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Abstract

Pressureless sintering of CaCO, was carried out, with Li,CO; (from 0.5 to 8 wt%) as an addi-
ive, under different pressures of CO,. Densification occurs between 600 and 700°C. Sintering
ibove the eutectic temperature (T>662°C) leads to the decomposition of calcium carbonate and
he materials become expanded. At 620° under | kPa of CO,, a relative density of 96% is reached.
-i,C0; enhances the densification process and grain growth of calcium carbonate. CO, pressure
ilows down densthication and grain growth Kinetics. ‘These resulls are explained by the infiuence
»f carbenate and caleium ion vacancies on the sintering mechanisms.
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[ntroduction

Natural calcium carbonate (i.e. coral, aragonite structure) is currently used as a
yone substitute in orthopaedic surgery [1-3]. The sintering of synthetic calcite could
1 an allraclive way Lo extend the poteniial applications because a controlled and
dapted microstructural design of the implant material could be performed. Thus, it
ippears interesting to investigate the sintering mechanisms of calcite. In this field,
‘ew studies have been devoted to the sintering of CaCQj3, may be because its thermal
nstability is a difficulty to overcome in the elaboration of dense synthetic calcium
:arbonate. For instance, CaCO; decomposes into CaO from 550°C in air and from
190°C under a pressure of 100 kPa of CO; gas. Therefore, the elaboration of dense
~aCO; materials requires thermal treatments at low temperature under controlled at-
nosphere of COj; 1o prevent decomposition. To this end, hot pressing techniques
md/or (he addition of sintering aids may appear useful (o enhance densification
yrocess of CaCO;. Tullis [4] and Olgaard [5-7] used hot isostatic pressing under
300 MPa of argon at a temperature comprised between 650 and 900°C to densify
1atural (Solnhofen) or pure CaCO; up to a relative density ol 96% of the theoretical
/alue. Yamasaki [8-11] used hydrothermal hot pressing in order to lower the tem-
serature required to densify CaCO4 below 350°C. But, because with this elaboration
cchnique pores are filled with water which cannot be wtally removed, the relative den-
ity of materials did not exceeded 90%. The addition of sintering aids to promote liquid
»hase sintering appeared as an alternative processing route. Urabe [12] showed that the
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addition of some lithium based compounds (LiF, LisPOy), which are able to form a
liquid phase with CaCOs, allowed an effective densification (up to d=83% d,).

We have demonstrated in a previous paper that, in the presence of lithium phos-
phate as sintering aid, CaCOs could be nearly {ully densified by solid phase sintering
at a temperature below the eutectic temperature between CaCOjy and LizPO,[13].

Frum these bases, the present work is concerned with pressureless sintering of
calcium carbonate with lithium carbonate as sintering aid. Lithium carbonate being
known to form a liquid phase with CaCQj at the cutectic temperature of 662°C [14],
the study will show that similarly to LizPOy, the addition of Li;COj allows Lo densifly
CaCO, providing the sintering temperature remains below the eutectic point. The in-
fluence of CO, pressure during sintering and of the amount of added Li,CO; on the
relative densily and grain size of CaCQj arc also investigated.

Materials and methods
Materials

Calcium carbonate powder { Aldrich Company) contained 40.04 wi% of calcium,
corresponding to 99.995% pure ca}cm: (supphcr data). Specific surface area, mea-
sured by the BET method was 1.00 m? g~' (Surface analyser Micromeritics ASAP-
2010, 8 points). The agglomerate size distribution (Micromeritics particle sizer) was
comprised between 0.6 and 30 um and average size was 2 um. Lithium carbonate
was supplied by Merck. It was 99 99% pure (suppllcr data). This powder had a spe-
cific surface area of 0.81 m? g™' and an average grain size of 1.25 um.

The amount of Li;CO4 added to CaCO5 varied from O to 8 wi%. The two powders
(CaCOs, Li;COy) were mixed in pure ethanol during 15 min. The mixing was per-
formed in an alumina container. The blended powders were dried at 100°C during
24 h. Then, disks of 10 mm diameter and 2.5 mm thick were uniaxially pressed un-
der a stress of 125 MPa and compacts were pressureless sintered in a CO; atmo-
sphere.

Characterisation techniques

Thermogravimetric analysis was performed on pure and mixed powders using a
Setaram B85 thermobalance (precision 10 pg). The heating rate was 10°C min~' and
the CO, atmosphere was kept at the constant pressure of 100 kPa.

Dilatometric measurements were registered on pressed disks using a Setaram
TMA92 dilatometer. COg gas pressure varied between 0.5 and 100 kPa. The heating
rate was 10°C min™! to determine sample shrinkage vs. temperature. Isothermal
measurements of shrinkage were also performed. In this case, samples were heated
at 40°C min™* up to the dwelling temperature.

Relative density of sintered materials was determined by the Archimedes method
in water. Theoretical density of samples was calculated using a single mixture rule
of the starting powder data, theoretical density of CaCO, and Li,CO; being 2.71 and
290¢g cm™ respectively.
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Microstructural observations were performed by scanning electron microscopy
'SEM) on a Philips XI. 30 apparatus. Before observation, samples were polished
with a 1 um diamond paste to obtain a mirror like surface. To reveal the microstruc-
ure, these surfaces were thermally etched by heating during 2 min at 570°C under
100 kPa CO,. Grain size analysis was performed using a commercial software (Graf-
¢k, Optilal 2.6). Grain size disuibution of cach sample was determined from the
inalysis of at least 600 grains issued from 3 different images. The grain size or
rquivalent disk diameter {(G) was calculated from the measurement of grain surface
‘A), on the hypothesis of spherical grains, using the following equation :

G=2V&

T

X-ray difTraction patterns (XRD) were registered using a Siemens D3000 diffrac-
:ometer (CuK,, radiation, 28 range 22°-85° step scan 0.01, step time 10 s). Crystal-
line phases were determined from comparisen with the JCPDS reference data file,
Lattice parameters were calculated using 19 diffraction peaks by the least-squares
method (Diffract AT software, Pseudo-Voigt function).

Results
Thermal stability

Thermogravimetric analysis was performed under a 100 kPa CO; pressure,
which corresponds to a theoretical temperature of 890°C for CaCOj; decomposition.
Figure 1 shows that the decomposition of pure CaCOj starts from the same tempera-
ture of 890 and is completed at 975°C. The maximum mass loss is 44.0% and corre-
sponds to the theoretical value for total decomposition.

With 8 wt% of added Li,yCO,, the mass loss begins at about 600 and becomes sig-
nificant from 890°C. The decomposition is completed at 925°C, A small mass loss of
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Fig. 1 TG analysis of pure and 8 wi% Li,CO,-doped CaCO, powders (100 kPa CQ,)
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about 0.35% is registered below 890°C which cannot be attributed to the decompo-
sition of pure powders. Calcium carbonate remains stable up to that temperature and
fusion without any decomposition up to 1000°C was registered for pure Jithium car-
bonate. This means that this mass loss should be linked to the incorporation of
LisC 05 in CaCO; whose mechanism will be discussed hereafter.

Dilatometric analysis

Figure 2 gives linear shrinkage vs. temperature increase (Pg,=100 kPa) for pure
and 8 wt% Li,CO;-doped CaCO,. For pure calcite, the sintering begins at 600°C.
Nevertheless, shrinkage remains low up to 890°C and the final relative density only
reaches 66% of the theoretical value.
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-0.084

Relative shrinkage
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012 —0— CaCO] + 8% L12CO3
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Fig. 2 Shrinkage of pure and 8 w1% LisCO3-doped CaCO3 samples vs. temperature under
100 kPa CO2

A very different behaviour is obtained in the presence of Li,CO4. In this case,
two distinct domains can be observed:

(i} between 600 and 700°C, the shrinkage registered on the samples corresponds
to an important densification. This densification occurs by solid phase sintering be-
low 660° and liquid phase sintering above that temperature which corresponds to the
eutectic point between CaCO+ and Li»COs (Te=662°C). From 660°C, the liquid
phase appears and is accompanied with an increase of densification rate. This higher
sintering rate results from an easier rearrangement of grains in the presence of liquid
and from an activation of densification by dissolution mechanism at grain bounda-
ries, Nevertheless, isothermal experiments performed in this temperature range
{660-700°C) pointed out an expansion of samples indicating a beginning of calcite
decomposition.

(ii) above 700°C, a linear expansion is registered. This expansion is accompanied
with a dedensification process. CaCOj5 starts to decompose (a mass loss of about
0.02% being registered at 700°C. Fig. 1) and the liquid phase induces the formation
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pores. These pores, which size can be larger than 100 um, and the associated expan-
sion, can be attributed to decomposition gas which remains imprisoned inside the
samples.

From these results, it appears that the elaboration of dense calcite by pressureless
sintering should be conducted in a temperature range below the eutectic point to pre-
vent any expansion by gas imprisonment induced by the simultaneous presence of a
liquid phase and a beginning of calcite decomposition. Consequently, a temperature
of 620° has been chosen for sintering experiments.

Sintering
Influence of Li,CO; addition

CaCOj; containing 0, 0.5, 2 and 8 wt% Li;CO; were pressureless sintered at
620°C during 9 h under a 1 kPa CO, gas pressure (equilibrium pressure of CO; at
620°C being 0.4 kPa). Relative density and average grain size of these materials are
given in Table 1.

Table 1 Characteristics af sintered materials (620°C, 9 h, PCO1=1 kPa)

Li,O./wt% 0 0.5 2 8
Density/g cm 1.626 2.507 2.605 2.613
Relative density/% d 60.0 92.5 96.0 959
Average grain size/um 1.76+0.03 70%1.6 17.0+0.5 9.0£0.3

Without Li,COj5 addition, neither density nor grain size of calcium carbonate are
modified after thermal treatment. These results agree with those found by Ol-
gaard [7] indicating that for pure calcite no microstructural changes occurred below
700°C. On the contrary, the addition of Li,CQO; greatly influences the final density
and microstructure.

With 0.5 wt% Li,COs, a high relative density is obtained and an important grain
growth is observed with an average grain size of about 40 times that measured in
pure calcite. Moreover, as shown in Fig. 3, this exaggerated growth induces the for-
mation of ncedle-like grains, whereas spherical-like grains remain in pure calcite.
XRD analysis (Fig. 4) shows an increase in the intensity of peaks attributed 10 (0 0 6)
and (0 0 12) reticular planes. This indicates that grains grow preferentially along C-
axis. The presence of Li,CO4 does not modify the crystal structure of calcite (JCPDS
n° 4-486) but induces an increasc of lattice parameters (Table 2}. This phenomenon
has also been observed by Rajam [15] in lithium doped CaCO; crystals synthesised
by precipitation (a=4.997 A; £=17.097 A).

A higher Li,CO;3 loading (22 wt%}) leads to a smaller average grain size and to a
higher relative density of sintered materials {d=96%). The presence of inclusions in
calcite being known to restrict grain growth [16-17], the limited grain growth in
these materials can be associated to the presence of Li;CO; precipitates at CaCQ,
grain boundaries, as shown in Fig. 5. And, as opposed to materials containing
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a

Fig. 3 SEM micrographs of samples sintered at 620°C, 15 h, 1 kPa CO2; a — 8 wi% LizCOs-
doped CaCO3; b — pure CaCO3
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Fig. 4 XRD patterns of pure and 0.5 wi% Li,CO,-doped CaCO, sintered materials

Table 2 Lattice parameters of sintered calcite (620°C, 9 h PCO2=1 kPa)

CaC0,+0.5 wi% Li,CO, pure CaCO,
a=0.4991+0.001 A a=4.98040.001 A
e=17.06540.004 A c=17.059+0.004 A

.5'wt% Li;COs in which such precipitates were not observed, grain growth appears
normal. Grain size distribution of CaC03-2 wt% Li,CO; materials sintered at 620°C
for different times and of materials with different amounts of Li;CO4 sintered at'the
same temperature during 9 h confirm normal grain growth. Results are plotied in
Figs 6 and 7, respectively. In these figures, G; represents the average size of grains
of class i and G the average size for the whole population. Figures 6a and 7a show
that grain growth remain normal whatever the sintering time or amount of Li,COs
might be. Morcover, grain size distributions are self-similar, i.e. they arc totally
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Fig. 5 SEM (Backscattered electron image) of 2 wit% LiaCOs-doped CaCOj3 material show-
ing Li»CO;3 precipitates at grain boundaries (in dark)
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Fig. 6. Grain size distribution of 2 wt% Li>CO3-doped CaC0Oj vs. sintering time (620°C,
| kPa COy)
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Fig. 7 Grain size distribution pure and doped CaCQ, (sintering: 620°C, 9 h, ! kPa CO,)

identical when expressed in the reduced co-ordinate system Gi/G (Figs 6b and 7b).
Such a behaviour has already been described by several authors [18-20], Therefore,
a stationary phenomenon is reached from 2 wt% Li,CO;. This means that the func-
tion which describe grain size distribution G=f(G;, 1) can be transformed in a law tn
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which G and ¢ are separate variables: G=A{G;, /)=g(G;/G(}). This also allows to jus-
tify the use of average grain size (G) as unique variable to characterise grain growth
kinetics.

Average grain size vs. sintering time (under 1 kPa CO,) for materials containing
2 and 8 wt% Li,CO; are given in Fig. 8. The plot shows an asymplaotic behaviour and
a grain growth decrease for increasing amount of Li,CO4. The growth is inhibited
from a limiting grain size G of 12*2 and 25*° um for 8 and 2 wi% of Li,CO,, respec-
tively.

G (pm)

4 2%Li,C0,
® 8% Li,CO,

T ¥ ]

0 2 y L3 8 10
Time (k)

Fig. 8 Average grain size of doped CaCO, vs. sintering time (620°C, 1 kPa CO,)

Influence of CO, gas pressure

This part of the study has been performed using 2 wt% Li,COs-doped CaCOs sin-
tered at 620°C under a CO; gas pressure varying from 1 to 100 kPa. The relative
density of sintered materials is given in Fig. 9. Under high CO, pressure, the final
relative density does not exceed 90% of the theoretical value whereas it is always
higher for pressures closer to the equilibrium value (Peo,, =0.4 kPa at 620°C). In the
same time, the average grain size of calcite decreases with the increase of CO, pres-
sure (Fig. 10).

Discussion

The effect of Li;CO; addition on the pre-eutectic sintering of CaC05 (i.e. solid
phase sintering at 7<T,) can be explained by the formation of a solid solution be-
tween Li,CO5 and CaCOs. Youdri [21] has already pointed out the presence of lith-
ium (0.05 wt%) in interstitial site inside the calcite lattice in single crystals of an eu-
tectic composition of Li;CO3-CaCOs. The following reaction can be proposed to de-
scribe the incorporation of lithium in calcite:

Li,COy 555 2Li0 + V4t CO3 (R 1)

COy

J. Therm. Anal. Cal., 56, 1999
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Fig. 9 Influence of CO; gas pressure on relative density of 2 wt% LizCO3-doped CaCOs sin-
tered at 620°C, 9 h
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Fig. 10 Influence of CO, gas pressure on calcite grain size ef 2 wt% Li,CO,-doped CaCO,
sintered at 620°C, 9 h

According to (R1), below the solubility threshold, the concentration ef calcium ion
vacancies increases whereas that of carbonate ion vacancies decreases with lithium
carbonate incorporation. Above the solubility threshold, defects concenu ations
shouid remain constant. Figures 11a and 11b give qualitative plots of these concen-
trations in the case of a high and low lithium ion solubility, respectively.

On this basis, iwo cases must be distinguished depending on whether the amount
of added lithium carbonate exceeds the solubility threshold of lithium ion or not.

(i) At low Li2COs content a total solubility of added LizCOs in CaCQj3 can be hy-
pothesised.

Qur results obtained on 0.5 wt% LiCQOs-doped CaCO4 agree with this hypothe-
sis. The formation of the selid solution is accompanied by an increase of the concen-
tration of calcium ion vacancies. As experimentally, both densification and grain
growth of calcium carbonate were enhanced by the addition of Li»CQ3, calcium ion
vacancies are the rate controlling species in the sintering mechanisms of calcium
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Fig. 11 Schematic plot of Ca™ and COi' vacancies vs. Li* concentration; a. High solubility
of lithiu carbonate, b. Low solubility of lithium carbonatc

carbonate, Similar results were found by Farver [22] who demonstrated through dif-
fusion experiments that calcium ion is the specie which diffuses at the lowest rate in
pure calcite. Moreover, the selective stabilisation of (0 0 1) reticular plane by lithium
ion has been verified by Parker [23] through a modelling of calcite grain merphol-
ogy in the presence of Li* and by Titiloye [24] un synthetic crystals. Therefore, an
abnormal grain growth must be obtained, which is in accordance with our micro-
structural observations.

When the amount of incorporated lithium ions increases, the concentration of
calcium jon vacancies can increase up to a maximum value, corresponding to the
solubility threshold of Li*, and then remains constant.

(iiy At high content, the solubility theeshold is recached and part of the added
Li,CO4 should remain in excess.

This agrees with the presence of Li,CO, precipitates inducing a limited grain
growth, as vbserved in CaCOj5 containing 2 and 8 wi% LiyCO;,

A modification of the Zener’s law [25] allows to take on account the inhibition of
grain growth induced by particles in the case of a preferred distribution of these par-
ticles along grain boundaries (i.e. mobile particlcs) [26]. The limiting size G| de-
pends on the volume fraction of particles (f) according to the fellowing relationship:

Gi=or
f
where K is a constant (K=2.8%") and r the radius of Li,COx particles (1.25 um).

As schematised in Fig. 11, two hypotheses can be made to explain the sintering
hehaviour above the solubility threshold. The rate controlling species may be either
carbonate ion vacancies (Fig. 11a) or calcium ion vacancies (Fig. | 1b).

Theoretical analysis of densification kinetic indicates that the densification rate
can be described by the following relationship [27, 28]:
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Sp/dr = CD/G" (1)

where C and » are constants, I} is the diffusion coefficient of the rate controlling spe
cies and G is the grain size.

According to Eq. (1), a decrease of densification rate may result from two phe-
nomena: an increase of grain size or a decrease of diffusion process. Experimental
results obtained on 2 wt% Li,CO;-doped CaCO; vs. CO, gas pressure for a same
thermal cycle must support the right hypothesis, i.e. a decrease of both densification
(Fig. 9) and grain size (Fig. 10) with the increase of CO, pressure. As grain size de-
creases with the increase of CO; pressure, according to Eq. (1), the simultaneous de-
crease of densification rate should necessary result from a decrease of diffusion co-
efficient of the rate controlling species. Consequently, the concentration of these rale
controlling species must decrease with the pressure increase.

The beginning of calcite decomposition in the presence of Li>CO4 from 600°C

also imposes 1o take the presence of oxygen ions, associated with CO, gas relcase,
into account. Nevertheless, if oxygen ions are located in carbonate sites, the concen-
trations of calcium and carbonate ion vacancies are independent from CO, gas pres-
sure, The hypothesis of oxygen ions located in interstitial sites may also be consid-
ered. The formation of these defects can be written as tollows:
CO§CO‘+V§‘-—-——- O + Vo, + CO, (R2)
Due (o the very low amount of decomposed CaCO; below the cutectic temperature,
the activity of carbonate vacancics and interstitial oxygen can be assimilated to their
concentration (i.e. dilute defects). In the same time, the activity of carbonate ions
can be hypothesised as constant, cgual to 1. Then, the equilibriuvm constant for (R 2)
is given by;

K =[071[Vco®lPco, (2

The presence of lithium carbonate gives the following equation for zero charge bal-
ance:

[Li%) +2[VE | = 2[VE,] + 2[0] (3)
Moreover, Schottky’s cquilibrium leads to:
¢~ Vgo, + Véa (R 3)
with:
K,=[Veo,]IVe, 4

Finally, using Eqs (2) and (4), the relation given in Eq. (3) can be written as fol-
lows:
2K, 2K

[Li%1+2[VE ] = + —
' OTTIVE] T Vo Peo,

(5)
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Solving this second degree equation gives the concentration of carbonate ion vacan-
cies:

wo o~ [Lie] + VILEP + 16(K, + (K/Pco,))
{Vcol] = 4
(6)

Figure 12 gives punctual defect concentrations (calcium and carbonate ion va-
cancies, interstitial oxygen ions) vs. CO, gas pressure simulated from these equa-
tions. Increasing CO, gas pressure leads to a decrease of carbonate ion vacancies and
to a concomitant increase of calcium ion vacancies. Therefore, in accordance with
results above mentioned indicating that the concentration of the rate controlling spe-
cics must decrcase when CQ; pressure is increased, carbonate ion vacaneies consii-
tute the conirolling species in the densification and grain growth of Li;CO;-doped
CaCO0; above the solubility threshold.

Finally, the addition of Li,CQj as sintering aid of CaCOy, leads to a progressive
change of kinetic regime: the rate controlling species is calcium ion vacancy at low
Li;CO, concentration and becomes carbonate ion vacancy at high LizCO; concentra-
tion. This behaviour corresponds to the case illustrated in Fig. 11a.

so0o0
ou°°u°n°
a0
oo

o
-] "
cno" e VCa
Q
,__+t°u°° + Vo,
—_Ea ta, N
o | L a O
£ ta,
e

log PCO,

Fig. 12 Simulatcd plot of vacancies concentrations vs. CO, gas pressure

Conclusions

This study demonstrates that pressureless sintering of calcium carbonate under
CO, atmosphere can be performed with Li,COj as an additive. The use of LizCO4
which forms a liquid phase with CaCQj at 662°C could have appeared useful to ac-
tivate densification processes by liquid phase sintering (i.e. sintering at T>662°C).
But in this case, though lithium carbonate enhances densification processes, in the same
time it facilitates calcite decomposition which starts at lower temperature. There-
fore, the elaboration of materials having a high relative density requires a sintering
temperature below the eutectic point between Li;CO; and CaCOj to prevent calcite
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decomposition (i.e. solid phase sintering at 7<662°C). CO, gas pressure also influ-
ences densification and grain growth kinetics.

Densification mechanisms and grain growth agree with the hypothesis ol a par-
tial solubility of lithium carbonate in calcium carbonate. Below solubility threshold,
calcium ion vacancy controls densification kinetic. Lithium ions incorporated in cal-
cite lattice stabilisc (0 0 1) reticular plane inducing an abnormal grain growth. Above
solubility threshold, carbonate ion vacancy controls densification kinetic and grain
growth is limited by Li,CO; precipitates which segregate at gain boundaries.
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