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Abstract
Clay-chamotte composites were realized for manufacturing refractory bricks. We used two kaolinitic refractory clays mined in Cameroon and

two calcined clays (chamottes) with a large grain size (0.1–4 mm). Clay-chamotte composites containing various quantities of chamotte (0–

50 wt%) were shaped and sintered at 1200–1350 8C. The structural characteristics of composites indicated the presence of quartz from the initial

clay, cristobalite and mullite. SEM observations revealed very heterogeneous microstructures where porosity is weakly distributed and large pores

are entrapped at the vicinity of large chamotte and quartz grains. In general, the global porosity increases with the chamotte content. A specific

interpretation of the matrix role on the global sintering behaviour reveals that only a part of the matrix acts effectively. Since the most part of the

global porosity is within the matrix, it is distributed in matrix zones, which participate effectively to sintering and in inert matrix zones where larger

pores occur. The global mechanical strength is controlled by the matrix behaviour, but the high porosity of this phase is unfavourable to high

strength values. Besides, the occurrence of larges pores and local cracks at large grain interfaces from thermal stresses are critical flaws, which

reduce the mechanical strength.

# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic composite are often designed for the development

of structural ceramics which microstructural heterogeneity is an

important behaviour for the optimisation of the global

properties [1,2]. Heterogeneities are related to the physico-

chemical and structural particularities of initial powders, to the

grains size repartition and shape as well as to the individual

transformation and interactions of components during the

sintering process. In general, initial compositions are selected

to attain the desired performance of final products. In the case

of refractory materials, porosity and mechanical strength are

important parameters, which depend on the individual sintering

behaviour of phases, but with the interactions between phases at

high temperature.
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Common refractory materials containing refractory clays

are porous ceramic based on the mixture of plastic clays (with

kaolinite as main clay mineral) and non-plastic raw materials

such as chamotte and quartz. Chamotte is a preliminary fired

clay above the working temperature range for the relative

completion of all thermal reactions. Chamotte is mixed with

clays to reduce the sintering stresses such as local cracks and

flaws [3–5].

Kaolinite chemical, physical and structural transformations

have been extensively reviewed in the literature, emphasizing

the effect of heating conditions on final properties and

microstructural aspects [6–13]. It points to the control of a

large range of parameters during the firing of sintering

materials (clay) in the presence of inert phase, chamotte, to

obtain high quality products.

This study presents investigations on microstructural

transformations that occur during the sintering of refractory

clays mixed with various chamotte quantities. Clays used in this

work are from Mayouom and Mvan sites in Cameroon.
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Table 1

Characteristics of chamottes

Chamottes Major minerals Minor minerals Granulometry (%)

4–1 mm 1–0.1 mm

CHM Mullite, Cristobalite Quartz, rutile 33 67

CHB Mullite, Cristobalite,

quartz

Rutile 33 67

Fig. 1. Schematic representation of the process technology.
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Characterisations include the elaboration of samples, the

measurement of their physical properties (porosity and flexural

strength), structural and the microstructural characterization by

XRD and by SEM observations. The influence of phases size

and quantities on microstructural characteristics are related to

the densification behaviour during firing and to the mechanical

properties of fired materials.

2. Materials and techniques

Two samples of clay raw materials from quarries in

Cameroon were used. They are the MY38 from the large

deposit of Mayouom clay at Foumban (088510N; 108 590E;

West Province) and the BEAC from Mvan near Yaoundé

(038500N; 118320E; Centre Province). Clays were used as crude

raw clays in compositions and also after firing at 1350 8C to

form chamottes. Chamotte agglomerates were crushed and

sieved at controlled size by mixing 33 wt% of the 1–4 mm

fraction (Gaussian average 3.1 mm) and 67 wt% of 0.1–1 mm

fraction (Gaussian average 0.51 mm). The finer fraction below

0.1 mm was removed. CHM and CHB designate chamottes

from MY38 and BEAC, respectively, and their characteristics

are in Table 1.

The mineralogical composition of MY38 clay contains

phyllosilicate minerals, mostly kaolinite and small quantity of

illite (Table 2). The average size of these minerals (2.1 mm) is

similar to that of phyllosilicates in common clays. Associated

non-clay minerals are quartz and a minor quantity of anatase.

BEAC composition is similar except in the quartz content

which is higher, giving rise a lower plasticity in comparison to

that of MY38 (plasticity index 16 and 20, respectively). The

size of the quartz fraction above 5 mm was measured after

separation from phyllosilicates. Average size are 10.6 mm for

MY38 and 47.5 mm for BEAC. In this clay, very large grains

(up to 1 mm) highly increase the average size.

During firing, the MY38 clay and the BEAC pure clay

fraction exhibit a high shrinkage, which induces cracks in

products and reduces drastically the mechanical strength. It can

be minimized by mixing with clays a significant amount of

chamotte, typically 10–50 wt%. In this study, we investigated

two compositional domains: MY38 clay with 30–50 wt% of

CHM chamotte; BEAC clay mixed with 10–30 wt% of CHB

chamotte. The lower chamotte content in the mixture contain-

ing BEAC is due to the reduced shrinkage during firing from the

higher amount of quartz.

Samples were realized following the various steps indicated

in the flow chart of Fig. 1. With MY38 clay, compositions

contain 30, 40 and 50 wt% of CHM. With the sandy BEAC clay,

compositions contain 0, 10, 20 and 30 wt% of CHB. Water was

added, to form plastic pastes with a moisture content between
Table 2

Mineralogical and particle size distributions of clays

Kaolinite Illite Quartz (a) Ana

MY38 82.3 8 2.9 4

BEAC 67.3 2.3 27.2 0.5
16 and 22 wt%. Plastic pastes were shaped by unidirectional

pressing at 2.5 MPa. After drying at room temperature (48 h)

and at 50 8C (10 h) and 110 8C (10 h), bricks were fired in an

electrical kiln under air at 1200, 1250, 1300 and 1350 8C. The

heating rate was 3 8C/min and the dwell time at the peak

temperatures was 4 h. Processing techniques and thermal

cycles are very similar to that used by small industries in

Cameroon, that ensures a technology transfer.

With sintered bricks, we characterized the bulk density, the

open porosity by the Archimedes method and the flexural

strength (J.J. instrument) using a three points bending system.

SEM observations of various fired materials were made on

polished section (Hitachi S-2500) and structural analyses of

grounded materials were by X-ray diffraction (Inel CPS-120).

The sintering behaviour was characterized by thermo-

mechanical analyses up to 1300 8C (DI24 Adamel instrument).
tase Goethite Ilmenite Particles <63 mm (%)

0.9 – 98

– 2.1 50



Fig. 3. Microstructure of bricks fired at 1200 8C: (a) 50 wt% MY38 + 50 wt%

CHM, (b) 80 wt% BEAC + 20 wt% CHB. Microcracks along interfaces

between matrix and grain of chamotte (c) and quartz (d).

Fig. 2. XRD patterns of fired of bricks from mixture: (a) 50 wt% MY38 + 50 wt% CHM; (b) 80 wt% BEAC + 20 wt% CHB.
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3. Results and discussion

3.1. Structural and microstructural characteristics of

materials

The crystalline phases identified by XRD in both MY38

and BEAC, are mullite, quartz, cristobalite and rutile (Fig. 2).

But differences are evidenced in MY38, since the mullite

content is higher and the quartz content is lower. The high

quartz initial content in BEAC, which size is large, limits the

quartz interaction with the surrounding silico-aluminate

phases. The quartz cristobalite transformation is effective,

but mainly in MY38, where the grain size of initial quartz is

small. For the two materials, the temperature increase from

1200 to 1300 8C does not favours this transformation, which

proves that materials attain a steady state at 1200 8C and

above. Moreover, MY38 background patterns (Fig. 2) show a

slight positive variation from the presence of amorphous

phases. It could be remaining amorphous phases or vitreous

phases from melted phases at high temperature. These phases

favour the creep of products under constant load at high

temperature.

The microstructure of MY38 (50 wt% of CHM) and BEAC

(20 wt% of CHB) samples sintered at 1200 8C are presented in

Fig. 3a and b, respectively. In these photos, the heterogeneous

character of microstructure can be seen very clearly. Within the

fine grain matrix phase, we observe very large grains of

chamotte in MY38 and chamotte and quartz in BEAC. In the

latter sample, large quartz grains can’t be easily distinguished

from chamotte grains but observations using optical micro-

scopy revealed their homogeneous distribution. In the matrix

phase, entrapped pores can’t be distinguished due to their small

size in comparison to the used scale. However, few sintering

defects are detected in both materials, and the presence of such

defects is observed in all compacts whatever the chamotte
content. Defects are large size elongated pores along the biggest

grains whose existence is supposed to be favoured by the

differential densification during sintering between chamotte

and matrix (Fig. 3c). Besides, differential dilatations of large

quartz grains during cooling induce elongated cracks along

grain boundaries as is shown in the detailed photo of Fig. 3d. It

is evidenced that both elongated pores and interfacial cracks

lead to the lowering of mechanical properties.



Fig. 4. Open porosity at different firing temperatures as a function of chamotte

quantity with MY38 (a); BEAC (b). Fig. 5. Matrix porosity at different firing temperatures as a function of chamotte

quantity with MY38 (a); BEAC (b).
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3.2. Characteristics of sintered materials

Fig. 4a and b show the global open porosity at temperatures

from 1200 to 1350 8C as function of the chamotte content in the

initial formulation. For a given temperature, the open porosity

increases with the added chamotte quantity but is reduced when

the firing temperature changes from 1200 to 1350 8C. In the

used temperature range it is supposed that chamotte does not

undergo any shrinkage since it was preliminary fired at 1350 8C
and that the global shrinkage is controlled by restricted zones in

the matrix phase. In initial mixtures, the matrix phase is a

plastic clay added during a wet mixing process and

discontinuities in the stacking of clay plates promote an

additional porosity. Particularly, the clay particles are oriented

and preferentially packed tangentially to non-plastic particles

(chamotte and quartz) [14,15]. During firing both the difference
Table 3

Chemical compositions of clays

SiO2 Al2O3 Fe2O3 MnO MgO

MY38 44.81 35.80 0.79 <0.01 <0.01

BEAC 60.02 27.83 2.17 <0.01 0.56
in porosity between the clay matrix and chamotte particles as

well as the preferential stacking of clay platelets leads to a

differential shrinkage with an entrapped porosity.

From Fig. 4a and b we also observe a very different

densification behaviour, since the porosity of BEAC fired clay

is significantly lower than that of fired MY38. A specific role of

the clay mineral fractions in both clays is not supposed to have

an important role since they present very similar mineralogical

and chemical characteristics (Tables 2 and 3). We suppose that

the quantity and size repartition of quartz fraction in BEAC

favour a more compact packing during the compaction process,

which favours the densification during sintering [16]. The same

tendency is observed when chamotte is mixed to both clays,

since porosity evolves slightly with BEAC whereas it changes

significantly for MY38.
CaO Na2O K2O TiO2 P2O5 L.O.I.

<0.01 <0.01 0.94 3.96 0.37 13.28

0.08 0.22 0.39 1.55 0.02 7.08
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The temperature influence is more effective with MY38

based material which mineralogical composition contains

8 wt% of illite mineral. It enhances the densification by the

formation of a liquid phase, in accordance with the ternary

SiO2–Al2O3–K2O system [17–18]. For both materials, the

global shrinkage is mainly governed by the behaviour of the

finer fraction in the matrix phase.

Fig. 5a and b shows the matrix open porosity as a function of

the chamotte content and temperature, using data of Fig. 4a and

b and corrected with the quartz fraction in Table 2. Note that the

open porosity of the sintered clay matrix increases strongly

with increasing the inclusion quantities and exceeds signifi-

cantly the global porosity. BEAC favours a lower porosity of

the matrix in comparison to MY38 and this is related to

differences in mineralogical compositions discussed above. In

general the relationship between density and mechanical

strength is well described by the following relation [19]:

s ¼ so exp ð�nPÞ (1)

where so is the strength of a perfectly dense material and P is

the porosity vol.%. n is a parameter related to the microstruc-

ture type (4–7). For our material, the high P values (35–

75 vol.%) in the matrix are in a curve region where both the
Fig. 6. Flexural strength at different firing temperatures as a function of

chamotte quantity with MY38 (a); BEAC (b).
strength and the strength variation are low, which results in the

low global strength for all materials.

The variation of matrix densities proves that the presence of

non-sinterable inclusions decreases the local density between

large grains. It also creates thermal stresses during the high

temperature sintering process due to differential shrinkages and

results in large relative deformations between adjacent phases.

Particularly, if stresses become large enough at the interfaces

having a low fracture toughness, crack formation occurs which

cannot be consolidated during the thermal cycle (Fig. 3c and d).

Correspondingly, flexural strengths are below 6 MPa and their

variation with the chamotte content and temperature (Fig. 6a

and b) are limited. Particularly for BEAC material, a high

chamotte content decreases the strength. Since strength does

not exceed 2 MPa, the role of supplementary internal stresses at

large quartz interfaces is pointed out.

3.3. Sintering of materials

The densification behaviour as a function of time and

temperature up to 1300 8C are presented in Fig. 7a for MY38

with 0, 30 and 50 wt% of CHM. In Fig. 7b, the densification

rates for the same compositions are plotted against time and

temperature. Similarly in Fig. 8a and b, sintering plots and
Fig. 7. (a) Sintering curves of clay-chamotte mixture, (0) 100 wt% MY38, (30)

70 wt% MY38 + 30 wt% CHM, (50) 50 wt% MY38 + 50 wt% CHM. (b)

Densification rates; peak 1 dehydroxylation; peak 2 structural reorganization,

peak 3 main densification; peak 4 b to a quartz transformation.



Fig. 8. (a) Sintering curves of clay-chamotte mixture, (0) 100 wt% BEAC, (10)

90 wt% BEAC + 10 wt% CHB, (20) 80 wt% BEAC + 20 wt% CHB, (-Q)

100 wt% BEAC (fraction <15 mm). (b) Densification rates; peak 1 dehydrox-

ylation; peak 2 a to b quartz transformation, peak 3 structural reorganization,

peak 4 main densification, peak 5 b to a quartz transformation.

Table 4

Global porosity Pg, matrix porosity Pmatrix and additional porosity V%
add

Chamotte (vol.%) Pg Pmatrix V%
add V%

S

MY38

0 33 33 0 100

30 38 55 17 68

40 43 62 19 63

50 45 73 21 59

BEAC

0 30.5 30.5 0 100

10 31 52 25 57

20 31.8 63 27 54

30 32.2 73.5 33 46

V%
S is the volume fraction of sintered matrix material.
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densification rates for BEAC with 0, 20 and 30 wt% of CHB are

presented.

In all curves, densification rates are highly increased within

the following temperature intervals: 500–650, 950–1020 and

1050–1300 8C. They are attributed, respectively, to the

dehydroxylation of clay minerals, to the structural reorganisa-

tion of dehydroxylated clays mineral and to the sintering

process itself. During the last densification stage, both

transformations of clay minerals to silico-aluminate phases

and interaction between phases occur. During cooling, a

specific variation is seen at 573 8C, which is the b to a quartz

transformation. For both clays, when the chamotte content

increases, densification values are reduced, but peak positions

of densification rates occur at similar time and temperature

ranges (Figs. 7b and 8b). It means that densification is

originated from the matrix material and that no interaction

between clay and chamotte or quartz occurs. The behaviour of

BEAC differs from that of MY38 since it contains large quartz

grains (27 wt% in Table 2). They act as a supplementary grain

phase with very limited morphological transformations,

although some cristobalite is seen in XRD patterns of Fig. 2.

Their role on sintering is evidenced on the additional curve of

Fig. 7, where the sintering curve of the fine clay fraction

(<15 mm) is presented. The higher value of densification points

to the role of large quartz grains on densification.
The sintering of granular composites is mainly governed by

the shrinkage of the matrix where porosity is distributed. From

Fig. 5a and b, it is interesting to note that the matrix porosity

increases with the chamotte content and it can be attributed to

agglomeration and textural effects from chamotte and quartz

grains.

Matrix porosity Pmatrix of Fig. 5a and b are obtained from

data of Fig. 4a and b, using a simple geometrical model:

Pmatrix ¼
Pg

1� Vch

(2)

where Pg is the porosity of the material and Vch is the chamotte

volume ratio in the material. It is calculated from the weight

ratio of chamotte, using the chamotte density values.

This approach considers a homogeneous repartition of the

chamotte phase within a uniform matrix. Nevertheless,

chamotte particles are not ideally distributed and an additional

porosity within agglomerates or in restricted areas where strong

interactions between neighbour chamotte grains occur. In these

areas, the matrix phase doesn’t contribute to the global

densification and additional large porosity areas are created.

Correspondingly, photos of Fig. 3a–d clearly show large pores

entrapped between large grains.

The partial matrix which contributes to densification is

supposed to behave the same in each composites and in the pure

material. Therefore, the ratio P of the pore volume in the matrix

Vpm to bulk material volume Vbm is kept constant:

P ¼ Vpm

Vbm

¼ Pm

1� Pm

(3)

where Pm is the porosity of the pure matrix.

To account for the additional porosity, the volume fraction

V%
S of the matrix which effectively contributes to the global

densification is [20]:

V%
S ¼

ð1þ VchÞðP%
f � P%

i Þ
Pm

f � Pm
i

(4)

where Vch is the volume ratio of the chamotte against the

matrix volume. P% and Pm are the porosity ratio in Eq. (3), for

the material and the matrix themselves in the final and initial

states. Results are presented in Table 4 for the two clay based
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materials. In the case of MY38, the matrix ratio which

effectively contributes to the global densification decreases

with the chamotte content. It is in accordance with the non-

uniformity of chamotte grains explained above and this

tendency is favoured at higher chamotte content. For BEAC,

the obtained values are lower because we took into account

the quartz content which behaves as a supplementary granular

phase with chamotte. The very low values of Vch are resulted

to the very large reduction of the global shrinkage when

chamotte is added (Fig. 8a).

The additional porosity from inert grains V%
add is simply the

difference between the global porosity of the matrix and the

true porosity of the sintered matrix V%
m .

V%
add ¼ Pmatrix � V%

m (5)

The volume fractions of additional and global porosity in the

matrix are presented in Table 4 for the two clays. In general,

values of additional porosity increase with the inert grain ratio,

i.e. chamotte and quartz in BEAC based material. The high

values of additional porosity are also evidenced in Fig. 4a–c

photos, where large pores are observed. They are weak zones,

which has a strong influence on the global mechanical strength

of materials.

4. Conclusion

Refractory clays mixed with chamotte having large grain

size are refractory materials with a very heterogeneous

microstructure. The sintering behaviour is mostly influenced

by the clay matrix behaviour, the chamotte content and the

fraction of large quartz grains in the clay matrix. Chamotte

and large quartz grains behave as inert phases during sintering

and only narrow interactions at the surrounding areas are

observed. Particularly, cristobalite is formed onto large quartz

grains. During cooling, local stresses occur because of

differences in thermal dilatations between different phases.

The random repartition of the chamotte and quartz induces a

non-uniform sintering behaviour of the matrix. The matrix

volume have not an effective contribution to the global

sintering process and an additional porosity is formed, with

very large pores. Both local cracks from thermal stress and

large pores from the additional porosity in the matrix

contribute to the weakening of the macroscopic mechanical

strength. Nevertheless, characteristics of materials are

sufficient for the manufacturing of industrial kilns, used at

temperature not exceeding 1200 8C. The variation of

dimensions on reheating is very low and ensure the stability

and durability of large kilns.
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