C during 1 h in air

Densification rate of pressureless sintered samples (% dth)

Densification r after gas pressure sintering (PN2
constant) (% dth)

Densification r after heat treatment �aa 1700 �C, during 1 h in air

Table 3

Effect of additives on the density, after gas pressure sintering (PN2
line

treatment at 1700 �C during 1 h in air

Density of pressureless sintered samples (% TD)

Density after gas pressure sintering (N2) (% TD)

Density after heat treatment at 1700 �C, during 1 h in air (% TD)
In this case during heat treatment, no shrinkage is

observed even for the dwell of temperature at 1700 �C.

3.4. Microstructure evolution

Fig. 14 shows the evolution of microstructures during

re-heating at 1700 �C after 4 and 24 h of treatment,

compared to the as-sintered conditions. Sample A sin-

tered under gas pressure conditions is constituted of fine

particles, �3 lm (Fig. 14(a)); the porosity seems to be

well distributed around the grains. As the thermal

treatment time increases (Fig. 14(b) and (c)) the pore size

and the grain size increase. Nevertheless a large majority

of the porosity remain at the triple point. After 24 h at

1700 �C, the grain size is about 8 lm; it is a size slightly

greater than that obtained at 4 h, and once again the

pore size has increased, but less than after 4 h. During

re-heating treatment, the grain boundaries begin to

flatten. In such conditions the porosity will stay stable

for a longer time.

Fig. 15(a)–(c) shows the microstructure evolution of

a sample which has been prepared with raw powder

mixed with 1 wt% of c-alumina (N), and sintered in air

at 1700 �C/1 h. After sintering (Fig. 15(a)) the grain size

is larger than the one obtained with gas pressure sin-

tering on sample A.

The grains are less flat, but become rounded, and the

porosity is also well dispersed around the grains and
stant 6.5 MPa) at 1700 �C/1 h under and after heat treatment at

A G H I

85 85.3 87.8 85.8

81.9 79.7 81.7 79.4

81.9 – 81.4 –

arly increasing with temperature), at 1700 �C/1 h, and after heat

A G H I

85.0 85.3 87.8 85.8

85.0 84.4 78.9 85.6

85.8 84.6 80.3 85.8



Fig. 14. Microstructure evolution during the heat treatment on

sample A: (a) as sintered sample, (b) after 4 h at 1700 �C and (c)

after 24 h at 1700 �C. Fig. 15. Microstructure evolution during the heat treatment on

sample N: (a) as sintered sample, (b) after 4 h at 1700 �C and (c)

after 24 h at 1700 �C.
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seems to be open. During heat treatment, after 4 h the

grains grew slightly and the pore size strongly decreased

(Fig. 15(b)). Beyond 4 h, the microstructure shows weak

grains size increase, but the total porosity seems to re-

main constant

When the alumina is located around the agglomer-

ates compacted at 400 MPa, the microstructure is con-

stituted by dense agglomerates of very large size. The

porosity distribution in these agglomerates is shown in

Fig. 16(a)–(c). It is essentially closed in the very dense

agglomerates. Most of the porosity is inter-agglomerate

and its size is very large (several microns) due to differ-

ential sintering between agglomerates. No significant
evolution of the porosity is quantified for the high

temperature treatment.

The figures show that the microstructure evolves

during heat treatment. When the powder is not com-

pacted at high mechanical pressure, the porosity co-

alesces to form large pores and the grains grow too. So,

when gas pressure is used the growth is limited during

sintering, but after heat treatment the grain size is

comparable to that obtained in pressureless sintering

with c-alumina addition. Indeed when the powder is



Fig. 16. Microstructure evolution during the heat treatment on

sample H: (a) as sintered sample, (b) after 4 h at 1700 �C and (c)

after 24 h at 1700 �C.
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initially compacted (at 400 MPa) the density of sintered

samples do not vary during re-heating but the porosity is

concentrated around large agglomerates.
4. Conclusion

Among the four processes investigated to prepare a

material with large and a stable porosity at very high
temperature, some answers or ways have been found.

The isostatic compaction of powders before forming

allows to advance the sinterability of materials to lower

temperatures, and the consequence is a better stability of

relative dense pellets at a high temperature (1700 �C/1 h

or more), but not sufficient. The addition of c-alumina

has appeared as a good inhibitor of sintering, and leads

to a better stability of the densification rate, with the

best compromise leading to a rate of 0.002% min�1.

The gas pressure sintering, with a constant pressure

during sintering, allows us to introduce pores with a

larger size, this size evolves mainly during the stabilisa-

tion test until four hours of treatment. All samples sin-

tered for 1 h at 1700 �C have shown a slight evolution

(relative density or microstructure) for the four first

hours, and then a good relative stability. Nevertheless,

the relative density of the material, in this case MgO

powder uniaxially pressed, is not affected, and no doping

is necessary. One can think that a four hour long dwell

would allow us to obtain the microstructure with the

best compromise, either with gas pressure sintering or

with pressureless sintering but with c-alumina addition.

This work, conducted only with MgO matrix, is actually

being continued, trying to incorporate a fissile phase

((Pu, Ce)2Zr2O7), where cerium simulates americium.
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