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Abstract

A master sintering curve for ThO2 containing 0.5 wt% CaO has been constructed with the help of combined-stage

sintering model. The concept of the master sintering curve (MSC) has been used to calculate the activation energy for

sintering for the above composition, and a value of 520 kJ/mol was obtained. The validity of MSC has been verified by

the data of a few experimental runs using a high temperature dilatometer. With one temperature dependent parameter

determined experimentally (H), it became possible to describe accurately the densification behavior of ThO2 from the
early to final stages of sintering. The sinterability of powder compacts made from different powders and fabrication

procedures under different thermal histories, could be characterized through the master sintering curve.

� 2004 Elsevier B.V. All rights reserved.
PACS: 81.20.Ev; 61.72.)y; 66.30.Fq
1. Introduction

ThO2 pellets are usually fabricated by the conven-

tional powder metallurgy technique. Large-scale pro-

duction of these pellets is carried out by the process

consisting of cold compaction followed by high tem-

perature sintering in reducing atmosphere at around

1650 �C. The powder is first compacted to cylindrically
shaped green pellets which contain about 40–50% of

porosity. This is followed by high temperature sintering,

during which most of the porosities are eliminated and

the pellet attains a density greater than 95% of its the-

oretical density. An important processing goal for the

nuclear ceramics is to obtain the uniform microstructure

with the desired grain size. It is also important to attain

the desired dimension after sintering since the tolerance
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on the pellet diameter is small. The oversized pellets are

to be ground to the desired size and the undersized

pellets are to be reprocessed. It is therefore desirable to

predict the final size and density of the pellets. In the

conventional sintering procedure, the parameters such

as time and temperature of the sintering are arbitrarily

decided on the ‘trial and error’ basis. It could be bene-

ficial for the nuclear industry to predict the densification

behavior from the sintering data that are readily avail-

able. If the prediction is made, the sintering strategy

could be established on that basis [1], which leads to

produce the pellets of good quality with less number of

rejects. Therefore, there is a need for better under-

standing of whole sintering procedure. The theory of

master sintering curve (MSC) provides a new insight

into the understanding of sintering [2–5].

The master sintering curve enables to predict the

densification behavior under arbitrary time–temperature

excursions with the help of a minimum of preliminary

experiments. This curve is sensitive to such factors as

starting morphology of the powder, fabrication route,

dominant diffusion mechanism and heating condition

used for sintering [6]. Thus, it requires a different MSC if
ed.
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any of the above-mentioned factors are changed before

it is used to predict sintering behavior. The MSC curve

can also be used as an aid to compare the sinterability of

different powders and to know the effects of additives,

atmosphere and fabrication procedure of sintering. This

concept has been extended recently into the pressure

regime, so the final density at any applied pressure can

be predicted [1]. The master sintering curve has been

successfully applied to several sintering systems such as

Al2O3, ZnO, Al2O3 + 5%ZrO2, Al2O3 + 5%TiO2, rhe-

nium and nickel powders [1,6].
2. Theory

The master sintering curve can be derived from the

densification rate equation of the combined-stage sin-

tering model. The underlying principle of the combined-

stage sintering model is briefly described below [7–11]:

2.1. Combined-stage sintering model

The sintering is caused by heat treatment of porous

specimen without or with the application of external

pressure, in which some properties of the pellet are

changed with the reduction of the surface energy to

those of the pore-free system. The sintering of a powder

compact is traditionally divided into three stages in

which different mechanisms may be operative [12–24].

They are

• initial stage sintering, where the neck forms and

grows between individual particles,

• intermediate stage sintering, where the neck growth

results in continuous networks of tubular pores,

• final stage sintering, where the continuity of pore

channels is broken into individual pores which are

located at the grain boundaries or inside the grains.

Most of the sintering models focus on a specific

idealized geometry that is represented by only one of the

three stages in the above sintering process. This leads the

following problems, viz. [7]:

(a) This approach does not allow the consideration of

entire sintering process from beginning to end.

(b) The idealized geometry must be assumed in order

to calculate diffusional flows analytically.

To overcome the above-mentioned drawback, it is

desirable to have a model that describes the entire sin-

tering process. The combined-stage sintering model,

proposed by Hansen et al. [7], describes the densification

through the entire stages of sintering. By observing the

similarities in the three stages of sintering, a single

equation was derived which describes the densification
through all stages of sintering. Johnson and Su [2]

showed that the observed sintering rates in the com-

bined-stage sintering model were within the range ex-

pected for the diffusion controlled sintering at the

heating rates used. In this model the microstructure is

characterized by two separate parameters representing

geometry and the average grain size. In general, how-

ever, the starting microstructure and the evolution of the

microstructure of actual powder compacts during the

sintering is quite different from those described by any of

the sintering models. As a result, the sintering kinetics

of the most system cannot be predicted quantitatively

by the existing models [8]. Therefore, the challenge

encountered in developing combined-stage sintering

model is to find a method for correctly quantifying the

complex stages in microstructure, which occur during

the sintering.

2.2. Master sintering curve

As mentioned earlier, the master sintering curve can

be derived from the densification rate equation of the

combined-stage sintering model [6]. For the develop-

ment of master sintering curves, the parameters in the

sintering rate equations are separated into (a) those re-

lated to the microstructure and (b) those related to time

and temperature terms, on the opposite sides of the

equation [1]. These two sides are then related to each

other experimentally.

The combined-stage sintering model relates the linear

shrinkage rate of a compact at any given instant to the

grain boundary and volume diffusion coefficients, the

surface tension and certain aspects of the instantaneous

microstructure of the compact. In this model, the

instantaneous linear shrinkage rate is given as [8]:

�dL=Ldt ¼ ðcX=kT Þ½ðCvDv=G3Þ þ ðCbdDb=G4Þ�; ð1Þ

where dL=Ldt is the normalized instantaneous linear
shrinkage rate, c is the surface energy, X the atomic

volume, k the Boltzmann constant, T the absolute tem-
perature, G the mean grain diameter, Dv and Db the
coefficients of volume and grain boundary diffusion

respectively, d the width of the grain boundary, Cv and
Cb are the collections of microstructure scaling para-
meters for volume and grain boundary diffusion res-

pectively.

For isotropic shrinkage, the linear shrinkage rate can

be converted into the densification rate by

�dL=Ldt ¼ dq=3qdt; ð2Þ

where q is the bulk density.
Substituting Eq. (2) in (1) and assuming that only one

of the diffusion mechanisms (either volume or grain

boundary diffusion) dominates the sintering process,

we can rewrite Eq. (1) as [6]:
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dq=3qdt ¼ ðcX=kT ÞCðqÞD0=ðGðqÞÞn expð�Q=RT Þ; ð3Þ

where Q is the activation energy and D0 is the pre-
exponential factor. R is the gas constant.
The above equation can be rearranged and integrated

as follows:

Z q

q0

ðGðqÞÞn=ð3qCðqÞÞdq ¼
Z t

0

ðcXD0Þ=ðkT Þ

� expð�Q=RT Þdt: ð4Þ

In the above equation, the atomic diffusion process and

the microstructural evolution terms are separated [1]. All

the terms on the right hand side (rhs) of Eq. (4) are re-

lated to atomic diffusion process and are independent

of characteristics of powder compacts. The terms on

the left hand side (lhs) are the quantities that define the

microstructural evolution and are independent of the

thermal history of the powder compacts [6].

The time and temperature dependent side (rhs) of the

equation can be represented as theta parameter, H, as
follows [1]:

H ¼
Z t

0

1=T expð�Q=RT Þdt; ð5Þ

where t is the instantaneous time, which is usually a
function of temperature. Similarly one could integrate

the lhs of Eq. (4) if the evolution of the microstructure is

known in detail.

Eq. (5) can be simplified for isothermal portion of the

sintering runs to [1]:

H ¼ ti=T expð�Q=RT Þ; ð6Þ

where ti is the duration of the isothermal portion of the
run. For constant heating rate, Eq. (5) can be written as:

H ¼ ð1=cÞ
Z T

T0

1=T expð�Q=RT ÞdT ; ð7Þ

where c is the heating rate used and T0 is the temperature
below which no sintering takes place.

The relationship between the density (q) and H is

defined as the master sintering curve. For the construc-

tion of MSC, a series of runs at different temperatures

(isothermal) or constant heating rates over a range of

heating rates is needed. If the activation energy of sin-

tering is unknown, it has to be estimated in order to

obtain the master sintering curve.
3. Construction of MSC

For the construction of MSC, the integral of Eq. (5)

and the experimental density should be known. The

dilatometry can be conveniently used to determine the

density since the instantaneous density at all times can be
obtained from the dilatometric data [25]. For the calcu-

lation of H, the activation energy for the sintering pro-
cess must be known. If the activation energy is unknown,

it can be estimated with good precision from H versus

density (q) data [1,6]. For this purpose, a particular value
of activation energy is chosen and q–H curves are con-

structed for each heating rate. If the curves fail to con-

verge, a new value of activation energy is chosen and the

calculations are repeated. This procedure should be

continued until all the curves are converged showing that

the activation energy is the acceptable one for sintering

[1]. A curve can be then fitted through all the data points,

and then convergence of data to the fitted line can be

quantified through the sum of residual squares of the

points with respect to the fitted line. The best estimate of

Q will be the value of the minimum in the plot of acti-
vation energy versus mean residual squares [6].

3.1. Limitations of MSC

Several assumptions are made in developing the

above MSC which are listed below [1]:

1. The microstructural evolution is dependent only on

density for any given powder and the fabrication

procedure.

2. One of the diffusion mechanisms either volume or

grain boundary diffusion dominate the sintering

process.

3. Contributions from surface diffusion and vapor

transport are negligible in the sintering process.

4. This procedure should be applied only to the powder

compacts made from the same source powder and the

same fabrication procedure.

With this background, we will discuss about the

experimental procedure carried out using a high tem-

perature dilatometer for the generation of a master

sintering curve for ThO2.
4. Experimental

4.1. Fabrication of green pellet

The green ThO2 pellets for this study were prepared

by the conventional powder metallurgy technique which

consists of the following steps:

• milling of the as-received thorium oxide powder in a

planetary ball for 8 h using tungsten carbide balls

to break its platelet morphology,

• mixing/milling of the above milled ThO2 powder with

the required quantity of additive (0.5 wt% CaO) for

4 h in the planetary ball mill with tungsten carbide

balls,



Table 2

Impurities in the sintered ThO2 pellet containing 0.5 wt% CaO

Element Impurity (ppm by wt)

Na 17

Al 6

Mg 4

Si <100

Fe 9

Cr <1

Co <5

Ni <1

Mo <5

W <50

Cu 1.5

B <0.6
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• double precompaction at 150 MPa for 5 s,

• granulation of the precompacts,

• final cold compaction of the granulated powder at

300 MPa using a dwell time of 5 s into green pellets.

To facilitate compaction and to impart handling

strength to the green pellets, 1 wt% zinc behenate was

added as lubricant/binder and mixed during the last 1 h

of the mixing/milling procedure. The green pellets were

8.15 mm in diameter and around 8 mm in length. The

green density of ThO2 pellets was about 68%. The

characteristics of the pure ThO2 powder used in this

study are given in Table 1.

4.2. Dilatometry

The shrinkage of ThO2 was measured with a push

rod type dilatometer in axial direction. The length

change measurements were made by a linear voltage

differential transducer (LVDT) which was maintained at

a constant temperature by means of water circulation

from a constant temperature bath. The accuracy of the

measurement of change in length was within ±0.1 lm.
The temperature was measured using a calibrated ther-

mocouple which is placed directly above the sample. A

small force of 0.2 N was applied to the sample through

the push rod. The heating rate used for the above studies

was 3, 12 and 30 K/min. Up to 200 �C, all the pellets
used for dilatometric experiments were heated using a

heating rate of 10 K/min to drive out moisture and

volatile impurities. The expansion of a standard sample

(POCO graphite, NIST) was measured under identical

conditions in order to give correction for the expansion

of the system. Table 2 gives the typical impurity contents

of a sintered pellet.

The dilatometric experiments were carried out in Ar–

8%H2 atmosphere using a flow rate of 18 l/h. Length

measurement was made in situ under dynamic condi-

tion. As the sample is heated, its temperature and length

values were measured continuously with the help of a

thermocouple and LVDT, respectively.

The precise lattice parameter of the ThO2 containing

0.5 wt% CaO pellet after sintering was determined from

the high angle X-ray diffraction scan and was found to
Table 1

Characteristics of pure ThO2 powder (before the addition of

CaO)

Property Value

Oxygen to metal ratio 2.00

Apparent density (g/cm3) 0.70

Total impurities (ppm by wt) <1200

Theoretical density, q (g/cm3) 10.00

Specific surface area, S (m2/g) 1.53
be 5.5954 �A. As per Vegard’s law, the lattice parameter
of ThO2 containing 0.5 wt% CaO should be 5.5789 �A.
But the experimentally determined value of lattice

parameter (5.5954 �A) is higher than the calculated value
using Vegard’s law. The deviation from Vegard’s law

may be explained as follows.

The addition CaO to ThO2 creates defects since cal-

cium has a lower valency than thorium. ThO2 is always

stoichiometric unless deviations from stoichiometry are

produced chemically, e.g., by adding CaO to produce

oxygen deficient (Th,Ca)O2�x. Such materials produce

one oxygen vacancy per added impurity atom due to the

charge neutrality condition. It has been reported that the

variation of lattice parameter with composition can be

accounted for by the relative size of the ions [26]. In case

of compound like Pu(C,O), when carbon atom is re-

placed by oxygen atom of smaller size, the lattice

parameter of Pu(C,O) has been found decreasing [27]. In

ThO2–CaO solid solution, Th
4þ ion of radius 0.99 �A is

replaced by a bigger Ca2þ ion of radius 1.06 �A [28].

When a smaller Th4þ ion is replaced by a bigger Ca2þ

ion, the lattice parameter of ThO2–CaO solid solution

will increase. However due to the creation of anionic

vacancies, lattice parameter of the above will slightly

decrease. Since relative ionic size effect is more domi-

nant, the resultant lattice parameter will be higher than

that calculated using Vegard’s law. Also it is probable

that solid solution formation between ThO2 and CaO

may be incomplete. On account of the above, ThO2–

CaO solid solution will not follow the Vegard’s law.

The theoretical density of the solid solution has been

calculated using the experimentally determined values

of lattice parameter and was found to be 9.83 g/cm3.
5. Results

Fig. 1 shows the dL=L0 versus temperature plot of
ThO2 under different heating rates in Ar–8%H2 atmo-

sphere. It can be seen from the figure that the onset of



Fig. 1. Shrinkage curves for ThO2 pellets containing 0.5 wt%

CaO as dopant in Ar–8%H2 atmosphere for the different

heating rates. The dL=L0 values are plotted against temperature,
where L0 is the initial length.
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shrinkage is shifted to higher temperatures on increasing

the heating rates. The dilatometric curves of Fig. 1 were

replotted as percentage of theoretical density (%TD)

versus temperature (Fig. 2). The dL=L0 values were
converted into %TD using the following relation [25]:

q ¼ ½1=ð1� dL=L0Þ�3q0; ð8Þ

where q and q0 are the densities of the sintered and green
pellets, respectively. The curves have the familiar sig-

moidal shape and generally shifted to higher tempera-

tures with increasing heating rate. It can be noted that

the sintered densities obtained at any temperature

showed a modest but a systematic dependence on heat-

ing rate. The density was found to increase at 1300 �C
approaching a maximum value greater than 90% of TD
Fig. 2. Shrinkage curves of Fig. 1 are replotted as percent of

theoretical density (%TD) versus temperature for CaO doped

ThO2 pellets. The dL=L0 values were converted into % TD using
relation (8).
The maximum density was found to depend upon the

heating rate, the higher the heating rate the lower the

sintered density.

As mentioned earlier, one of the essential data for

obtaining the master sintering curve is the activation

energy. For this, the density data for ThO2 obtained

from the dilatometric measurements, and H values ob-

tained from Eq. (5) are employed. A q–H curve is then

constructed for all the heating profiles for a chosen value

of activation energy (350 kJ/mol) as shown in Fig. 3(a).

It can be seen that the curves for different heating rates

are not converging. Now a new value of activation en-

ergy is chosen and the calculation is repeated. The

curves at 500, 600 and 750 kJ/mol are shown in Fig.

3(b)–(d), respectively. The best convergence occurs at

around 550 kJ/mol. Fig. 4 gives the mean residual

squares for the various values of activation energy and

the minimum has been found to be for 520 kJ/mol. The

activation energy thus obtained was found to be in

reasonable agreement with the values reported in the

literature [29–32]. Matzke [29,31] reported 650 kJ/mol

for pure ThO2. According to Shiba [33], it is 625 kJ/mol.

The activation energy obtained in this study is about

20% less than the value obtained by Matzke. The dif-

ference may be because the sample used in this study

contains about 0.5 wt% CaO as sintering aid.

The activation energy for densification is a charac-

teristic quantity that elucidates the fundamental diffu-

sion mechanisms during the sintering process.

Traditionally, it has been obtained from the shrinkage

rate from either isothermal heating or constant heating

rate experiments. The present result indicates that an

alternate method exists on the basis of MSC for the

determination of the activation energy of sintering if it

is unknown [1].

From the knowledge of the activation energy of

sintering, MSC for ThO2 has been constructed and is

shown in Fig. 5. It can be seen that the value of H
changed dramatically from 10�50 at the beginning to

10�35 at the higher density end. Despite a 10-fold rise in

heating rate, the individual sintering curves have merged

reasonably close to a single curve. This result suggests

that there must be a general curve, regardless of sinter-

ing path, which is what we have defined as the MSC [6].
6. Validation of master sintering curve

Before applying MSC to the industrial practice, MSC

has to be validated with a sufficient amount of data.

For this the following experiments were carried out:

These experiments were carried out in a dilatometer

using Ar–8%H2 as the cover gas. For this, three pellets

of ThO2 + 0.5 wt% CaO composition were compacted

under identical condition as described in Section 4.1.

These green pellets were used for the above study using



Fig. 3. Estimation of activation energy from the master sintering curve. Construction of a q–H curve for the different heating profiles
for a chosen value of activation energy: (a) 350 kJ/mol, (b) 500 kJ/mol, (c) 600 kJ/mol, (d) 750 kJ/mol.

Fig. 4. Mean residual squares for the various values of the

activation energy.

Fig. 5. Master sintering curve for 0.5%CaO doped ThO2. The

curve is constructed using an activation energy of 520 kJ/mol.
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the dilatometer. Up to 200 �C, the pellet was heated
using a slow heating rate of 10 K/min to drive out

moisture and other volatile impurities. For further

heating, a heating rate of 20 K/min was used. The first

pellet was held at 200 �C for 20 min in order to drive out
all volatile impurities. Then the above pellet was sintered
by heating up to 1300 �C and isothermally holding at
that temperature for 3 h. The soak at 200 �C is given
only to the sample that was heated to 1300 �C. Since the
dilatometric curve did not show any deviation or slope

change, we did not opt this soak for the other two

samples. The second and third pellet was sintered in

dilatometer at 1400 �C for 4 h and 1500 �C for 2 h,



Fig. 7. Validation of master sintering curve for 0.5%CaO

doped ThO2. The experimental values for three temperatures

are shown. The master sintering curve developed for

0.25%Nb2O5 doped ThO2 is also shown.
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respectively. The sintered density of the above-men-

tioned pellets was measured geometrically. It was found

to be 78%, 83.5% and 91% of theoretical density (TD)

for the pellets sintered at 1300 �C/3 h, 1400 �C/4 h and
1500 �C/2 h, respectively (Table 3).
Fig. 6 shows the shrinkage versus isothermal hold

time for the pellets sintered at 1300 �C/3 h, 1400 �C/4 h
and 1500 �C/2 h. In this plot, abscissa represents the
total time, i.e., the time required to reach the tempera-

ture as well as the isothermal hold on time. From the

dilatometric data of a particular run, the H values are

calculated for constant heating regime using the relation

given in Eq. (7) and that for the isothermal hold using

Eq. (6). These values are shown on the master sintering

curve as shown in Fig. 7. It can be seen that the values

for all the three temperatures with different periods of

time are lying on the MSC, validating the concept of

MSC. For clarity only a few representative data points

are shown. But the trend is very clearly brought out.

Thus it can be regarded that integration of a proposed

sintering time–temperature profile yields a point on the

MSC curve. The expected density can be obtained by

finding the ordinate value at that point. On the other
Table 3

Typical values of green and sintered densities of ThO2 pellets

doped with 0.5% CaO

Sintering schedule Density (%TD)

Temperature

(�C)
Time (h) Green

density

Sintered

density

1300 3 68 78

1400 4 68 83.5

1500 2 68 91

Fig. 6. The shrinkage curves for 0.5%CaO doped ThO2 pellets

in Ar–8%H2 atmosphere during the isothermal heating for

various periods of time at 1300, 1400 and 1500 �C. The time
shown is the total time including the time required to reach the

particular temperature.
hand, if the final desired density is known, it is possible

to find out the corresponding H value from the abscissa

of the master sintering curve and thereafter to plan the

sintering schedule [34–36]. Thus MSC can be a charac-

teristic measure of the sinterability of a powder compact

over a wide range of density.

In the second set of experiment, the effect of dopant

on MSC has been evaluated. To study this, ThO2 pellets

were fabricated under the identical condition with

Nb2O5 as dopant instead of CaO. The shrinkage behav-

ior of this pellet has been measured using the dilato-

meter under the identical condition that was used for

ThO2 + 0.5 wt% CaO. From the shrinkage data, the

density values were calculated using Eq. (8). The master

sintering curve for the above composition was con-

structed as per the procedure laid down in Section 5,

which was shown together in Fig. 7. This curve does not

coincide with that of ThO2 doped with CaO. This result

clearly shows that MSC is dependent on dopant. In

other words, the sinterability of powder compacts made

from different powders, dopants and fabrication proce-

dures could be characterized with the help of the master

sintering curve. The master sintering curve for ThO2
doped with Nb2O5 showed oscillations. This may be due

to the following reason. When one Th4þ ion is substi-

tuted by one Nb5þ ion in the ThO2 lattice, the effective

positive charge of +1 is imparted on the lattice. Hence

the addition of Nb2O5 to ThO2 causes to form signifi-

cantly high concentrations of oxygen interstitial ions.

However, in the reducing atmosphere like Ar–8%H2,

Nb2O5 is also reduced to lower oxides: Nb2O5fi
NbO2fiNb2O3fiNbO. This means that niobium acts

as a lower valency additive to ThO2 in a reducing

atmosphere. The oscillation in the shrinkage curves as

well as in the MSC may be due the reduction of Nb2O5
to the lower oxides.
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As mentioned earlier in Section 3.1, we have made

many assumptions on developing the master sintering

curve for ThO2. Let us examine the validity of these

assumptions on the basis of the present study. It was

assumed that the microstructural evolution is dependent

only on density. The sintering experiments carried out

on both metals of Cu and Ni powders, and ceramics

such as Al2O3, BeO and ZnO have proved that the

average grain size is dependent only on density and is

independent of the sintering temperature and the heat-

ing rate employed [8,10,37,38]. Coble and Gupta [39]

have shown that the mechanism for grain growth and

densification is the same with the same activation en-

ergy. Similar results have been reported by Allen et al.

[40] from their study on neutron scattering and also by

Chen and Mayo [41] from their study on ZrO2. Exper-

iments conducted on Ni and Al2O3 [6,8] powders have

demonstrated that the C parameters of Eq. (1) are

functions of only density. On the basis of the above

observation on some common ceramics and metals, it

may be expected that ThO2 should behave in a similar

way.

It was also assumed that either of the diffusion

mechanisms (volume or grain boundary) dominates in

the sintering process. The volume diffusion tends to

dominate at high temperatures and for compacts with

large sized powders, while the grain boundary diffusion

dominates in the sintering process with small particle

size at lower temperatures. Since sintering of ThO2 has

been carried out at high temperatures (>0:4Tm), the
volume diffusion is expected to play the major role in

diffusion related processes. Also, the study carried out

by the authors, on the sintering kinetics of UO2–

50%PuO2 [42] and PuO2 [43] pellets, showed that the

mechanism for the initial stages of sintering was volume

diffusion. The other assumptions to neglect the vapor

transport and surface diffusion are also legitimate in our

case since the vapor transport takes place only at very

high temperatures or in corrosive atmospheres and the

surface diffusion is usually predominant at low temper-

atures below 0:3Tm. Since we have not used any corro-
sive atmosphere and the temperature of sintering was

below 1700 �C, the contribution from vapor transport

will be negligible. In short, the assumptions used for

developing the master sintering curve for ThO2 have

been found to be appropriate.
7. Conclusions

The master sintering curve provides a useful tool to

quantify the densification behavior of a given powder

compact. In this study, the curve for ThO2 containing

0.5 wt% CaO has been constructed with the help of

combined-stage sintering model. The following conclu-

sions were drawn:
1. The concept of MSC has been used to calculate the

activation energy for sintering for the above compo-

sition.

2. The activation energy for sintering for ThO2 contain-

ing 0.5 wt% CaO was found to be 520 kJ/mol.

3. The validity of MSC has been verified by a few exper-

imental runs using a dilatometer.

4. With one experimentally determined temperature

dependent parameter (H), the densification behavior
for ThO2 can be described from the early to the final

stages of sintering.

5. The sinterability of powder compacts made from dif-

ferent powders and fabrication procedures under

different thermal histories, could be characterized

through the master sintering curve.
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