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Abstract

Intermediate-stage sintering has been investigated in lead orthophosphovanadates Pb3(VO4)2(1—4)(PO4)2y. It was found that rich-
vanadium compounds such as Pb3(VOy), and Pb3(VOy); ¢(PO4)4 densify rapidly with important grain growth. For these com-
pounds grain growth is controlled by grain boundaries and densification occurs by a mixed mechanism with lattice and grain
boundary diffusion. For Pb3(PQy,),, sintering mechanism supports a model of grain-boundary-controlled densification and grain
growth is a surface diffusion-controlled pore drag mechanism. Moreover, the presence of phosphorus in compounds’ formulae, tends
to decrease the grain-boundary mobility, preventing pore-boundary separation. The kinetics analysis highlights the importance of
vanadium substitution in modifying the diffusion coefficient of rate-limiting species. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Most sintering studies are made on typical materials such
as oxides, carbides or nitrides. A small quantity of ceramics
are also studied for their specific properties which require a
particular knowledge. In fact, many desired properties of
ceramics are related to their microstructures. It belongs to
sintering studies to link properties and microstructures in
revealing the predominant densification and grain growth
mechanisms that occur during heat treatment.

Apatites form a large family of mineral compounds of
the general formula Me;o(XOy4)sY>, whose fluorapatite
Cao(POy)¢F> is the most abundant natural phase.
Important studies on several natural apatites have lead
towards the choice of this class of minerals as a new
potential material for the confinement of separated ele-
ments,! especially because of numerous substitutions,
both in anionic and cationic sites. Indeed, among the
different elements, introduction of big ions such as iodine
in the apatitic cell is possible with respect to the steric
bulk and chemistry conditions, in using voluminous
cations and tetrahedral groups. So, Pb3(VOy4)yi—_y)
(POy)», ceramics can be used as a conditioning matrix for
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iodine, producing apatite: 3Pb; (VO4)2(;—)(PO4)2, + P-
bl,—Pbo(VO4)s(1—x)(POs)exl2, as shown in previous
works.>* While the presence of vanadium increases the
crystal cell volume, permitting iodine introduction in apa-
titic cell, phosphor reduces the phase transition of
Pb3(VOy,), below the ambient temperature. The aim of this
work consists in optimising the sintering process, espe-
cially in reducing the sintering temperature. In order to
sinter at the lowest temperature as possible, the main
objective is necessarily the comprehension of sintering
behaviour. Each part of the ceramic process needs a
special study, like the grinding conditions for powder
preparation.®> In this work, the operative procedure
begins with the powders synthesis and ends with the sin-
tering mechanisms determination. Particular attention is
focused on vanadium substitution to define more cor-
rectly in the future the final composition with the best
adapted microstructure.

2. Experimental procedure

2.1. Powder preparation

Pb3(VO4)s(1 —x)(PO4)>, powder samples were prepared
by calcining PbO, V,05 and NH4H,PO, (Prolabo) in
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the appropriate proportions for three different degrees
of substitution: x=0, x=0.2 and x=1. Pb3(VOy),, i.c.
when x=0, is the compound used as a reference when
comparing the different compositions. Before heating,
powder reactants were dry mixed in a turbula during 24
h. The mixture was molten in a platinum crucible at
1000°C in air during 1 h.® Melts were then cooled down
to room temperature with a speed of 300°C/h.

The yellow-coloured solid samples were ground in a
mortar and then the powders were milled in an attritor,
together with distilled water, by rubbing Zirconia
grinding balls of 1 and 2 mm in diameter with a rotating
Nylon impeller at a speed of 450 rd.min~!, during 3 up
to 5 h. After drying, powders were sieved to 63 pm.

2.2. Powder compacts

The attrition-milled powders were dry-pressed ranging
from 100 to 125 MPa into pellets in a stainless steel die to
10 mm in diameter and 2 mm thick. The geometrical
measured green densities after pressing were 60+ 1% of
the theoretical density, according to the composition.

2.3. Densification studies

Sintering was performed in air using a vertical furnace
for isothermal treatments. A fast-firing method was
used to reach the desire temperature of 650°C, with a
system for pulling down samples through the furnace at a
speed of 20 cm/min. Samples were held from 0 up to 900
min, and pulled out through at the same speed to room
temperature. The aim of this sintering method is to
avoid low temperature non-densifying mechanisms able
to strongly modify the microstructure of Pb3(VOy4)(i_y)
(POy),, samples.>

2.4. Characterisation

Measurements of theoretical densities of each compound
were performed by X-ray diffraction (Siemens D5000 and
U_fit software) and He-pycnometry using a AccuPyc 1330
from Micromeritics. Theoretical density, pg, = 7.302, of the
solid solution Pb3(VOy); 4(PO4)9.4 (x=0.2) was calculated
using Vegard’s law with pg,=7.248 for Pb3(VOy), and
Pth = 7.52 for Pbg(PO4)2

Surface area (Sggr) was measured using an ASAP 2010
from Micromeritics. This apparatus is based on nitrogen
adsorption at 77 K, using BET equation. Powder size dis-
tribution was measured with a laser granulometer CILAS
1064, using distilled water as the medium.

Sintered bulk densities were determined by the Archi-
medes method with distilled water as the immersion
medium. The microstructures were characterised by a
scanning electron microscope (Hitachi S2500). Neither
chemical nor thermal treatments were used to reveal the
microstructure. The average grain size, G, was measured

for all sintered samples using the linear intercept tech-
nique, with OptiLab™/Pro-F2.6.1 Graftek image ana-
lysis software. The value of G is obtained by multiplying
the average intercept length, L, of at least 300 grains, by
1.56.7 This value is identical wherever the measure is
made, either on the sample surface or on the polished
zone.

3. Results
3.1. Powder characterisation

After synthesis, no secondary phases are found on X-
ray profiles of well-crystallised powders. There is no sig-
nificant variations from JCPDS patterns and Vegard’s
law result between calculated and measured theoretical
densities for the three compounds. At room tempera-
ture, Pb3(VOy);.¢(PO4)g 4 crystallises in a rhombohedral y
phase with the space group R3m whereas Pb3(VO,), and
Pb5(POy), crystallise in a monoclinic B phase with space
group P2,/c for Pby(VO,),® and C2 for Pb3(PO,),.° A
phase transition from high-temperature rhombohedral
phase to low-temperature monoclinic phase undergoes
at Tﬂ_>y = 100°C for Pb3(VO4)2 and Tﬁ_>y = 180°C
for Pb3(PO4)2

SEM observation illustrates that particles morphol-
ogy can not be characterised by a specific geometrical
form, whatever the composition is (Fig. 1).

The size distributions are broad and some significant
agglomerates can be seen from the micrographs, espe-
cially for Pb3(POy), [Fig. 1(c)]. Nevertheless, the three
size distributions are characterised by similar average
particle diameter, Jsy, and BET equivalent spherical
diameter dggr, illustrating a good agreement between
the 3 different compositions. Powder characteristics are
listed in Table 1.

3.2. Densification behaviour

Fig. 2 shows the relative density, p, versus time for the
3 compounds. Each point was taken from a separate
sample. The curves through the experimental data were
plotted in the form of a polynomial law where time was
measured in minutes once samples reached 7' = 650°C.

On one hand, the plots for Pb3(VOy); ¢(PO4)o4 and
Pbs(VO,), show that densification begin during heating
of the sample, before desired temperature of 650°C is
attained, and reached 95% of theoretical density in 20
min [Fig. 2(a)]. On the other hand, Pb3(PO,), needed
more than 900 min at the same temperature to reach a
relative density less than 90% of the theoretical one, as
shown in Fig. 2(b). Relative low end-point density
observed for Pb3(PO,), samples — several percentages
lower in fact than those obtained for the 2 other com-
positions at the same time — are clearly shown in Fig.
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Fig. 1. SEM micrographs of (a) Pb3(VOy); ¢(PO4)o.4, (b) Pb3(VOy,), and (c) Pb3(PO,4), powders, respectively.

Table 1
Density, specific surface area and size characteristics of powder used in
this study

Sample Theoretical ~ Spgr dgeT Tso
density (m>g~")  (um) (nm)
Pby(VO,); ¢(POy)os  7.302 6.24£0.1 0.132+£0.05 0.8
Pb3(VOy,), 7.248 6.0+£0.1 0.138+£0.02 1.0
Pb3(POy), 7.520 4.3+0.1 0.186+0.04 1.0

2(a). Moreover, fast densification which begins during
the early stage of sintering acts together with rapid
coalescence of small particles into larger ones, as we
pointed out in a former work.> Indeed, above 400°C,
surface area reduction with grain coalescence begin to
be significant, reducing powder reactivity.

3.3. Grain growth behaviour

Micrographs of some microstructure development for
samples made from each powder at different sintering
times are shown in Fig. 3. Magnifications used for
Pb;3(PO,4), are taken as reference to compare grain
growth between the three different compounds. As
shown in Table 1, whatever the compound is, the aver-
age grain sizes before sintering are quite identical. The
difference in grain growth behaviour can be easily seen
then. No abnormal grain growth has taken place in all the
cases studied. Despite a large difference in mean grain
after sintering, the majority of grains had a size centred
around the mean. Moreover, Fig. 4 shows the conserva-
tion of grain size distribution; grain growth of Pb;
(VO4)2(1-x)(POy)2y is, therefore, normal during sintering
at 650°C. Whatever the sintering time, all grain dis-
tributions follow the same curve. This allowed the use of
the linear intercept length, L, to represent the grain size

for all the samples. Fig. 5 shows the dependence of the
average grain size on the sintering time at 650°C. The
curves through the data were obtained from a polynomial
fit of grain size versus time.

4. Discussion
4.1. Densification kinetics

The influence of density on the rates of densification
for Pb3(VO4)2(1—x)(PO4)2 powder compacts are repor-
ted in Fig. 6. The plots are linear up to a boundary
region between 88 and 90% of the theoretical density. A
sharp downturn in plots of Pb3(VOy), and Pb3(VOy); ¢
(VOy4)o.4 samples are observed, whilst the plot of
Pb;3(POy,), densification rate is linear. It is suitable to
define the boundary region, following Gupta,' as a
density zone between intermediate- and final-stage sinter-
ing. In this density range, the pore network breaks into
short segments leading to the formation of isolated pores.

Shiau et al.!' showed that low variations in particle-
size distribution have an effect on the evolution of pore
channel. Indeed, for a narrow distribution without
agglomerates, pore network in high-purity alumina
powder compacts start to break up at 91% relative
density, whereas with a larger grain-size distribution,
porosity pinches off earlier, at 86% relative density.
This value can be consider as equal to the value of the
lowest limit of the boundary region defined by Gupta,
and nearly correspond to our results, according to the
grain size distributions measured (Figs. 5 and 6).

It can be seen that changing the value of x, in the
Pb3(VO4)s(1—4)(PO4)2, formula, has the effect of mod-
ifying both the rate and the densification mechanism.
For an equal relative density before plot downturn,
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Fig. 2. Densification curves at 650°C for (a) (A) Pb3(VOy),, (&) Pb3(VO4);.6(PO4)0.4 and (O) Pb3(PO4), samples up to 60 min, compared with

densification behaviour for (b) (O) Pb3(POy), samples up to 900 min.

densification rate of Pb3(PQy), is 100 times lower than
in rich vanadium compounds. Beyond 90% of the the-
oretical density, densification rates for Pb3(VOy,), and
Pb3(VO4)1.6(VO4)o4 tend to fall rapidly. In fact, once
porosity begins pinching off in powder compacts, pres-
sure of trapped air might strongly increase with p up to
a level able to reduce densification rate in limiting the
sintering driving force. Due to important role played by
non-densifying mechanisms, such as surface diffusion or
vapour-phase transport, Pby(VO4)y_y)(PO4),, grains
are able to grow faster during intermediate-stage sinter-
ing. As reported by Bullard and Searcy,'? similar phe-
nomena were observed in LiF compacts. Important grain
coarsening occurred because of surface diffusion, and gas
entrapment in closed pores stopped densification above
p = 0.95. Coble first pointed out the consequence of air
trapped in pores in limiting densification.'> When non-
densifying mechanisms are less important, fully dense
materials can be obtained, such as metals'* and oxides.!?

As shown in Fig. 6, pore isolation seems to have an
impact on densification rate plots of Pb3(VO,), and
Pb3(VO,4);6(VOy)p4 samples. On the other hand, Pb;
(POy), pellets behave differently. First, at the end of
sintering experiments, i.e. after 900 min of sintering at
650°C, powder compacts reached a relative density close
to 90% of the theoretical one, below the achievement of
pore closure according to Budworth. Indeed, in a theo-
retical model of pore closure based upon an assembly of
truncated octahedra, Budworth predicted a pore break-
ing up at 8.4% of porosity,'® as experimentally notified
in typical ceramics like Al,O3'3!7-18 or BeO.!>

It is possible to correlate the changes in slopes, by
considering two densification mechanisms instead of
one controlling-densification process. Indeed, Kuck-
zinsky'® was the first to consider simultaneous volume
and grain boundary diffusion mechanisms of mass
transport during sintering. Later, Johnson proposed a

general model for intermediate-stage of sintering, both
due to grain boundary and volume diffusion.?* 23 Also
Rosolowski and Greskovich?* developed a sintering
model of both densification and grain growth in con-
sidering new calculation of vacancy flow from pores.
They exposed a two terms expression for flow of
vacancies of the rate-limiting species from a pore, and
experimentally showed that in sintering of Al,O3, BeO
and copper, one diffusion mechanism can be neglected
to an other. At last, DeHoff 23 and Rhines and DeHoff 2°
described a new sintering model based on geometrical
considerations, i.e. microstructure evolution. Dominance
by volume or grain boundary diffusion is determined by
the grain boundary total length:total pore surface ratio.
Then, if we can assume that during microstructure evolu-
tion, the predominant sintering mechanism can change,
leading to different slopes in densification rate-relative
density plots, the mechanism by which the pore network
is broken has yet to be elucidated. Moreover, it is not
clearly shown either one mechanism occurs after
another or both mechanisms operate simultaneously
with one dominating upon another.

Fig. 7 gives the relationship between grain size and
relative density for the three different Pb3(VOu4)ai—y)
(POy4)», compounds. The grain-size-density trajectory is
a function of the relative ratio of the densification rate
to the grain growth rate.

It can be seen and confirm from theses trajectories that
in spite of rapid densification for Pb3(VO,), and
Pb3(VOy4); 6(POy4)o4 (see Fig. 2), grain growth is more
important in Pb3(VOy,), samples as shown above (Fig. 4).
This difference in grain growth behaviour tends to explain
why the densification rate dp/d¢ for Pb3(VOy); 6(PO4)o.4
samples is higher than for Pb3(VO,), samples.

All curves are linear until the density boundary region
is reached (88 <p<<90%). According to Figs. 6 and 7,
during intermediate-stage sintering, it can be concluded
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Pb3(VOs), Pb3(VO4)1.6(PO4s)os4 Pb; (PO,),
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Fig. 3. Micrographs at 650°C for different sintering time: (a) 10 min, (b) 60 min and (c) 900 min.

that since vanadium concentration is high, i.e. when x is Pb3(VO,),, reflects the fact that vanadium substitution
low, dp/dt is strongly increased, in limiting grain growth enhances the densification rate:grain growth rate ratio.
mechanism. The flattering in G — p trajectories, that is Interestingly, the G — p curves for the non-pure vanadium

observed in phosphor-containing materials opposite materials, i.e. when x # 0, are quite similar until the pore
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Fig. 5. Grain size as a function of sintering time at 650°C for (a) (A) Pb3(VOy),, (&) Pb3(VO,) 6(PO4)o.4 and (O) Pb3(PO,), samples up to 120 min,
compared with grain growth behaviour for (b) (O) Pb3(POy), samples up to 900 min.

closure; this might be because the densification rate:grain
growth rate ratio is quite similar for these two materials.
It is fair to conclude from G — p curves (Fig. 7) that lin-
ear relations exist between density and grain size, following
Gupta,'° up to the density boundary region as defined in

Fig. 6. Without any assumption on specific geometry,
densification rate can be expressed as followed: !4

dp AD
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where % is the densification rate, A a constant related to
the controlling diffusion mechanism at a given tem-
perature and D the diffusion coefficient. The grain size
exponent #n is predicted to be equal to 3 and « =0 for

densification rate (min -1y

Fig. 6. Isothermal densification rate as a function of relative sintered
density of (A) Pb3(VOy)a, (&) Pb3(VO4)1 6(PO4)o.4 and (O) Pb3(PO4),
samples.
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Fig. 7. Grain-size-density trajectory for (A) Pb3(VOy),, ()
Pb_‘;(VO4)]_6(PO4)0_4 and (O) Pb‘;(PO4)2 materials.

dp

2 -
4
ol _—
U]
& N
2 g+
-10
L pore Ly pore
L (a) closure closure
P S I W I N R |
-2 -1.5 -1 -0.5 0 0.5 1 1.5
Log (G)

dp

Fig. 8. Logarithm of densification rate with (a) log(a

lattice-diffusion-controlled densification whilst for
boundary-diffusion-controlled densification » =4 and
a=1/2.

In order to understand the particle size dependence of
the densification mechanisms, it is useful to plot the
densification rate versus grain size for the 3 studied
materials (Fig. 8).

The points corresponding to relative densities higher
than 90% of the theoretical density — i.e. after pore
closure — were excluded from consideration, because
fitting with these data points belonging to final-stage
sintering process was not reliable. Indeed, densification
kinetics during final-stage sintering was found to be
dependent of N,, the number of pores per grain.?’
Moreover, grain growth above p= 0.9 becomes the
predominant process, as shown in Figs. 2(a) and 7.

The densification rate-grain size exponents n are
determined from the slopes in Fig. 8 using a least-
squares analysis. On one hand, the densification expo-
nent for Pb3(PQOy), is in a range of 4.0-4.5; it is fair to
conclude it corresponds to a densification mechanism
controlled by grain-boundary diffusion. Because coar-
sening of lead orthophosphate is very limited, densifi-
cation rate:grain growth rate ratio is high. As a
consequence, the fitting operation which gives grain-
boundary diffusion as the densification mechanism is
reliable. On the other hand, values for vanadium com-
pounds are in a range of 5.5-6.5 for Pb3(VOy4)1.¢(PO4)0 4
and 2.1 to 2.4 for Pb3(VOy,), samples. These exponents
do not correspond to any densification mechanism. It
seems to show that in these experimental conditions,
densification is controlled by a mixed mechanism of lat-
tice and grain-boundary diffusion. In fact, due to rapid
densification behaviour as observed for Pb3(VOy); ¢
(PO4)o.4 and Pb3(VOy),, it is quite difficult to correlate
experimental data to the densification rate Eq. (1).
Hydroxyapatite behaviour is similar to those observed
for Pb3(VOy); ¢(PO4)os and Pbs(VO,), compounds.?®

2
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-2r pore pore
[ (b) closure closure
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) for lattice diffusion and (b) log % (1— p)l/z] for grain boundary diffusion versus logarithm

of grain size. Samples represented are (A,/A) Pb3(VO,),, (@,O) Pb3(VO4)1.6(PO4) 4 and (@,0) Pb3(POy),.
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Other isothermal sintered materials such as hydroxyapatite
Ca9(PO4)s(OH),, are able to attain 95% of the theore-
tical density in less than 20 min, in a temperature range
from 1000 to 1100°C. This fast densification observed in
Ca;9(PO4)(OH), is also characterised by a high densi-
fication rate-grain size exponents n. Inversely, when
densification mechanism is activated at high tempera-
ture such as undoped and MgO-doped Al,O; samples,
Berry and Harmer? have found good agreement for the
sintering equation to data.

Moreover, when densification and grain growth occur
during heating of the sample, the relative density and
the grain size at 650°C facing green density and powder
grain size are changed. Thus, because of mechanisms
acting before desire temperature of 650°C is reached, it
can be concluded that determination of the exponent
observed for Pb3(VOy);.6(PO4)o4 and Pb3(VOy4), can not
be done with precision.

We have mentioned that changing the value of x in
the Pb;3(VO4)(1—4)(PO4)2, formula is able to strongly
modify densification mechanism. It was first put in light
the impact on end-point density. Indeed, for small
amount of phosphor, i.e. when x is equal to 0.2, it has
been observed a improvement in final density, whereas
the end-point density decreases a lot when x is equal to
1. Moreover, vanadium substitution tends to change the
predominant rate for densification process, from fast- to
low-densification behaviour (Fig. 6).

It is possible to resume some of these remarks in using
Eq. (2). The condition that two powders of the same
particle size but different degree of vanadium substitu-
tion should densify to the same extent at a given time
and temperature is that:

dp/dty_iow

D V—low
2
dp/dtV—rich ( )

D V—rich

where dp/dty_ich and dp/dty_1ow are the densification
rates, and Dy_;e and Dy_jon the diffusion coefficients
of the limiting species. It follows that for a given size,
when the densification rate ratio will increase,
Dy _iow/Dy_rich, the diffusion coefficient ratio, will
increase as well. It has been observed in Fig. 8 that an
increase of phosphor concentration in Pb3(VOy4)i_y)
(POy4),, compounds, leads to of the decrease of densifi-
cation rate resulting from a reduction in diffusion coef-
ficient mentioned above. Thus, for G = 0.6 um (see Fig.
8) when increasing the vanadium substitution with
phosphor from x =0 to x = 1, the diffusion coefficient
ratio of the limiting species will decrease by a factor
of 10% It’s important to mention here that relative
density for Pb3(VO4), and Pb3(PO4), when G = 0.6
um are very different: Pb3(VOy), begins to sinter and
Pb;3(VOy), seems to reach its limiting relative density
at this temperature.

4.2. Grain growth kinetics

Grain growth kinetics for both Pbs(VOy,), and
Pb3(VO,); 6(POy4)g4 are expressed by the same grain
growth rate law:

where G is the grain size after sintering time z, and K a
constant depending on the diffusion coefficient. The
measured exponent value, close to m = 3 that is com-
monly observed in many ceramics, can correspond to at
least five different mechanisms. So, the attachment of
physical significance to this value is very dubious.
Nevertheless, because of some grain boundary-pore
separation without abnormal grain growth, and G
greater than the pore radius, kinetics are boundary
controlled mechanisms. But, neither coalescence of sec-
ond phase by lattice diffusion, diffusion through con-
tinuous second phase, nor solute drag in a doped system
can characterise gain growth mechanism for both
Pb3(VOy), and Pb3(VOy); ¢(PO4)o4. Indeed, as shown in
Fig. 9, no second phase can be found in lead orthopho-
sphovanadates compounds. For pure systems such as
these, a deviation from m = 2 is often reported, and can be
explained in terms of lost factors due to approximations

Fig. 9. Typical microstructure in lead orthophosphovanadates after
900 min at 650°C. No abnormal grain growth can be found as well as
no second phase.
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used in calculating this kind of grain growth equation giv-
ing m to be integer. So, grain growth kinetics in Pb3(VOy),
and Pb3(VOy); 6(POy4)94 compounds are controlled by
grain boundaries in pure materials.

The grain-growth constant K were determined to be
5.1x10~! and 1.6x1072 pm?3/min, for Pbs(VO,), and
Pb3(VOy)1 (PO4)o.4 samples, respectively. Clearly, low-
ering vanadium concentration in substituted lead
orthophosphovanadates reduces grain growth during
the intermediate-stage sintering (Fig. 10).

In contrast, the present data for Pb3(POy), samples
are in good agreement with a grain growth based on
surface-diffusion-controlled pore drag (Fig. 11). In this
model, the grain growth rate can be expressed by

C:Tf e D 473 @)
G (1 —p)
where C is a constant, p the relative density and Dy the

surface diffusion coefficient.
We observed that lowering the grain growth of
Pb3(VOy,), in substituting vanadium by 20% of phosphor

025
02[

015

dG

dt
0171

1/G?

Fig. 10. Grain-growth kinetics during sintering for (/) Pb3(VOy),
and (&) Pb3(VO4)1.6(PO4)o 4.
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Fig. 11. Grain growth rate, plotted according to the model for sur-
face-diffusion-controlled pore drag for Pb3(POy),.

leads to a slight increase in the final density (see Fig. 2).
Moreover, when studying grain growth during inter-
mediate-stage sintering, it is to obvious to say that pores
have a strong influence of the developing geometry
during the sintering process,?® especially in impeding
grain boundary movement.’® Then, the evolution in
porosity collapsing during isothermal sintering leads to
modify the grain growth kinetics in changing the surface
tension. It seems we can assume that relative density has
strong influence on grain growth. As well, it has been
precisely shown that narrower the pore-size distribu-
tion, stronger the effects on limiting grain growth.3!-3?
Moreover, pore-boundary separation can be stopped
when distribution in pores is homogeneous and tight.33
As a final remark, it’s expected that grain growth laws
are not valid when density changes, with a simultaneous
pore drag.’*3% As densification and grain growth are
linked together, grain-size exponents depend on micro-
structure evolution during densification. All previous
works referenced below clearly put in the light how dif-
ficult is to determinate the grain growth mechanism
during densification. However, in order to identify such
a mechanism without any ambiguity, further work, such
as grain growth in fully dense or pore-size controlled
materials, should be conducted.

It is possible to take into account the grain growth
rate as another parameter, to highlight the vanadium
substitution dependence on grain boundary mobility.
Fig. 12 shows the densification rate:grain growth rate
ratio as a function of grain size.

Presence of phosphor enhances densification prior to
grain growth (ratio >1) in the intermediate-stage sin-
tering, while for phosphor free compound, grain
growth is at least 10 times faster than densification. It
can be concluded that vanadium substitution by phos-
phor improve densification during intermediate-stage
sintering, and limits grain growth. As a consequence,
boundary mobility slows down, preventing pore-boundary
separation.

10

T T

0.1

T

densification rate:grain growth rate ratio

T T T

0.001 1 Lol 1 Lol
1 10
G (pm)

o

Fig. 12. Densification rate:grain growth rate ratio versus grain size for
() Pb3(VO,)s, (&) Pb3(VO,)1.6(PO4)o.4 and (O) Pbs(PO,), materials.
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5. Conclusions

Three lead orthophosphovanadates compositions were
sintered at 650°C. In rich-phosphor compound, i.e.
Pb;3(PO,),, the densification kinetic during the inter-
mediate-stage sintering was consistent with grain-
boundary diffusion being the controlling mechanism,
whereas in rich vanadium compounds (Pb3(VOy) ¢
(PO4)o.4, and Pb3(VOy,),) densification seemed to occur
by a mixed mechanism of lattice and grain-boundary
diffusion. For the two compounds which contains vana-
dium, it has been shown that grain growth kinetics were
controlled by grain boundary but without being able to
precise the grain growth mechanism. Whilst, it was
shown that grains of Pb3(POy), grew by a surface diffu-
sion controlled mechanism. Above the sintering char-
acteristics, it clearly appeared that changing the value of
x in Pb3(VOy4)o(1—x)(PO4)>, considerably modified the
sintering mechanism, both the densification path and the
diffusion coefficient of the limiting species. Lowering the
vanadium concentration both reduced densification rate
and grain growth rate. In fact, it has been shown that the
decrease in grain growth rate is more important than the
densification rate reduction with substituting vanadium
element. Further work with new compositions is in pro-
gress, in order to study grain growth for dense ceramics.
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