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Liquid phase sintering of CMCs based on clinker Portland
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Abstract

Portland clinker is normally used as the main component in cement manufacturing. It is a mix of different oxides and silicates
suitable for the production of low cost structural ceramics. In this work, it is used as raw material in making ceramic matrix com-
posites fit for use as structural ceramic. The sinterability of Portland clinker with different oxides (Al,O;, MgO and SiO,) and other
ceramic enhancers (CaF,) is evaluated by dilatometry and density in response to temperature. The manufacturing process includes
mixing, followed by cold isostatic pressing at 180 MPa and sintering in air at temperatures between 1100 and 1420°C. At these
temperatures the sintering is carried out with liquid phase, demonstrated by optical and scanning electronic microscopy (SEM).
There are indications of reactivity between the base material and the additives. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In general, the sintering of ceramic materials and
CMCs implies the formation of a liquid phase, only
special aluminas, zirconas and SiC are sintered in solid
state.! Liquid phase sintering (LPS) is an old technol-
ogy,” used in ceramic consolidation for thousands of
years, although from the engineering point of view it is
considered an advanced technique. The first liquid
phase sintered products were bricks. Most ceramics
(traditional or advanced) are manufactured by this pro-
cess: china, porcelain, abrasives, insulating, electric
substrates and refractories.?

Liquid phase sintering (LPS) produces densification at
temperatures lower than those of solid state sintering,?
which leads to better mechanical properties. The sinter-
ing of ceramics forms a vitreous liquid phase at the
grain boundaries.*> The liquid phase can be eutectic, or
by melting of some of the components, and usually it

* Corresponding author. Tel.: +34-91-624-9914; fax: +34-91-624-
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Chemical formulas: 3 CaO-SiO,=CsS=alite; 2 Ca0O-SiO,=C,S=
belite; 3 CaO-Al,O3;_-Cs;A =tricalcium aluminate; 4 CaO-Al,Os.
Fe,03 = C4AF = tetracalcium ferroaluminate

accelerates the densification process.’ Some advan-
tages of this process are the elimination of porosity and
the high diffusion rates through the liquid phase.®
However, deformations of the sintered parts and differ-
ential densifications may be produced,’ so an extreme
control of the conditions is required. Sintering maps
analyse the kinetic process and predict the most ade-
quate sintering conditions.!0!!

Portland clinker is defined!? as an artificial material
obtained from crudes with an appropriate chemical
composition through a process called clinkering (calci-
nating + sintering). After the clinkering process, clinker
should be milled till the appropriate particulate size and
its composition is balanced to reach the standard che-
mical composition. Clinker is composed (by weight) of
two-third parts of calcium silicates.'> The balance is
of calcium aluminates and iron containing calcium
aluminates.

The clinkering behaviour of the clinker relies on the
initial raw materials, their mineralogy and particle size.
The formation of the liquid phase produces an impor-
tant shrinkage and microstructural changes. The for-
mation of liquid marking the beginning of the sintering
occurs between 1260 and 1310°C. At temperatures near
1450°C, the liquid phase is about 20-30% by weight,
depending on the material composition (less when the
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silica content is higher). At the beginning of the clin-
kering process, non-combined CaO reacts with belite
(C5S) through liquid phase to form the alite (C5S) phase
by intermediate compounds,'# which is the main objec-
tive. Concerning the reactions produced through the
liquid, the diffusion mechanisms between CaO and C,S
in the melt and the extension of the liquid phase are of
great importance. '

The reactions may be accelerated as the amount of
liquid phase increases and its viscosity decreases. The
chemical composition, particle size and homogeneity of
the raw materials all affect the process.!®!” Components
such as Al,O3; and Fe,O5 are in liquid phase at about
1400°C, while C,S and CsS phases are solid at this
stage.

The addition of different enhancers or mineralizers
has an important influence on the sintering behaviour of
clinker. Rumyantsev et al.'® studied clinkering using
eutectics or near eutectics of low melting point. The
effect of fluorite on clinkering temperature!*—! and
liquid viscosity'® has been investigated. Other additions
such as Mo and W oxides, CuO,?> MgO,> ZnO?'** or
MnO,?° have influence on the microstructure of clinker
phases.

A few studies of non-hydrated Portland clinker and
its possible use as structural material,?~2° have demon-
strated the presence of liquid phase during the sintering
of the CMCs based on Portland clinker with Al,O5; and
SiC, which activate the densification and therefore the
mechanical properties associated to the microstructure.
The ceramic behaviour of this material is excellent. It is
sintered at temperatures between 1300 and 1400°C, to
produce high densities near to the theoretical one.

2. Experimental procedure

The sintering behaviour of sintered clinker Portland
mixed with ceramic particles is investigated by dilato-
metric study and sinterability curves. The composite
materials are processed by powder technology methods.
The Portland clinker used as base material was supplied
by Portland Valderrivas, S.A. (Spain). The chemical and
mineralogical compositions are as in Table 1. The aver-
age size of the Portland clinker is 27 um with 99%
of particles < 45 um. Table 2 shows materials used as
additions/enhancers: alumina, silica, magnesia and cal-
cium fluoride.

The compositions were dry mixed in a laboratory ball
mill during 30 min. In all cases three different amounts
of additions (3, 6 and 9% by weight) were chosen. The
different mixes were pressed by cold isostatic pressing
(in wet bag) at 180 MPa.

The sintering was carried out in air at different tem-
peratures to 1420°C during 30 min at a heating/cooling
rate of 10°C/min to plot the sintering curves (sintering

Table 1
Chemical composition of Portland clinker

Chemical Clinker Mineralogical

composition (in weight) composition

% SiO, (S) 20.24

% ALO; (A) 6.09

% Fe,05 (F) 3.51 Tricalcic silicate (C5S) % 63.18

% MgO 1.11 Bicalcic silicate (C5,S) % 12.13

% Sulphates 1.34 Tricalcic aluminate (C3A) % 10.20

% CaO (total) 65.72 Tetracalcic ferrite-aluminate  10.68
(C4AF) %

% CaO (free) 1.21

Fire losses (%) 0.14

AJF rate 1.47

(flux modulus)

S/A rate 2.17

(siliceous modulus)

Standard of cal 96.90

Table 2
Characteristics of the additives

Additives Powder characteristics

a-A1,03 Purity: 99.9%:; size: 99% < 2um;
density: 3.9 g/cm?; Alcoa (Brazil)

SiO, Amorphous: purity, 99%; density, 2.65 g/cm?;
Crosfield Chemicals (UK)

MgO Purity: 90.0%; size 95% < 5 pm;
density: 3.6 g/cm?; Panreac (Spain)

CaF, Industrial grade (purity: 65.0%)

density versus temperature). Sintering densities were
measured by Archimedes’ method (MPIF Standard 42).
Differential dilatometric studies (using alumina as
reference) were made in a Bihr dilatometer (in vacuum
up to 1300°C with heating and cooling rates of 10°C/
mm). The dilatometric curves indicate the temperatures
at which the main thermal phenomena occur: the
beginning of the shrinkage, the highest shrinkage rate
and the phase transformations. These data determine
the sintering window.

A study by optical microscopy and SEM was made to
determine the reactions between additions and base mate-
rial and illustrate the sintering behaviour of the materials.

3. Results

Figs. 1-4 present the sintering behaviour of the stu-
died materials. In all the materials, except those with
CaF, additions, the beginning of the densification pro-
cess is between 1290 and 1320°C, and maximal density
around 1400°C. In materials with CaF, (Fig. 4), the
beginning of sintering is advanced to 1310-1380°C.
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Fig. 1. Evolution of sintering density with temperature of materials with Al,O3 as compared with plain clinker.
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Fig. 2. Sintering density versus temperature of plain clinker compared with Portland clinker with MgO.

Fig. 5 shows the dilatometric curves obtained, with
the time and the relative changes in length versus tem-
perature. Main results are shown in Table 3.

Fig. 6 shows the microstructural evolution of materi-
als with alumina addition, and Fig. 7 illustrates the
reaction between alumina and clinker (by the results of
mapping of the elements Si, Fe, Ca and Al). Fig. 8 pre-
sents the porosity evolution for materials with magnesia
and Fig. 9 the reaction of this oxide with the base
material. Microstructural changes in CMCs with silica
are shown in Fig. 10. Fig. 11 presents the reactivity

between silica and clinker base. Fig. 12 presents micro-
structural evolution for materials with fluorite and Fig.
13 shows an example of acicular phases in pores in MgO
composites, phenomenon that appears in all the mate-
rials.

4. Discussion

The sintering process of clinker with different additives
is explained by its thermal behaviour. Densification
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Fig. 3. Sintering density obtained for materials with SiO, compared with plain Portland clinker.
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Fig. 4. Sinterability curve of materials with CaF, compared with plain Portland clinker.

begins (Fig. 1) about 1290°C and increases up to
1410°C, where maximum density is reached. Solid state
sintering occurs till 1290°C as also seen in the dilato-
metry test (Fig. 5). Liquid phase sintering is produced at
higher temperatures, as shown by the microstructure
(Fig. 6a) which also shows the main phases of clinker
(alite, belite, aluminoferritic and vitreous phases).

In the case of alumina addition, all the materials
begin to densify at 1290°C with a liquid phase at 1350°C
(according with liquid phase appearance during clin-
kering),'* that produces high-density values, the max-

imum at 1410°C (Fig. 1). These values are similar to
those obtained in a previous work.?® The addition of
alumina produce no improvement in the density as
compared with plain clinker. The sintering window is
between 1370 and 1410°C.

The dilatometry carried out at 1300°C demonstrates
that materials with alumina present a lower shrinkage
than plain clinker due to a reaction with Al,Oz which
delays shrinkage (Fig. 5a). This is consistent with the
sinterability curve (Fig. 1), where the plain clinker offers
the highest density and maximum shrinkage. The reaction
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Fig. 5. Dilatometric curve (time versus relative change in length and temperature) for plain Portland clinker with several compositions of Al,O3,

MgO, SiO, and CaF,.

Table 3

Main values in the dilatometric study up to 1300°C

Portland clinker T\* (°C) T,° (°C) C5° (%)

Al,O3 1136 1244 —5.20
+3% 1194 1260 -3.75
+6% 1279 1278 —1.50
+9% 1278 1273 —-1.75
MgO

+3% 1122 1260 —2.68
+6% 1092 1253 —2.50
+9% 1112 1258 —3.00
SiO,

+3% 1023 1262 —3.88
+6% 751 1112 -9.52
+9% 1023 1273 —6.82
CaF,

+3% 1222 1269 —2.00
+6% 1129 1247 —-8.20
+9% 1129 1147-1267 —13.20

& Ty, temperature when the materials begin to shrink.
® T, temperature where the shrinkage rate is maximum.

¢ (3 maximum shrinkage after sintering cycle (%).

between alumina and clinker is also shown in dilato-
metry by an abrupt dilation at 1200°C, that increases
with the alumina content. This strong reaction does not
reduce the sintering temperature.

The sintering activation for materials with alumina is
due to reactions with the base material to form C;A
(Fig. 6), producing a decrease of the CaO in the base
clinker due to the basic reaction:
C3S + ALO; = C,S + CG5A 2)

Optical microscopy shows a greater number of white
zones indicating the formation of C3;A phases (Fig. 6),
CaO disappearing from the base material to form silica
rich zones (light grey). Analyse by SEM were realised
and it is possible to differentiate zones with a higher
content of Fe (C4AF) from those with a higher content
of Al (C5A) (Fig. 7). A view of the clinker with 9%
Al,O3 (by BSE) reveals slightly darker zones near the
white phase. A mapping of the area shows that the
darkest zones are rich in Al and with a small Fe content;
these grey phases are tricalcic aluminate and correspond
to the added sintered alumina. Mapping of Ca in this
area indicates a total diffusion to form tricalcic alumi-
nate, disappearing as alumina, but silica does not diffuse
to zones rich in aluminium.

In materials with MgO addition, the sintering process
begins at 1300°C and the liquid phase at about 1350°C.
This delay is due to the reduction of free CaO which
reacts in the liquid phase.?? The addition of magnesia
increases density over that of plain clinker, reaching a



2220 N. Anton et al. | Journal of the European Ceramic Society 20 (2000) 2215-2224

Fig. 6. Morphological evolution of phases with increasing alumina content. Increment in belitic phase to form calcium aluminates: (a) plain Port-
land clinker; (b) with 3% alumina; (c) with 6% alumina; (d) with 9% alumina. Etching with 13% vol acetic acid/ethanol.

Fig. 7. Detail of clinker+9% of A1,0;, where clearer zones have
CaO, Fe,05; and Al,O3 (C4AF), while the darkest zones correspond
only to CaO and Al,Os;.

maximum in the material with 9% (Fig. 2). The sinter-
ing window for these materials is in the temperature
range 1350-1420°C. From the point of view of density,
the optimal sintering temperature is about 1400°C. Sin-
terability studies show an important change in the den-
sities, probably due to reactions between the magnesia
and C4AF or C;A phases. However, the reaction
between the liquid phase (produced by the alumino-
ferritic phase) and the adjacent magnesia is possible in
these conditions.?® The porosity of these composite
materials is slightly higher than that of plane clinker
(Fig. 8).

The dilatometric study (1300°C) does not indicate any
important reactions between MgO and base clinker
(Fig. 5b) and there are no significant differences between
the different compositions. In all cases, the shrinkage
(Table 3) is lower in the composite materials than in
plain clinker and the sintering is not activated by mag-
nesia in this range of temperatures.

In the semiquantitative analysis by SEM of materials
with magnesia, MgO is presented as darker zones (Fig.
9). There is no an important diffusion phenomenon.
Different analysis reveals that Si and Ca appear in all
the structures and less in the darkest zone (Figs. 9a and
b). The two main phases (alite and belite) do not dis-
solve Mg from magnesia, as demonstrated by optical
microscopy where the magnesia was predominantly
associated with aluminate phases (C;A or C4AF), indi-
cating reactions with these phases. In the first line scan-
ning (Fig. 9b) the particle of MgO is enclosed by the
aluminate phase and Mg is diffused.

The silica addition lowers the sintering temperature
and promotes shrinkage (Figs. 3 and 5c¢). Silica does not
produce density improvement when increase silica
amount. The final density is lower than or similar to
that of plain clinker, but at 1300°C (when the densifica-
tion begins) it rises above plain clinker due to the
appearance of new areas of rich silica phase of flake
shape (Fig. 10). The same occurs with SiC additions due
to their oxidation.?® The liquid phase appears at about
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Fig. 8. Porosity evolution of composite materials based on clinker with magnesia: (a) plain clinker Portland; (b) with 3% MgO; (c) with 6% MgO;

(d) with 9% MgO. Without etching.
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Fig. 9. Microstructure of material with 6% of MgO: (a) line scanning for a MgO particle, (b) line scanning for base material.

1350°C (from aluminoferritic phases). The sintering
window is 1350-1420°C. The maximum sintering den-
sity is about 1400°C. The pore size increases with the
amount of silica due to belitic phase segregations (C,S)
produced during solid state sintering (Fig. 10d) and
increasing with silica content, although these materials
present the lowest porosity.

The dilatometric study also shows reactions between
silica and base clinker to form C,S (Fig. 5c) that can be
found through maximum and minimum points. The

maximal shrinkage rate is at 6% of silica. The most
remarkable fact is that shrinkage begins at a lower
temperature than for pure clinker, and a high silica
content enhances sintering, improving the sintering in
two ways: (1) increasing the shrinkage rate, and (2)
advancing the onset of shrinkage. Silica does not pro-
duce any increase in liquid phase content during sinter-
ing.

Fig. 11a shows the main phases of the clinker without
additives, and their semiquantitative analyses by SEM.
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Fig. 10. Morphological evolution of phases with increment of silica: (a) clinker with 3% silica; (b) with 6% silica; (c) with 9% silica; (d) detail of a
pore surrounded by a zone of rich-phases silica. Etching with 13% vol acetic acid/ethanol.
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Fig. 11. (a) Main phases of Portland clinker; (b) main phases of Portland clinker reinforced with 6% SiO,. Photographs: phases localisation.

Fig. 11b gives the results of material with 6% SiO,, with
an increase in silica rich phases and morphological
changes (illustrates in the optic microscopy; Fig. 10).
This corroborates the dilatometry and sinterability
results obtained which confirm the reactions between
base material and silica.

The most important effect of fluorite on the sinter-
ability of base clinker is a lowering of the sintering
temperature, and sintering with liquid phase is advanced
with a higher fluorite content (Fig. 4). The temperature
at which sintering begins is the lowest of all the studied

materials: 1200°C (for 9%) and 1280°C (for 6%). This
improvement of the sintering temperature was expected
because the effect of the CaF, in the clinkering process
was well known.?! This is due to the appearance of
liquid phase at lower temperatures and the interaction
with the aluminoferritic phase and eutectic formation.
The maximum sintering density for 9 and 6% of fluorite
is about 1310°C, and 1370°C for 3%. The density of
materials decreases with a higher fluorite content. Por-
osity in these materials is high as compared with that of
plain clinker and of the other composite materials, due
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ol

Fig. 12. Microstructural evolution of materials base clinker with fluorite; (a) with 3% CaF,; (b) 6% CaF, (c) 9% CaF, (d). Changes in morphology
of liquid phase formed at lower temperatures can be observed. Etching with 13% vol. acetic acid/ethanol.

Fig. 13. Scanning electron microscopy of material with 3% MgO: (a) general morphology; (b) detail of zones with acicular morphology with a high
content in Fe, S, Ca, Si, due to residual porosity as a result of solidification of adjacent liquid phase (C;A and C4AF).

to the great amount of liquid phase formed. These
results are consistent with the dilatometric study (Fig.
5d). As the amount of fluorite increases so does the
shrinkage level (Table 3).

Fig. 12 shows the effect of the liquid phase formed at
low temperature by the fluorite. This addition is mainly
associated with the liquid phase, as well as with the
impurity in alite and belite phases. Porosity was always
seen near a previously liquid phase. Inside the pores
(Fig. 13) are concentrated most of the impurities (Fe, S,
K, Ba, P, etc.) as acicular formations, and appears gen-

erally associated to C4AF or C3A, which form the liquid
phase during sintering. These acicular zones were
observed in all the compositions.

This study confirms the good sinterability of plain
clinker and its composites, demonstrated in previous
works.2627-2% Different behaviours of the different add-
itives in the sintering process are also confirmed. Add-
itives such as magnesia has small interactions with the
aluminoferritic phase of clinker. Alumina reacts with the
base material and decreasing Ca content to form belitic
phase, but without activating the sintering process.
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Silica and fluorite propitiate modifications and enhance

the

sintering process.

5. Conclusions

During the process of sintering or clinkering a
liquid phase is generated. The additions studied
modify this process.

Alumina reacts with the clinker, increasing the
quantity of liquid phase and reducing the sintering
temperature, increasing the C4AF and C;A phases.
Magnesia contributes to densification and seem to
react with the rich alumina phases.

Silica reacts with the base clinker without con-
tributing to liquid phase. Densification at lower
temperatures is due to the reaction of the silica
with the initial components of the clinker, espe-
cially through the appearance of the belite phase.
Fluorite diminishes the temperature of sintering
(by increase of liquid phase) without an important
densification.

The density level obtained is evidence of good
mechanical behaviour and reliability. The Port-
land clinker is an excellent raw material for the
fabrication of structural ceramics, from the sinter-
ability point of view. These materials can be con-
solidated by powder technology.
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