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USE OF POROUS MgO IN PYROCHEMICAL APPLICATIONS 

P. S. Maiya, S. M. Sweeney, L. A. Carroll, J. T. Dusek 

Energy Technology Division 
Argonne National Laboratory 
Argonne, Illinois 60439 USA 

ABSTRACT 

Pyrochemical methods for the extraction of transuranic elements from 
light water reactor spent fuel require a reduction step in which the oxide 
fuel is reduced to metals by Li in molten LiC1. The Li20 formed is 
electrolytically reduced to metal in a cell that uses a carbon (or inert) anode 
and a Li cathode to recycle the salt and minimize the waste. Use of a carbon 
anode causes carbon dust that interferes with the process. Moreover, 
current efficiency is reduced as a result of oxidation of Li to Liz0 by C02. A 
porous MgO shroud around the anode was found to obviate these problems. 
Porous MgO crucibles and rectangular bar specimens were fabricated from 
MgO powders (electrically fused MgO, reagent grade MgO were mixed in 
appropriate combinations with a binder and lubricant). Particle size, force 
applied to the powders during cold pressing, and sintering temperature 
were varied to achieve a total porosity of >45% (mostly open porosity] and to 
control pore size and pore distribution. Mercury intrusion porosimetry was 
used to determine the pore size and pore size distribution. Flexural 
strength is observed to be proportional to the square root of pore size, 
which is consistent with fracture mechanics. 

I. INTRODUCTION 

The transuranic elements contained in the spent fuel from commercial 
light water reactors constitute a viable energy source. These elements are 
extracted from the spent fluel by reducing the oxide fuel in a two-phase, 
liquid metal, molten salt system with Li reductant.1 Lithium oxide (Li20) 
produced in the reduction step is reduced electrolytically in a cell where Li 
is deposited at the metal cathode and oxygen is produced at the anode. 
During electrolysis of Liz0 carbon particles are produced when the anode 
was carbon.1 Because carbon reacts with actinide metals to form stable 
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carbides, methods for controlling the carbon dust had to be developed. The 
size of carbon particles produced is -20-28 pm. For the containment of 
these particles, an anode shroud with pore size in the range of 10 to 20 pm 
and a porosity >40% is required to prevent the carbon particles from 
recycling with the salt. A porous shroud also facilitates removal of CO and 
COz,  or oxygen when a more stable anode is used, thus preventing 
reoxidation of Li. Electrical conductivity is proportional to porosity raised to 
the power m =2.2*3 Therefore, the more porous the shroud, better is the 
current efficiency. The anode shroud in addition to being porous, should be 
an insulator and should have good conductance for the molten salt. In 
addition, it should be chemically stable and mechanically strong. MgO is an 
acceptable candidate material because of its stability in molten LiCl 
containing LizO. In a ceramic material such as MgO, control of both porosity 
and pore size is normally very difficult. Because the pore size and pore 
distribution depend on several variables such as particle size, sinterability of 
particles, binder, sintering time and temperature, a systematic study was 
performed on the fabrication of porous MgO crucibles. Mechanical 
properties are sensitive to porosity and pore size and shape. More 
specifically, pores can act as stress concentrators with a consequent 
reduction in strength.4 Therefore, the strength properties were also 
investigated to insure that the porous crucible has sufficient mechanical 
strength. 

XI. POWDER PREPARATION 

For the preparation of porous MgO crucible, two types of MgO 
powders were used: electrically fused MgO (not easily sinterable) and 
reagent grade MgO (easily sinterable) . 

For the preparation of powders, the following materials were used: 

50 g MgO (Mallinkrodt, Reagent Grade, [RG]) 
450 g MgO (Magnorite, Electrically Fused [EF], Norton Co.) 
12.5 g stearic acid 
65.2 g 40 wt To acryloid in toluene 
and xylene 

I 

A range of particle sizes of EF MgO was obtained by sieving through 
several mesh screens. Specifically, particles with sizes of -30, -100, -100 
+ZOO, and -200 +325 mesh were used to control both the pore size and 
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distribution. Powders with a range of controlled particle size distribution of 
electrically fused MgO are mixed with the finer reagent grade MgO in the 
proportion shown for fabricating crucibles. 

The particle size distributions of the two powders in making the above 
crucibles were determined by scanning electron microscopy (SEM) . From 
the SEM photomicrographs of the powders (Fig. l), the average particle 
sizes of RG MgO (as received) and EF MgO (sieved through a -30 mesh 
screen) are =lo pm and 400 pm, respectively. By sieving through a 30-mesh 
screen, for example, all the powder particles in EF MgO with size 
> 590 pm are eliminated. Thus, a range of particle sizes were produced by 
sieving through different screens. 

The MgO powders were processed in xylene using stearic acid and 
acryloid binder. First, 100 mL of xylene contained in a beaker was slowly 
heated on a hot plate. Stearic acid was added to the xylene and the solution 
was continuously stirred until all the stearic acid was dissolved. Next, 
acryloid in toluene was poured into the beaker, followed by MgO 
(Mallinkrodt, Lab Grade Heavy, Fisher) powder. Finally, the Magnorite (EF 
MgO, Norton Co.) was added to the solution in four equal portions while 
continuously stirring the mixture. The solution was continuously stirred on 
the hot plate until it was difficult to stir, i.e., until the mixture became 
doughy. The beaker covered with a glass plate was placed in a vacuum 
chamber and evacuated to remove as much xylene as possible and this 
procedure .was repeated three times until most of the xylene was removed. 
The powder was next dried in an oven at 105°C for 15 h. 

The powder was removed and lightly broken up using a mortar and 
pestle. After the powder was sufficiently broken up, it was sieved through a 
30 mesh screen (590 pmf and the powder or agglomeration of particles 
passing through this screen was retained on a 60 mesh screen (250 pm) and 
this powder was used for fabricating a crucible by cold pressing and 
sintering. 

111. PREPARATION OF MgO CRUCIBLES 

Crucibles were made by cold pressing followed by sintering by means 
of two different procedures, one is based on a rubber stopper and the other 
is based on a metal punch, to form the core of the crucible. A rubber 
stopper was used in our preliminary studies to make small size crucibles 
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(height and diameter < 50 mm) mainly to establish composition of the 
powder and other variables that affect the pore size and pore distribution. 
This method is not suitable for making larger size crucibles because of non- 
uniformity in the distribution of pressures in cold pressing which will result 
in cracking during fabrication or sintering. In this method, the powder was 
cold pressed in a die assembly (diameter of punch ~61.25 mm) 
schematically shown in Fig. 2. Prior to the pressing, the die and punch 
walls were lightly lubricated with stearic acid solution. To create a small 
vacuum, a small drop of oil was placed between the rubber stopper and the 
small punch to ensure that the stopper did not move within the die. The 
supports were placed under the die and about 100 g processed MgO powder 
was then poured on top of the rubber stopper and leveled off with a spatula. 
The supports under the short punch was removed and the top punch was 
inserted and cold pressed to 104 kN in steps of 4.3, 8.6, 13.3, 17.3, 21.7, 
43.3, and 104 kN. At each step (except the last step), the pressure was 
applied for about 30 sec and released. In the last step, the pressure was 
applied for 60 sec. After pressing, the die assembly was inverted so that the 
small punch was at the top. The crucible was gently pushed out of the die 
assembly. 

Following cold pressing, the binder burn-out was accomplished at 
650°C/1 h in an air furnace with slow heating and cooling and subsequently 
the crucibles and bar specimens were sintered in air at 148O-153O0C for 
1 h. Typical dimensions of the outside diameter, inside diameter, outside 
height, and the inside height of crucibles made with a rubber stopper are 
62, 57, 41, and 33 mm, respectively. 

This above procedure is not suitable for making larger size crucibles, 
and therefore, instead of a rubber stopper, a metal punch was used to form 
the core of the crucible. In addition, metal sleeves were used to control the 
pressure on the walls and bottom of the crucible. This method permits 
fabrication of larger size crucibles (height and diameter > 65 mm), and 
application of unifonn pressure during cold pressing both on the walls and 
the base of the crucible. Several magnesium oxide crucibles were dry 
pressed using a set-up schematically shown in Fig. 3. Briefly, it consists of a 
die, two punches (top and inner) and two sleeves (one is short and the other 
is long). The short sleeve is not shown in Fig. 3. After loading the die with 
MgO powder, force is applied to 13 kN on the top punch, short sleeve, and 
inner punch simultaneously and held for 30 s and then released. The die is 
next maintained in a suspended position and pressure is again applied to the 



sleeve intermittently at 13, 22, and 36 kN. This cold pressing resulted in a 
pressure of 49 MPa. The assembly (that includes top and inner (bottom) 
punches, crucible, and short sleeve) is inverted; the short sleeve is then 
replaced by a long sleeve and force is reapplied to 36 kN twice and released. 
The crucible is then removed by applying pressure on the top punch until 
the crucible, sleeve, and inner punch are flush with the surface of the die. 
At this point, the sleeve is carefully removed followed by the inner punch 
and finally the crucible is pushed out. Following cold pressing, binder burn- 
out and sintering treatments were carried out as before. The dimensions of 
crucibles fabricated by this procedure are 37, 26, 47, and 42 mm, 
respectively. These dimensions were limited by the dimensions of the die 
assembly. 

To fabricate larger size crucibles, a larger die assembly is required. 
For the electrolysis of Liz0 in the laboratory-scale experiments, crucibles 
with the following dimensions are required: outside height = 143 mm, 
inside height = 135 rnm, and inner diameter = 44.5 mm. A metal die 
assembly was designed and fabricated for this purpose and the dimensions 
of the die assembly are shown in Fig. 4. The die assembly and the procedure 
for making larger-size crucibles are similar to the die for making smaller 
crucibles, but the dimensions of the die, punches and sleeves, are larger. 
Hence, the amount of MgO powder required to fill the die (~300  gl and 
forces to achieve a pressure of approximately 49 MPa on the walls and 
bottom of the crucible are considerably larger. It was observed, that the 
bottom of the crucible (Le., force distributed over the area of the center 
punch face) required 75.6 kN force and the force required for pressing the 
walls of the crucible was determined to be about 48.9 kN distributed over 
the sleeve punch face. The pressed crucibles were sintered under the same 
conditions as those used for the smaller crucibles. The outer diameter, 
inside diameter, outside height, and the inside height of a typical crucible 
are 57 mm, 44, and 129, and 120 111111, respectively. An optical 
photomicrograph of a crucible produced in this manner is shown in Fig. 5. 

In addition, MgO powder was cold pressed to 8-43 kN (424-130 MPa) 
to obtain several rectangular bar specimens for characterizing the effects of 
porosity and pore size on strength: the approximate dimensions of the 
pressed bars are 44.5 x 7.6 x 5.6 mm. Following cold pressing, the binder 
bum-out for crucibles and rectangular bars was accomplished at 65OoC/1 h 
in an air furnace with slow heating and cooling and subsequently specimens 
were sintered in air at 1480-1530°C for 1 h. 

5 
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IV. PROPERTY CHARACTERIZATION 

Total and open porosity was determined from conventional density 
measurements using weight displacement in isopropyl alcohol. For the pore 
size and pore distribution, mercury intrusion porosimetryfi was used. This 
technique relies on the nonwetting behavior of mercury on ceramics and 
uses external pressure to force mercury into the openings of the porous 
materials. The applied pressure is inversely proportional to the radius of 
pores intruded with mercury. The pore size and pore distribution were 
deduced from this technique for both bar specimens and crucibles. A 
typical example of pore distribution of a crucible (CR-8 in Table I) is shown 
in Fig. 6. The average size of the pores was deduced from size distribution. 

Flexural strength was measured in a four-point bending mode with an 
outer span of 30 mm, an inner loading span of 15 mm, and a crosshead 
speed of 0.13 cm/min during testing in Instron machine. 

V. RESULTS AND DISCUSSION 

The effects of processing variables on flexural strength, porosity, and 
average pore diameter are shown in Table I. Figure 1 shows the 
photomicrograph of a porous crucible prepared with a metal die assembly 
and the estimated porosity and pore size of this crucible are approximately 
49% and 20 pm, respectively. Thus, with the predominantly EF MgO 
containing 10 wt.% RG MgO, open porosity >40% can be achieved and 
furthermore, average pore diameter can be varied from 3 to 22 pm. Pore 
size >22 pm can be obtained by varying the cold pressing procedure. Cold 
pressing before sintering has significant influence on pore size. For 
example, doubling the cold pressing pressure from 65 to 135 MPa, 
decreases the pore size from 18 to 4 pm (see Table I). By changing the cold 
pressing procedure, it is possible to make porous MgO with pore diameter 
>30 pm. The total porosity of a laboratory-size crucible (CR-13) is 49% and 
the estimated porosity is =20 pm. 

The flexural data were analyzed with Weibull statistics to determine 
whether any unusual behavior can be observed for porous MgO in terms of 
probability of failure. If P(o) is the probability that an element being tested 
will support a stress 0, for tests involving a small number of samples, the 
probability of failure can be written as 



(1) n, P(0) = - 
N + l ’  

where n, is the rank of a specimen that failed at strength CT when data pairs 
are sorted in increasing order of CT, and N is the total number of tests. The 
Weibull equation is then written as 
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where ou is a minimum stress for failure, m is the Weibull modulus that 
controls the shape of the distribution, and o0 is the characteristic stress, 
i.e., the stress at which the probability of failure is 63.2%. For brittle 
fracture, ou is usually taken to be zero. A typical Weibull curve for porous 
MgO prepared from EF MgO (-100 mesh) + 10 wt.%RG MgO (with a 
porosity of 30.3% ) is shown in Fig. 7 and it shows that the data on 
mechanical strength can be described by Weibull statistics and a Weibull 
modulus of 14.6 indicates very moderate scatter for porous MgO. 

In a separate set of experiments (the results are not shown in Table I), 
it is observed that increasing the amount RG MgO in EF MgO (-100 +ZOO 
mesh) at 1480°C increases the density or decreases the porosity of MgO 
with a corresponding increase in flexural strength (Fig. 8). A total porosity 
in excess of 40% can be achieved when the amount of RG MgO added to EF 
MgO is less than 40 wt.%. 

The relationship between total porosity and average pore size 
(diameter) from the data obtained from MgO with different porosities is 
shown in Fig. 9 and it shows that the pore size generally increases with an 
increase in porosity. 

The strength of porous MgO is sensitive to pore size. The reason is 
that pore edges act as stress concentrators, reducing the strength. 
Assuming that a pore can be described as a flat semicircular surface flaw, the 
stress-intensity factor is given by K = 1.292r1/2 CT where CT is the fracture 
strength and r is the pore r a d i ~ s . ~  Thus, the fracture strength is 
proportional to the square root of the pore size. Figure 10 shows that the 
variation of strength with pore size is consistent with the above fracture 
mechanics approach. 
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be used as anode shrouds in the electrolysis of Li20) has been studied 
systematically. Several variables pertinent to the pore size and pore 
distribution have been identified, and a fabrication technology has been 
developed for making laboratory-size porous crucibles with controlled pore 
size and pore distribution (porosity > 35 and pore size = 20-25 pm). 

Porous MgO shapes (rectangular bars and crucibles) with controlled 
porosity and controlled pore size are prepared from electrically fused (EF) 
MgO in combination with fine-size (e10 pm) reagent-grade (RG) MgO. 
Electrically fused MgO is difficult to sinter, and addition of the RG MgO 
promotes bonding between particles. Controlled porosity and pore size are 
achieved by proper combinations of particle sizing, cold pressing, and 
sintering temperature. We can prepare porous MgO with porosity >40% and 
pore size in the range of 2 to 40 pm. Flexural strength is inversely 
proportional to the square root of the pore size, which is consistent with 
fracture mechanics. Average pore size increases with an increase in 
porosity. A metal die assembly has been designed and fabricated for making 
porous laboratory-size crucibles with an outside diameter >50 mrn and 
height >120 mm for use in the electrolysis of Li20. 
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FIGURE CAPTIONS 
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SEM Photomicrographs of MgO Powder Particle-Size Distribution: 
(Top) MgO (Reagent Grade), and (Bottom) MgO (Electrically Fused, 
-30 mesh). 

Schematic of Die Assembly for Fabricating Crucibles with Rubber 
Stopper. 

Schematic of Die Assembly Used for Fabricating MgO Crucibles with 
Metal to Form Core of Crucibles. 

Dimensions of Die, Punches, and Sleeves: (Top) Top Punch and Die: (b) 
Sleeve Punches: and (c) Center Punch. 

Porous MgO Crucible (Porosity ~49%). 

Pore-Size Distribution of MgO Crucible (CR-8 in Table I), as Determined 
by Mercury Intrusion Porosimetry. 

Weibull Distribution Curve for Porous MgO (Porosity =33?40) Fabricated 
from 90 wt.% Electrically Fused MgO (-100 mesh) + 10 wt.% Reagent 
Grade MgO. 

Effects of Reagent-Grade MgO on Strength and Porosity of Electrically 
Fused MgO. 
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Relationship between 

Relationship between 
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Pore Size and Porosity. 

Strength and Pore Size. 
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Table I. Effects of Material and Processing Variables on Strength and Porosity of MgO Shapes. 
SinteringTime =1 h. 

Cold- Sintering Oh of open Average Flexural 
PowdeF Pressing Temperature Theoretical Porosity Pore Diameter Strength 

Pressure (“C) Density (%I h) ( M P 4  
fMPa1 

90% EF MgO (-100 m h )  + 
10% RGMgO 

9O%EFMgO(-100 mesh)+ 
lWo RG MgO 

90%EFMgO(-100 =hl+ 
loO/o RG MgO 

9O%EFMgO(-100 m e w +  
loO/o RG MgO 

Wh EF MgO (-100 + 200 m h )  + 
1 W R G M g O  

9@h EFMgO (-100 + 200 m h )  + 
1% RG MgO 

9% EFM@ (-100 + 200 mesh) + 
1% RG MgO 

QO%EFMgO(-l00+200 mesh]+ 
10%RGMgO 

90% EF MgO (-100 + 200 + 
10% RG M e  

90% EF MgO (-100 + 200 mesh) + 
l%RGMgO 

10%RGMgO (CR-qb 

10% RG MgO (CR-slb 

90%EFMgO (-100+200me~h) + 

90% EF Mgo (-100 + 200 mesh) + 

9G% EF MgO (-200 + 325mesh) + 
10% RG MgO (CR-9)b 

900/6 EF MgO 1-200 + 325 mesh) + 
10% RG Mg3 

90% EF Mgo (-200 + 325 mesh) + 
1@? RG MgO 

90% EF MgO (-100 + 200 mesh) + 
10% RG MgO (CR-13)b 

65 

65 

130 

130 

26 

26 

52 

52 

65 

130 

26 

52 

49 

65 

130 

49 

1530 

1530 

1530 

1530 

1480 

1530 

1480 

1530 

1530 

1530 

1530 

1530 

1530 

1530 

1530 

1530 

64.6 

62.0 

69.7 

66.6 

54.3 

54.0 

59.0 

60.2 

60.9 

63.3 

55.9 

58.9 

60.5 

65.7 

67.3 

51.0 

29.5 15.1 

32.4 12.9 

24.4 - 

30.9 - 

6.4 

5.6 

10.1 

10.3 

44.2 - 

44.4 - 

39.7 - 

38.6 - 

33.8 18.3 

32.2 4.0 

38.8 - 

36.0 22.2 

32.7 - 

28.7 10.2 

28.9 2.9 

- -20 

1.6 

4.4 

2.3 

8.0 

3.9 

16.2 

- 

- 

9.1 

20.0 

aFbwder in wt.O/O; amount of acryloid binder = 2.5-5.5 wt.% EF= elecridy fused; and RG = reagent grade. 
bPowder pressed to crucible and the rest, pressed to rectangular bars. 
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Fig. 1. SEM Photomicrgraph of MgO Powder Particle-Size 
Distribution: (Top) MgO (Reagent Grade), and (Bottom) MgO 
(Electrically Fused, -30 mesh). 
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Fig. 2. Schematic of Die Assembly for Making Crucibles with Rubber 
Stopper. 



14 

t 

Die 

t 

\ 

Force 

c 

R / 

Punch 
Long S #leeve 

Force 

Fig. 3. Schematic Die Assembly Used for Fabricating Porous MgO 
Crucibles with Metal to Form Core of Crucibles. 



15 

r 
1 

254.0 mm 

254.0 ma I 
44.4 mm 

445 mrn 
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Fig. 4. 
Punch and Die; (b) Sleeve Punches; and (c) Center Punch. 

Dimensions of Die, Punches, and Sleeves: (Top) Top 
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Fig. 5. Porous Crucible (CR-13, Porosity =49%). 
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Fig. 6. Pore-Size Distribution of MgO Crucible (CR-8 in Table I), as 
Determined by Mercury Intrusion Porosimetry. 
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Fig. 7. Weibull Distribution Cui-ve for Porous MgO (Porosity -33%) 
Fabricated from 90 wt.% Electrically Fused MgO (-100 mesh) 
+ 10 wt.% Reagent Grade MgO. 
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Fig. 9. Relationship between Pore Size and Porosity. 
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