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Abstract:

Mineralogical transformations and microstructures during the firing alluvial clays
from Monoun plain were studied. The firing of clays was carried out in the temperature range
from 800 to 1150 °C. Minerals transformation was investigated by X-ray diffraction, polarize
stereomicroscopy and scanning electron microscopy (SEM). In the raw materials, typical
assemblages with quartz, kaolinite, goethite, anatase, hematite, gibbsite and feldspar were
observed. Many neoformed mineral phases were identified with the reaction products
including mullite, cristobalite, spinel, amorphous phase which occurred in the high
temperature (1050 - 1150 °C) in the fired bricks. The quartz phenocrist with some microlites
oxides embedded in few mesostasis glass have been illustrated at 950 °C by stereomicroscopy
analysis. At 1150 °C, the vitreous matrix has embedded phenocrist of quartz and other relic
minerals. The best temperature for fired alluvial clay brick was discovered between 1050-
1150°C.
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1. Introduction

Clays are one of the most abundant natural mineral resources on earth [1]. They are
used as raw materials in many industry fields such as ceramics, paper, paint, petroleum
industry [2]. Ceramic clays are one of the most complicated ceramic systems because of the
very complex relationship between the behaviour of minerals during the ceramic processing
and the transformations during heating [3]. Nowadays, a major challenge is to predict the
phase transformations in silicate ceramics, since complex relationships occur between the
structural characteristics of the fired products and the physical properties [3]. In traditional
ceramics, a series of transformation occurs during firing process which determine the final
properties of the firing product [4, 5]. In case of fired bricks, the main factors involved in
manufacturing are the type of raw materials, fabrication method, drying procedure and firing
temperature. These factors will affect the quality of the final product [6]. During the sintering
process in the brick manufacturing, stable initial raw materials transform into complex
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compounds at high temperatures. New compounds are also formed due to chemical reactions
that take place. Tite and Maniatis [7] have showed that vitrification of ceramic material is an
important factor that influences the quality and physical properties of the end product such as
strength and permeability. However, Livingston [8] suggested that the durability and strength
of bricks are related to their microstructure and mineralogy. In Cameroon, numerous studies
have been carried out to characterize and valorize industrial clays in ceramics. For instance, in
the central region, Alluvial clay from Nanga Eboko and Ebebda can be used in firing bricks
when sand is added to it [9]. Same characteristics are also observed on clays from Ngog-
Lituba localty, where clayey materials are suitable for the production of earthenware at
temperatures lower than 950 °C [10]. The hydromorphic clays from Yaoundé area have a high
plastic index which makes it suitable for pottery and brick making [11], In the North-West
region, Yongue et al. [12] show that alluvial clays from Ndop plain have varied colours like
brown, grey and yellowish brown which can be used to produce roofing tiles, light weight
blocks and hollow bricks at a temperature range from 900 to 1100 °C. In the North region,
The Ngaye alluvial clastic clays could be used in the fabrication of bricks (commons and
perforated) by the addition of fluxing agent to improve the mechanical performance of the
ceramic products [13]. In the Far-North region, alluvial clays from Maroua are used in burnt
brick when mixed with other clays, followed by the addition of a flexural agent [14]. In West
region, the mineralogical content of alluvial clays from koutaba plain is, kaolinite (27-62 %),
illite (2-13 %), smectite (1-25 %) and quartz (11-48 %). Those alluvial clays are inappropriate
in ceramic products due to the high smectite contents (up to 20 %) and some treatments are
needed like addition of quartz or sand before any ceramic application [15]. According to the
preview works on Cameroonian clays, a few authors have survey the thermal behaviour of
mineral during sintering. Therefore, this work is mainly devoted to mineralogical and
microstructural transformation during firing bricks obtained from the Monoun alluvial clay.

2. Materials and Experimental Procedures

The raw alluvial clays used in this study were collected from Monoun plain during
geological characterization of this clay deposit. A detailed mineralogical and physicochemical
characterization as ceramic raw material has been done [16]. Fours samples labeled G, Y, B
an M have been selected based on colours despite the similar mineralogical characterization
of 133 clays samples from the Monoun plain alluvial clays. Their mineralogical and
physicochemical compositions are reported in Table I-11I.

Tab. I Mineralogical composition of raw samples.
Groups Bulk Mineralogy (Powder) Clay mineralogy (0< 2pm)

Minerals Quartz | Total Clay | K-feldspar | Anatase | Goethite [Hematite| Gibbsite| Kaolinite | Illite | Chlorite

Corrective Factor

of each mineral 11 20 4.30 0.73 7 3.33 0.95 0.7 1.00 0.34
Authors of Cook et|Boski et al. Thorez, 1976 in Fagel et al.
corrective factor |al 1975| 1998 Cook etal 1975 2003 ¢
G 27.3 559 11.2 1.1 3.5 0.6 0.4 84.5 10.3 52
Samples Y 17.3 60.1 6.0 1.3 13.1 2.0 0.2 76.3 19.4 4.3
code B 18.2 51.5 16.3 1.1 11.2 0.6 0.9 65.7 27.3 7.1
Y 19.2 55.8 8.5 1.2 14.2 0.7 0.4 78.3 15.2 6.5
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Tab. II Physical composition of alluvial clays from the Monoun plain.

Samples G Y B M
Clay (®<2um) 73 59 26 51
Silt (20>®>20um) 23 23 44 22
Sand (2000>®>20um) 4 18 30 28
Liquidity limit (L1(%)) 80 52 65 61
Plasticity limit (P1(%)) 44 35 53 31
Plasticity index (PI) 36 17 12 31
Organic matter (Mo (%)) | 9 10 13 10
Table II1 Chemical composition of alluvial clays from the Monoun plain
Samples G Y B M
SiO, 56.5 44.9 52.3 51.6
TiO, 2.3 2.3 2.1 2.3
ALO; 24.2 243 22.5 24.1
Fe, 05 3.1 10.4 4.4 6.0
MnO 0.0 0.0 0.0 0.0
MgO 0.3 0.3 0.3 0.2
CaO 0.1 0.1 0.2 0.2
Na,O 0.0 0.0 0.2 0.0
K,O 1.6 1.0 1.6 1.4
P,0s 0.2 0.2 0.2 0.2
LOI (%) 11.7 16.4 16.1 14.0

The samples were previously crushed in a porcelain motar and sieved using a mesh of
1 mm and humidified at 5 % the under flow. The test specimen (80mmx>40mmx10 mm) were
made using a 10 kN hydraulic press, kept at room temperature for a day, then oven-dried 24
hours at 105 °C. The firing stage was carried out at a temperature range of 800 to 1150 °C in
an oxidizing atmosphere at the Local Materials Promotion Authority (MIPROMALO) in
Cameroon.

The crystalline phases in fired samples were identified by X-ray diffraction using a
Bruker D8 Advance diffractometer (generator voltage: 40 kV; tube current: 30 mA; scan step
size: 0.02°; time/step: 2 s) equipped with a copper anticathode (Ko=1.5418 A) in the
laboratory AGES in Liege University, Belgium. The semi-quantitative analysis of crystalline
phase was determined from the measured peak intensities multiplied by corrective factor [17].

The microstructure was performed on the flat polished surface to ensure the
investigation on the real bulk structure of the products by using the Polarizing microscope and
Scanning Electron Microscope (petrology laboratory and chemical laboratory in Liége
University, Belgium).

3. Results and Discussion
3.1. Study of the thermal behavior by XRD

The changes of the XRD diffractograms of alluvial clay samples from the Monoun
plain with increasing temperature are illustrated in Figure 1 (a, b, ¢ and d). Based on the
results, quartz, feldspar, goethite, anatase, gibbsite, hematite, mullite, spinel and cristobalite
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were detected. But kaolinite, which is presented in all raw samples (105 °C) disappeared
completely at a temperature of 800 °C. From this temperature, the destruction of kaolinite
coincided with the appearance of an amorphous product which can be metakaolinite [18, 19],
according to the reaction (1):

AlzSi205(OH)4—>AIQSi207+2HQO (1)

In other, the XRD diffractogram show a decrease of the peak responses of clay
minerals (4. 45A) and indicate that, clay species have been transforming with the increase of
temperature.

Above 950 °C, some remarkable changes have been noticed for the Y, B and M
samples, contrarily to the sample G (Fig. 1 a) in which just a slight change was observed. The
quartz peak intensity on sample G, Y, B and M begins to decrease due to the dissolution and
to the conversion of a part of SiO, in cristobalite [20]. The feldspar and goethite peaks were
slowly diminishing when sintered from 800 to 1150 °C (Fig. 1 a-d). This is due to the
formation of the mullite phase [21], and hematite. At 1150 °C, a new phase of mullite,
cristobalite, spinel and hematite have developed on Y, B and M samples (Fig. 1 b, ¢ and d).
Their peaks became sharp, showing a highly crystalline compound [22] while in G sample
(Fig. 1 a), the intensity peaks of mullite, spinel and cristobalite remained weak. The new
crystalline mineral phase non identified have been formed in G sample between 950 to 1150
°C and there are localised at reticular length of 8.40 A and 6.50 A.
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Fig. 1. XRD diffractograms of the alluvial clay fired at different temperatures: (a): Gray clay;
(b): Yellow clay; (¢): Black clay; (d): Mix color clay; An: Anatase; Crb: Cristobalite; Fld:
Feldspar; Gbs: Gibbsite; Hem: Hematite; Kin: Kaolinite; M: Mullite; Sp: Spinel; Qtz: Quartz.
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3.2. Quantitative data and phase transformations

The mineralogical transformations results are reported in Tables III to VI. Firstly, we
remark on different tables (III, IV, V and VI), the proportion of mineral varying with the
temperature of sintering and new minerals have appeared like mullite, cristobalite, spinel and
hematite at the highest temperature (1150 °C) in all samples.

3.2.1. Spinel phase
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Fig. 2. Evolution of Spinel with the temperature of sintering.

Figure 2 resumed the evolution of spinel during sintering. The spinel phase showed a
slant trend between 1050 to 1150 °C which explains the exponential increasing of spinel
above 1050 °C. However, the high proportion of spinel is observed in the G clay sample
(Table 1V) with 5.72 % and weak amount (1.76 %) have been noticed in the Y clay sample
(Table V).

Tab. IV Mineralogical transformations G clays during heating at different temperature.

Gray Clay (G) D (A°) CF 800° 850° 950° 1050° 1150°
Total Clay 4.45 20 | 11.59 10.99 7.05 4.82 0.00
Mullite 3.39 2.8 0.00 0.00 0.00 0.00 1.98
Gibbsite 4.84 0.95 0.06 0.12 0.19 0.34 0.00
Spinel 2.88 2.1 0.00 0.00 0.00 0.00 5.72
Goethite 4.22 7 16.26 | 21.26 | 1540 | 19.00 0.00
Hematite 3.66 3.33 0.55 0.46 1.88 2.97 2.65
Anatase 3.52 0.73 0.99 1.08 1.07 0.80 0.83
Quartz 3.34 1 23.63 | 3243 | 39.18 | 37.04 64.08
Cristobalite 4.08 9 0.00 0.00 0.00 0.00 2.81
K-Feldspar 3.23 433 | 43.65 | 31.71 | 34.78 | 33.74 20.90
Plagioclase 2.85 2.8 3.27 1.96 0.45 1.29 1.02
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Tab. V Mineralogical transformations Y clays during heating at different temperature.

Yellow clay (Y) D (A°) | CF | 800°C | 850°C 950°C | 1050°C | 1150°C
Total Clay 4.45 20 | 18.74 16.08 10.79 9.17 0.00
Mullite 3.39 2.8 | 0.00 0.00 0.00 0.00 11.08
Gibbsite 484 1095 | 0.14 0.17 0.24 0.55 0.00
Spinel 2.88 2.1 0.00 0.00 0.00 0.00 1.76
Goethite 4.22 7 16.24 17.46 28.32 36.66 0.00
Hematite 3.66 | 333 | 8.12 6.59 11.82 16.28 11.85
Anatase 3.52 0.73 | 1.76 1.44 1.94 1.37 0.38
Quartz 3.34 1 41.05 | 26.34 36.24 29.31 13.49
Cristobalite 4.08 9 0.00 0.00 0.00 0.00 58.12
K-feldspar 3.23 433 | 11.58 | 31.44 10.35 6.29 3.11
Plagioclase 2.85 2.8 | 2.36 0.48 0.30 0.37 0.21

3.2.2. Cristobalite phase

Cristobalite is a high temperature polymorph of silica which is observed through the
dyo; diffraction peak at 4.08 A. The proportional increase with sintering temperature above
1050 °C in all samples (Fig. 3). The increasing amount is generally linked to the
crystallization of amorphous silica, which is derived from the transformation of metakaolinite
into mullite [23]. Then, the Y sample gives a high value of cristobalite (58.12 %) on sintering
ranging from 1050 to 1150 °C (Table V). On contrary, the low value of cristobalite (2.81 %)
is observed in the G sample (Table IV). This contrast can be explained by the lack of fluxing
agent in G sample.
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Fig. 3. Evolution of cristobalite with the temperature of sintering.
3.2.3. Mullite phase

The mullite is an aluminosilicate compound that is used for conventional and
advanced ceramic applications due to low density, low thermal conductivity, low thermal
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expansion, low dielectric constant, excellent mechanical properties at high temperature [24].
In our test specimen, primary mullite started neoformation at 1050 °C and increased gradually
with temperature (Fig. 4). Therefore, high proportions of mullite were observed in the M
sample (13.72 %) (Table VI) and lower values have been observed in the G sample (1.98 %)
(Table 1V). The high value of mullite in the M sample is due to the melting phase and
impurities like Fe,O3 [25]. The mineralogy shows that the M sample contains 14.2 % of

goethite (Table I) which confirms the above hypothesis.

Tab. VI Mineralogical transformations B clays during heating at different temperature.

Black clay (B) D (A) CF | 800°C 850°C 950°C | 1050°C | 1150°C
Total Clay 4.45 20 | 49.33 21.65 7.24 5.52 0.00
Mullite 3.39 2.8 0.00 0.00 0.00 0.00 13.52
Gibbsite 4.84 0.95 0.14 0.19 0.17 0.27 0.00
Spinel 2.88 2.1 0.00 0.00 0.00 0.00 3.74
Goethite 4.22 7 12.60 20.07 20.58 30.17 0.00
Hematite 3.66 3.33 2.08 3.23 1.34 2.31 6.42
Anatase 3.52 0.73 1.25 2.51 1.57 1.11 0.32
Quartz 3.34 1 22.60 40.83 44.08 50.96 33.27
Cristobalite 4.08 9 0.00 0.00 0.00 0.00 38.17
K-feldspar 3.23 433 | 11.22 10.63 22.65 9.10 4.20
Plagioclase 2.85 2.8 0.78 0.89 2.38 0.56 0.36
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Fig. 4. Evolution of mullite with the temperature of sintering.
3.2.4. Goethite phase

The goethite is a thermal conductor mineral or fluxing agent during ceramic
processing. Its evolution during firing is summarized in Figure 5. In all the fired samples, the
maximum value obtained reached at 1050 °C and gradually disappeared until 1150 °C. At
1050 °C, the high amount of goethite during sintering have been show in Y sample (36.66 %)
(Table III). The decreasing amount of goethite contrast with increase amount of hematite
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except Y sample. This observation confirms that the fluxing agent played a role during
sintering and transformation of goethite to hematite according to [26] by the reaction (2):

2FeOOH — Fe,0; + H,0 )
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Fig. 5. Evolution of goethite with the temperature of sintering.

3.2.5. Hematite phase

Hematite is an unstable mineral in ambient temperature [27] and is rarely observed.
The Fig. 6 illustrated the variation of hematite phase with the temperature. We can observe
that, hematite (Fe,O3) begins to crystallize at 850 °C in all samples and continues to increase
until 1150 °C (Fig. 6). This neoformation of hematite with increase in temperature have been
reported by [28]. However, in the Y sample, the hematite phase decrease particularly at 1050
°C. This is due to the fusion of some minerals at low temperature which got imbedded in the

vitreous matrix.
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Fig. 6. Evolution of hematite with the temperature of sintering.

3.2.6. Feldspar phase
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The feldspar phase varies significantly with the increasing temperature and presented
a sinusoidal trend (Fig. 7). We observed two bearing from M sample at 850 and 1050 °C. In
other, one bearing has also seemed on the Y, B sample respectively at 850 and 950 °C (Tab.
VII). After the range, the proportion of feldspar decreases. This behaviour follows the melting
point of mineral and the appearance of the vitreous phase which fills the pores between the
grains during firing [29].
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Fig. 7. Evolution of Feldspar with the temperature of sintering.

Tab. VII Mineralogical transformations M clays during heating at different temperature.
MIX COLOR
CLAY (M) D (A) FC | 800°C | 850°C | 950 °C | 1050 °C | 1150 °C
Total Clay 4.45 20 14.60 16.20 7.52 2.67 0.00
Mullite 3.39 2.8 0.00 0.00 0.00 0.00 13.72
Gibbsite 4.84 0.95 0.10 0.19 0.31 0.27 0.00
Spinel 2.88 2.1 0.00 0.00 0.00 0.00 2.69
Goethite 4.22 7 12.80 13.64 | 19.38 19.50 0.00
Hematite 3.66 3.33 2.75 2.98 4.79 5.58 8.32
Anatase 3.52 0.73 1.08 1.33 1.54 0.73 0.33
Quartz 3.34 1 32.05 2947 | 47.67 30.83 22.02
Cristobalite 4.08 9 0.00 0.00 0.00 0.00 49.57
K-feldspar 3.23 4.33 17.47 35.56 | 15.93 40.01 3.13
Plagioclase 2.85 2.8 19.14 0.62 2.85 0.41 0.22

3.2.7. Plagioclase phase
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The proportion of plagioclase in all samples which played the role of fluxing agent
during sintering has been summarized in Fig. 8. This Fig. 8 shows the decrease of plagioclase
with increase in temperature. Furthermore, one particularity is noticed on M sample, being the
exponential decrease between 800 to 850 °C (19.14 % - 0.62 %) thereafter, increasing slightly
between 850 to 950 °C and disappearing at 1150 °C.
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Fig. 8. Evolution of plagioclase with the temperature of sintering.

3.3. Microstructure of firing brick
3.3.1. Microstructure in Polarize microscope

The result obtained from the analysis from polarizing stereo microscopy are show in
Fig. 9. Under the polarize stereomicroscope at 950 °C, the firing facies (G, Y, B and M) have
shown a microgranular texture characterized by quartz phenocrist and some microlites oxides
embedded in the few microlitic glass mesostasis. This behaviour is consistent with that found
by [30], who showed that the brick structure formed at lower temperatures (840-960 °C)
remained essentially the same until temperatures of over 1080 °C are reached. However, the
matrix of the fired specimens has different appearance from other due to the nucleate
development of hematite [1] where it can be recognized as few small crystals dispersed in a
uniform red Fe-rich surface (Fig. 9). At 1150 °C, the solid state sintering become very
significant and characterized by vitreous matrix in which is embedded phenocrist of quartz
and neoformed minerals. Moreover, all sintering specimen present numerous open pore which
define many texture like entangle in B specimen; porphyritic grainy in the M specimen and
micrograiny in the G and Y specimens.



B. I Yannick et al/Science of Sintering 51(2019)57-70 67

Fig. 9. Scanning electron micrographs of polished surface of G, Y, B, M samples firing at 950
and 1150 °C: H: hematite, Q: quartz, P: pore, NM: neoformed mineral, V: vitreous matter.

3.3.2 Scanning Electron Microstructure

Fig. 10 shows the microstructure with EDS analysis of sintering specimen G, Y and
M at 950 and 1150 °C. the scanning view show a dominant vitrification at 1150 °C and
numerous pores which tend to have varied sizes and forms. The varied sizes of pores may be
generated by the diffusive gas flow emanations (water and carbon dioxide) upon firing
specially by the action of transforming clays [30, 31]. This high porosity of the ceramics
implies the presence of closed and open pores, which are important for the evaluation of the
brick products properties [32]. The elemental mapping by EDS revealed that silicium,
aluminium and iron are present in higher concentration close to the surface at 1150 °C. This
remark is in conformity with the new mineral identified by XRD analysis like mullite,
cristobalite and spinel which results from the combination of different ions during the melt
process.
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Fig. 10. Scanning Electron Microscope and EDS of firing alluvial clay at 950 and 1150 °C
Q: Quartz, P: pore, V: vitreous matter, NM: neoformed mineral.

4. Conclusion

The study of four different colours of alluvial clays (G, Y, B and M) from Monoun
plain has indicated similar mineralogical composition. The major phases present in the raw
clays are quartz, kaolinite, illite, chlorite, feldspar, anatase, goethite, hematite and gibbsite.
Several mineral phases were identified in the fired clays, with the reaction products including
mullite, cristobalite, spinel, residual quartz, hematite an amorphous phase (glass generated by
melting of feldspars and clays) in the fired clays. The evolutional quantification of preview
minerals has shown a decrease with the increase sintering temperature. However, the new
phases of minerals can be identified until 1050 °C and increase gradually with the
temperature. The stereomicroscopy analysis at 950 °C have shown quartz phenocrist with
some microlites oxides embedded in few mesostasis glass which define the microgranular
texture. In others, at 1150 °C we observed a vitreous matrix in which is embedded phenocrist
of quartz and other relic minerals. This observation has been confirmed by electronic
miscroscopy, that the firing has a positive influence on the neoformed mineral and
microstructure of brick. The best firing temperature for the alluvial clay brick was observed
between 1050-1150 °C.
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Caopicaj: Ilpoyyasane cy mumneponowike mpauncgopmayuje u MUKPOCIPYKIMYpPE MOKOM
cnamueara anyeujarnux enuna ca Mowuoyn pasnu. Inune cy neuene y memnepamypckom
unmepsany 00 800 oo 1150°C. Tpanceopmayuje munepana cy ucnumueane peHo2eHCKOM
oughpakyujom, NONAPUIOBAHOM CMEPEOMUKPOCKONUJOM U CKeHUpajyhom eieKmpoHCKOM
MUKPOCKONUjoM. Y nouemnum mMamepujanuma, youena je munuyHa cmpykmypa Koja caopaicu
K6apy, KAOAUHUM, 2emum, anamac, xemamum, suncum u genocnap. Muoze nHogogopmupane
paze cy oOemexmosane na eucokum memnepamypama, 00 1050 oo 1150°C, myaum,
Kpucmobanum, cnuren u amopgre gaze. CmepeomMukpoCKonckoM aHaIu30oM je npeocmasbel
keapy Ha 950°C. Omkpuseno je 0a je onmumanarn memnepamypcku UHMepean 3a nedere
yuenu 00 anysujanne anune uzmely 1050-1150 °C.

Kuyune peuu: mepmuuxu mpemman, penocencka ougpaxyuja, cmpykmypa.
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