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Abstract:In order to evaluate the sintering behavior of lithium meta titanate (Li,TiO3) powder; the shrinkage of powder
compact was measured under constant rates of heating. Densification curves for Li,TiOz have been constructed with
the help of shrinkage powder measured at different heating rates. The activation energy at the initial stage of sintering
was determined by analyzing the densification curves and the value of Q=377 kJ/mol was obtained. The diffusion
mechanism at the initial sintering stage was determined by the analytical method applied to the constant rates of
heating data. This analysis exhibited that the dominant mechanism for initial sintering stage of Li,TiO; is volume

diffusion from grain boundary and surfaces.
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1. INTRODUCTION

Nuclear fusion, the process that powers the
Sun, can play a big part in our carbon-free energy
future. With the intention of generation of
electricity the fusion base reactors are being
designed and developed. Tritium is the principal
fuel for future fusion power reactors. The
breeding blanket is a key component of the fusion
reactor because it directly involves tritium
breeding and energy extraction, both of which are
critical to the development of fusion power [1].
In recent years, there is a general agreement that
lithium containing ceramics are the best option
for trititum production and release through the
6Li+1n—(He+2.1MeV)+H(T+2.7MeV)  nuclear
transmutation [2]. Hence, worldwide efforts have
been devoted to research & development of
lithium ceramic breeding blanket.

The significant candidate ceramics for this
breeding blanket are lithium-containing ternary
oxides, such as LiAlO,, Li,ZrO;, Li,SiO, and
Li,TiO; [3]. Among them, lithium meta titanate
(Li,TiO;) has interested multitude researchers'
attention for its distinguished properties as one of
the most promising solid breeder materials, such
as reasonable lithium atom density, low
activation, high chemical stability, good
compatibility ~ with  structural = materials,
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acceptable mechanical strength and considerably
good tritium release characteristics at low
temperatures [4-8].

Sintered block, such as a bar or a ring, and
pebble are material-form options for offline and
online trittum breeders, respectively [9].
Therefore, different fabrication techniques must
be established to prepare ceramic tritium breeders
with different shapes. However, sintering is
always the final step for the fabrication of the
required parts with controlled densification and
microstructural evolution. Consequently, the
knowledge on the sintering mechanism and
relevant parameters, such as activation energy of
sintering, becomes useful [10]. With a review of
the published literature we found no report
dealing with mechanism of sintering for a
Li,TiO; material have been published so far.
Therefore, we intend to explore the initial stage
of sintering on Li,TiO; ceramic.

The primary derivations of the initial stage
sintering equations can be found in publications
by Kingery and Berg [11], Coble [12], and
Johnson and Cutler [13]. Following the work of
previous researchers, Young and Cutler [14] have
derived the sintering-rate equations that are
applicable to quantitative analysis for shrinkage
data measured under constant rates of heating
(CRH) and estimated the activation energy to
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induce diffusion at the initial sintering stage.
Wang and Raj [15, 16] have derived the sintering-
rate equation used for estimation of the activation
energy at intermediate sintering stage by CRH
technique. Matsui and co-workers [17, 18]
propose a useful combination of the equation
developed by Young—Cutler [14] and Wang—Raj
[15, 16]. This analytical method can be used to
determine the sintering mechanism at the initial
sintering stage by employing a CRH technique.
This procedure has been successfully applied to
several studies including effect of SiO, [19],
ALO; [17, 18, 20] and GeO, [21] on the initial
sintering stage of fine zirconia powder.
Moreover, Banerjee et al. [22] have studied the
sintering kinetics of ThO,—-4%UO, pellet by
similar procedure.

Matsui et al. [17, 18] derived two sintering
equations for constant heating rate as follows.

Ln [TCd—p} = £+Ln[f(p)]+Ln[%}— pLn(a)

dar| RT .,
(D
d| AL .
-l )0
dr ka’CO RT*™" RT
@)

where 7 is absolute temperature, C the heating
rate, dp/dT  the densification rate, O the
activation energy, R the universal constant of
gases, f(p) the function of density, K the
numerical constant, y the surface energy, Q the
atomic volume, D, the frequency factor, &, the
Boltzmann's constant, a the particle radius,
AL(=Ly-L) the change in length of the compacts,
L, the initial length of the compacts, and the
parameters n and p the order depending on the
diffusion mechanism. Egs. (1) and (2) is
applicable to the fractional shrinkages of <4%,
which fulfill the initial or early stage sintering
condition. Reader could study the detailed
formula deviation process by reference [18].

Using CRH experiments, the analysis method
that is able to determine the diffusion mechanism
at the initial sintering step is derived as follows:
in Eq. (1), using the slope S, of the Arrhenius-

type plot of Ln TCd—’D against l at same
dT T

density, the activation energy is expressed as:

Q= -RS, 3)

In Eq. (2), using the slope S, of the Arrhenius-
1)

apparent activation energy is expressed as:

type plot of 7> against — , the

nQ = -RS, 4)

Since the n range was n=0.31-0.53 [23], the
S, may be estimated from the plot of

1)

(3) and (4) we have:
_n9_5,
oS ©

against — . Combining Eqs.

Eqgs. (3)—(5) were used to determine the values
of activation energy and diffusion mechanisms at
the initial sintering step using the results of the
CRH techniques.

2. EXPERIMENTAL PROCEDURE
2. 1. Raw Material

A Li,TiO; powder (—325 mesh, 400939,
Sigma-Aldrich, Germany) was used in this
investigation. Images of scanning electron
microscopy (SEM) (Philips XL-30, Netherland)
of the powder at two different magnifications are
shown in Fig. 1. Fig. 1 (a) exhibits the particle
shape is polygonal and Fig. 1 (b) indicates severe
agglomeration with different sizes occurred
between the particles. Fig. 2 shows the hard
agglomerate size distribution of the powder was
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Fig. 1. (a and b) SEM analysis of Li,TiO; powder at two different magnifications.
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Fig. 2. The hard agglomerate size distribution of the Li,TiO; powder.
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determined with a laser particle size analyzer
(Fritch, Analysette 22, Germany). The mean hard
agglomerate size of the powder was determined
at approximately 23 pm.

2. 2. Sample Preparation

The as-received powder was pressed on a
hydraulic press under pressure of about 300+3
MPa at room temperature using stainless steel die
to create bars of ~5x5x50 mm3. Before
proceeding to sintering, to ensure the absence of
any moisture, the compact powder was dried. The
green density was measured by the geometric
method. The green density of Li,TiO; powder
compacts was 2.15+0.03 g/cm3. The value of
3.43 g/cm3 was used as the theoretical density.

2. 3. Dilatometry

An optical non-contact dilatometer (Misura
ODLT, Expert System, ITALY) was used to study
the in situ shrinkage of the powder compact during
sintering in air at different heating rates. Two beams
of light illuminate both the ends of a specimen 50
mm long placed horizontally into the furnace and
two digital cameras capture the images of the last
few hundreds microns of each tip. The specimen,
completely free to expand or contract, is measured
by the image that it projects on a Charge-Coupled
Device (CCD). This instrument consists of a kiln
equipped with an automatic temperature controller,
which can reach a heating rate of 30 K per minute.
The temperature increases from room temperature
(RT) to 1200°C at the preset heating rate with no
holding time. As a final result, the dimensional
changes (expansion or shrinkage with respect to the
initial size) of a material are plotted in percentage on
a graph as a function of the temperature. Assuming
isotropy in densification of all the specimens, the
relative density of the sintered specimen (p,) was
calculated using the following equation [24]:

3
’ :L—dL/LOHZ(T—I})J Pe (6)
where dL/L, is instantaneous linear shrinkage
obtained by the dilatometer test, L, is the initial
length of the specimen, 7 is the measured

temperature, 7)) is the room temperature p, is the
green density, and a is the coefficient of thermal
expansion.

From a practical point of view, a is determined
from the cooling steps of the dilatometer run. [25].
An average value o as a function of temperature, T,
by the following estimation equations was
determined from the cooling steps of the dilatometer
runs performed with the different heating rate
adopted during our investigations.

a(K™)=14635x10"° +9.5499x10”° T —4.3946x10™° T*

(25<T<1360K) (7)

a(K™)=1.9820x10" (T >1360K) (8)

The final densities after the dilatometer
experiments as calculated in this way were in
admissible agreement with those measured by the
Archimedes technique.

3. RESULTS AND DISCUSSION

Figs. 3 and 4 show the change of the shrinkage
and shrinkage rate of Li,TiO; compact during non-
isothermal sintering at five different heating rates
of 2, 3.5, 10, 20 and 30 K min-!, respectively. For
each heating rate, the compacts show the normal
linear expansion behaviors and then a tendency to
shrink. The comparative data of the sintering
response is summarized in Table 1.

Table 1. Dilatometry data for Li,TiO3 powder compact
sintered at different heating rates.

Heating rate (K min™) | Tonset (C) | Tmax (C)
2 825 1014
3.5 846 1025
10 882 1052
20 890 1078
30 909 1094
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Fig. 3. Effect of heating rate on the shrinkage of Li,TiO3 compact as a function of temperature.
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Fig. 4. Effect of heating rate on the shrinkage rate of Li,TiO5 compact as a function of temperature.

Apparently, increasing the heating rate
increased the temperatures at which sintering
starts (arbitrary set to 0.5% shrinkage, T, and
proceeds. For instance, T, occurred at 825 and
909 °C when heating rates increased from 2 to 30
K min-!. This kind of behavior is not new and has
been previously observed for ThO,—4%UO, [22]
and ThO, [26] nuclear ceramic powders.
However, this does not absolutely mean that the
densification mechanism is modified. It is more
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related to a kinetic aspect. For interpreting this
tendency, it is invoked that, at a lower heating
rate, a compact is exposed for a longer time and
shrinks more until reaching a certain temperature
(for instance Tg,) [27]. For the same reason, the
shrinkage rate curves of specimens shifted to
higher temperature, as the heating rate increased.
The maximum shrinkage rate was found to be
dependent on heating rate, i.e. the higher the
heating rate, the higher is the instantaneous
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Fig. 5. Relative density of Li, TiO3 compacts as a function of temperature during nonisothermal sintering at different heating
rates.
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Fig. 6. Temperature dependence of densification rate of Li,TiO; in the course of heating 2-30 Kmin-!.

shrinkage rate whatever is the temperature. This
tendency is also well known and has been
previously reported in the case of Al,O; [28] and
3Y-TZP [29] materials.

Shrinkage curves of Fig. 3 were replotted as
percentage of theoretical density versus
temperature with the help of Eq. (6). Fig. 5 shows
the relative density for Li,TiO; samples as a
function of temperature. The density—temperature
curves displayed the familiar sigmoidal shape
and generally shifted to higher temperatures with

increasing heating rate. It can be noted that the
achieved sintered densities at any temperature
showed a modest but systematic dependence on
the heating rate. The maximum density was
found to depend upon the heating rate, the higher
the heating rate the lower the sintered density.
This behavior has also have reported for zirconia
[25], alumina [28], cerium oxide [30], and
magnesium aluminate spinel [31] systems. It is
well documented that, at a lower heating rate, the
compact is exposed to sintering for a longer time
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Fig. 8. Plot of In[T!-58 d(AL/L)/dT] against 1/T of Li,TiO5 at different heating rates.

during heating period; hence, the amount of
shrinkage is higher.

Fig. 6 shows the temperature dependence of
the densification rates (dp/dT) of Li,TiO;
measured at 2-30 K min-! heating rates. It can be
seen from Fig. 6 that with increase in heating
rate, the height of the peaks increased and curves
shifted to a higher temperature. Wang and Raj
[15] demonstrated that a higher peak temperature
and a greater height of the peak imply a larger
activation energy. Therefore, position and height
of the peak in dp/dT give an immediate indication
of the activation energy.

To inspect the mass-transport paths at the
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initial sintering stage in Li,TiO;, the activation
energy (Q) and the apparent activation energy
(nQ) of diffusion, and order on diffusion
mechanism (n) can be appraised by applying Egs.
(1), (2) and (5) to the results in Figs. 3 and 4. Eq.
(1) is applied in the following way. For each
heating rate (dT/dt), both T and (dT/dt) at the
same relative density were determined, and their
values were plotted as In[T(dT/dt)(dp/dT)]
against 1/T (Fig. 7). Here, this analysis was
executed in the relative density range of <66%,
which corresponds to the fractional shrinkage
range of <4%. The plot at each relative density
showed a linear relation. The Q at each relative
density was determined from the slope of the
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Table 2. Activation energy, apparent activation energy, and order on diffusion mechanism at the initial sintering stage of the

Li,TiO,
Order on diffusion
Activation energy Apparent activation energy
mechanism
0 Standard nQ Standard
n
(kJ/mol) deviation (kJ/mol) deviation
377 10 221 13 0.58

straight line and as summarized in Table 2, the
average value of 377 kJ/mol was obtained. On
the other hand, Eq. (2) is applied in the following
way. In the fractional shrinkage range of <4%,
the nQ was determined from the slope of the
straight line in the plot of In[T!58 d(AL/L,)/dT]
versus using the shrinkage curve of each heating
rates. The proper plots at different heating rate
are shown in Fig. 8. Linear relations were
obtained at all plots of 2-30 K min-! heating
rates. As summarized in Table 2, the average
value of 221 kJ/mol for nQ was obtained. Using
the average values of both Q and nQ, the values
of n were calculated by Eq. (5), which was
n=0.58 (Table 2). According to two-sphere
shrinkage models, the n ranges are 0.31-0.33 for
grain-boundary diffusion, 0.40-0.50 for volume

diffusion from grain boundary only, and 0.53 for
volume diffusion from grain boundary and sphere
surfaces, respectively [23]. Comparing them with
the value determined here it is possible to
propose a sintering mechanism. Therefore,
volume diffusion from grain boundary and sphere
surfaces is conceivable sintering mechanism for
Li, TiOs.

However, the value n=0.58 is a little greater
than n=0.53. This difference may be due to
surface diffusion mechanism. Surface diffusion
generally has a low activation energy; it is
expected to contribute to material transport at
temperatures at or below the initial shrinkage
temperature. Young and Cutler [14] have reported
that surface diffusion effects can be recognized in
the CRH data by observing that, if a neck is

Ln(Td(AL/Ly)/dT
(=1

slant at

shrinkage plot

8 8.2 8.4

8.6 8.8 9 9.2
10%T (K1)

Fig. 9. Plot of In[Td(AL/L)/dT] against 1/T of Li, TiOj5 in the course of heating 2 Kmin-!.
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formed by surface-diffused material, the flow of
material from the grain boundary, which
normally would form the neck, is impeded until a
temperature is reached at which flow from the
grain boundary predominates. Because of the
lengthened diffusion path and larger neck radius,
the rate of shrinkage is retarded until a higher
temperature is reached. As diffusion from the
grain boundary overpowers surface diffusion,
which is not as sensitive to temperature, diffusion
from the grain boundary reaches the magnitude it
would have reached if no surface diffusion had
occurred. The net effect is a steepened initial
slope. As an example, graph of In[Td(AL/L,)/dT]
against 1/T, for initial step shrinkage of Li,TiO;
at 2 K min-! heating is shown in Fig. 9. As can be
seen from this graph, there is a slant at shrinkage
plot that may be concern to surface diffusion
enhancing neck growth.

4. CONCLUSIONS

Sintering in air of Li,TiO; powder has been
investigated by the way of dilatometer tests.
Using the constant rates of heating technique and
applying the analytical method to the results of
measurements, it has been found that the
dominant mechanism controlling densification of
Li,TiO; at the initial sintering stage is volume
diffusion from grain boundary and surfaces with
activation energy value as Q=377 kJ/mol.
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