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Abstract 

In this work, the effect of heating rate and mechanical activation on the reaction of 

kaolin and aluminium powder was investigated. A batch comprised of 89.5 wt% kaolin 

and 10.5 wt% aluminium powders was mixed and milled in a planetary ball-mill for 1, 

5, 10, 20 and 40 h. The mixture powders were heat treated with a heating rate of 5, 10, 

15, 20, 30 and 40 °C/min, respectively. After milling for 20 and 40 h, the results showed 

the formation of free silicon, quartz and nacrite (Al2Si2(OH)4) at room temperature. The 

kaolinite dehydroxylation, aluminium oxidation and the θ- to α-Al2O3 transformations 

are highly affected by heating rate and mechanical activation. As compared with the 

smallest heating rate, the mixtures heated with faster heating rate show the 

disappearance of the peak corresponding to the oxidation of aluminium and the 

appearance of a second peak corresponding to the formation of α-Al2O3. The intensity 

of the last peak increases with increasing of the heating rate and milled at lower milling 

time. The effects of heating rate in the reaction of kaolin and aluminium powder are 

attributed to the amorphization of kaolinite, the diffusion of Al3+ to form an amorphous 

alumina layer on the particle surface and the generation of microcracks at the particle 

surface of aluminium powder. 

Introduction 

Due to its excellent properties, mullite (3Al2O3·2SiO2) is one of the most important 

phases in both traditional and advanced ceramics [1,2,3,4]. Nevertheless, mullite occurs 

very rarely in nature and it must be produced synthetically. One way of synthesis is the 

synthesis of sinter-mullite by solid-state reaction of Al2O3 and SiO2 or their precursors 

[5,6,7]. In this way, kaolin is a preferred raw material due to its lower cost [8]. 

However, because of the higher content of silica in clays than in mullite, it is necessary 

to add aluminium in order to obtain the stoechiometric mullite composition [9,10,11]. 
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A variety of preparation methods are used to synthesise mullite, such as conventional 

mixing, precipitation, hydrolysis, hydrothermal synthesis, spray pyrolysis, and chemical 

vapour deposition, in which various starting materials such as alumina-silica minerals, 

hydroxides, sols, silicon alkoxide and aluminium alkoxide are used [12]. 

Sahnoune et al. [13] reported that the Algerian kaolinite was suitable for mullite 

production through reaction sintering with pure Al2O3. Formation of complete mullite 

occurred at 1550 °C. Chen et al. [14] presented the effects of Al2O3 addition on the 

phases, flow characteristics and morphology of the porous kaolin ceramics, reported 

that the mullite content increases with increasing the sintering temperature, but it 

decreases with increasing the Al2O3 addition. Esharghawi et al. [11] noted that the 

synthesis of pure and porous mullite has been shown to be possible by adding 

aluminium powder to kaolinitic clay before sintering in air. The bodies obtained by 

reactive sintering at 1550 °C have a high open porosity initiated during the oxidation of 

aluminium. 

Clay minerals and in particular kaolinite are very advantageous minerals for mullite 

synthesis due to their low cost. Because of the higher content of silica in clays than in 

mullite, it is necessary to add aluminium oxide (alumina) in order to obtain the 

stoichiometric mullite composition. This enrichment is generally made by alumina or 

aluminium hydroxide additions [11]. In addition, diffusion of aluminium is important 

for the anisotropic grain growth of mullite as the kaolin matrix is naturally deficient in 

alumina (Al2O3) for the formation of mullite. Several factors are known to influence 

such diffusion with, for example, the presence of liquid phase is being considered to 

significantly enhance the diffusion of aluminium within the mullite grain boundaries 

[15]. In generally, the effect of the heating rate on microstructure, phase transition and 

recrystallization process of alloys and compounds has also been discussed by many 

works [16,17,18], but no researcher has studied the effect of heating rate and 

mechanical activation on reaction between kaolin and aluminium powder. The purposes 

of mixing of kaolin with aluminium are (1) the oxidisation of aluminium powder 

permits to produce the mullite by natural sintering at lower temperatures [11] and (2) to 

obtain new phases (silicon, nacrite) [19] by milling the kaolin and aluminium powder 

for more than 20 h and obtain the kyanite when heating the latter at a temperature of 

more than 1300 °C. 

Mechanical activation has been used to improve the reactivity of solids before sintering. 

This method reduces particle size, increases defects in the crystalline lattices and 

reduces the temperatures of phase transformation [20,21,22,23,24,25]. Many works 

[26,27,28,29] studied the mullitization behaviour at fixed temperatures after mechanical 

activation of powders. In previous work [19], we studied the effects of mechanical 

activation on the sintering of mullite produced from kaolin and aluminium powder 

using XRD, TG, apparent density, open porosity and SEM. 

In this work, we have extended the study to DSC analysis of kaolin and aluminium 

powder by varying the heating rate from 5 to 40 °C/min. To well understand the 

reaction sintering between the kaolin and aluminium powder, the combined effects of 

heating rate and mechanical activation were investigated. 
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Experimental procedure 

 

Kaolin (DD3) from Djebel Debbagh deposits (north-east of Algeria) and aluminium 

powder (provided by Aldrich with purity of 99% and average size of 45 μm) were used 

in this investigation. The chemical composition of kaolin as determined by XRF is 

presented in Table 1. In the first time, this kaolin was ball milled for 5 h in a planetary 

ball-mill (pulverisette 6) at a rotation speed of 250 rpm. Five batches were prepared by 

mixing 89.5 wt% of milled kaolin and 10.5 wt% of aluminium powder with 30 ml of 

ethanol using zirconia balls. We chose these ratios to compare our results with the 

results presented by Esharghawi et al. [11]. We used the ethanol in place of the water to 

avoid the hydration of aluminium by water and ball milling at room temperature. 

Razavi-Tousiet al. [30] reported that the Al-water reaction promoted by ball milling can 

be completed at room temperature without any additional treatment. For 7 and 12 h 

milling, this reaction produced Al(OH)3 nanoparticles, nanospindles or nanorods as by-

products. Each batch was milled at a rotation speed of 280 rpm for 1, 5, 10, 20 and 40 h, 

respectively. The slurry was dried at 100 °C for 24 h and sieved through a 63-μm mesh. 

Discs (13 mm diameter and 4–5 mm height) were shaping by uniaxial pressing at 

100 MPa and subsequently sintered in an electric furnace with a heating rate of 

10 °C/min at 1000 and 1500 °C, for 2 h in air atmosphere. The sintered samples were 

cooled down to room temperature inside the furnace. The thermal behaviour of the 

different batches was tested by differential scanning calorimetry (DSC) (SETARAM, 

Labsys). The mixture powders were heated from 25 to 1100 °C with a heating rate of 5, 

10, 15, 20, 30 and 40 °C/min, respectively. The DSC scans were conducted under 

flowing air, in Pt crucibles and calcined Al2O3 was used as a reference material. The 

DSC curves were normalised with respect to the sample weight. The identification of 

the crystalline phases was carried out by X-ray diffraction (XRD). The microstructure 

of the sintered samples was observed by field emission scanning electron microscopy 

(FESEM) (HITACHI, S-4700). The fresh fracture surfaces were etched for 10s in a 

5 vol% HF solution, washed ultrasonically with distilled water and ethyl alcohol, dried 

and subsequently Au-Pd coated in a Balzers SCD 050 sputter. 

Table 1 Chemical composition of metakaolinite as determined by XRF 

 

Component Al2O3 SiO2 MnO As2O3 Co3O4 CaO Fe2O3 ZnO P2O5 SO3 K2O 

Wt.% 44.40 53.05 1.54 0.37 0.13 0.17 0.06 0.08 0.03 0.02 0.02 

 

 

Results and discussion 

 

Figure 1a–c shows the particle size distribution of mixture powders milled for 1, 20 and 

40 h respectively. The mixture powders milled for 1 h show a monomodal distribution, 

an average particle size (D50) of 26 μm (Table 2). As it can be clearly seen, the powder 

mixture presents a size distribution between 62 and 7 μm. While increasing the ball 

milling time to 20 h, the average particle size of mixture powders was decreased to 

7 μm and the particle size distribution ranged from 25 to 1 μm and presented in bimodal 

form. It is a bimodal distribution an average particle size of the mixture powders milled 

for 40 h was about 5 μm and the particle size distribution ranging of 14–2 μm. 

Increasing milling time over 40 h results in a decrease in particle size of the mixture 



Journal of the Australian Ceramic Society volume 55, pages135–144(2019) 

 
 

powder. However, the particle size distribution remained broad because ball milling 

involves repeated welding, fracturing and re-welding of powder particles [19]. The ball 

milling resulted in the breaking down of the grains leading to small particles. These 

parameters (mixture of small and large particle size) take part in an important role in the 

powder compaction and sintering through the diminution of sintering temperature and 

duration [31]. 

 

 
Fig. 1. Particle size distribution and XRD patterns of kaolin-aluminium mixture 

powders milled for a) 1 h, b) 20 h, and c) 40 h (ka: kaolinite, Si: silicon, Q: quartz, na: 

nacrite, A: aluminium) 

 

Table 2 The particle size distribution of dried powders after milling 

 

Sample D 10 D 50 D 90 

DD3 + Al 1 h 07 26 62 

DD3 + Al 20 h 01 07 25 

DD3 + Al 40 h 02 05 14 

 

https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/1
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XRD patterns of the mixtures after various ball milling times indicate the presence of 

kaolinite and aluminium, which are the main crystalline phases in the sample milled for 

1 h. Increasing milling time over 20 h leads to the occurrence of new peaks with low 

intensity, which are related to the emergence of silicon, quartz [11] and nacrite 

(Al2Si2(OH)4) [19], a precipitation of Si produced by reduction of SiO2 contained in the 

kaolinitic clay by aluminium, led to the formation of nacrite after the structural 

disordering and amorphisation in kaolinite structure [32]. After 40 h of milling, a 

significant increase in the intensity of the peaks corresponding the silicon, quartz and 

nacrite is seen, this indicates that the grinding process modifies the crystalline structure 

of kaolinite [33]. The decreases of intensity of the peaks correspond the aluminium with 

increase of milling time confirm the reaction of silicon and aluminium with oxygen in 

the air. 

Figure 2a, b shows the DSC curves of the kaolin (DD3) and the kaolin-aluminium 

mixture milled for different times and recorded at 10 °C/min and 40 °C/min, 

respectively. An endothermic peak at ≈ 570 °C in the kaolin scan corresponds to 

kaolinite dehydroxylation [34]. Subsequently, an exothermic peak at ≈ 986 °C indicates 

the formation of spinel phase/or a Si-containing γ-Al2O3 and amorphous silica [13, 35]. 

The addition of aluminium powder to the kaolinitic clay slightly modified its thermal 

behaviour [11, 34]. Thus, after the endothermic peak associated to kaolinite 

dehydroxylation, several endo- and exothermic effects are visible in the 650–750 °C 

interval. For easy recognition, these effects have been marked in the DSC curve 

corresponding to the mixture milled at 5 h in Fig. 2b. The identification of the different 

peaks is as follows: (a) solid-state oxidation of aluminium at ≈ 650 °C [11]; (b) Al 

melting about 660 °C [36] and (c) transformation of amorphous Al2O3 into γ-Al2O3 at ≈ 

665 °C. Moreover, after spinel phase formation a new exothermic peak at ≈ 1037 °C 

corresponds to the transformation of θ-Al2O3 into α-Al2O3 phase [11, 37]. 

 
Fig. 2. DSC curves of kaolin-aluminium mixtures milled for different times and heated 

up to 1100 °C with a rate of a) 10 °C/min and b) 40 °C/min 

 

The examination of DSC curves reveals that the area of the endothermic peak due to 

kaolinite dehydroxylation slightly decreases with increasing milling time. Indeed, 

regardless of the heating rate, the enthalpy associated with the reaction decreases an 

average value of 30%. This result denotes that mechanical activation leads to 

dehydroxylation and, in consequence, kaolinite transforms into a more amorphous 

structure. However, the structural changes in kaolinite induced by milling occur very 

slowly and under the experimental conditions of this study, the longer grinding time of 

https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/2
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40 h is not enough to promote the total amorphization of kaolinite in the mixture. 

Regarding the intensity of the exothermic peak linked to aluminium oxidation, it is 

observed that it increases with increasing milling time. The initial oxidation of 

aluminium powders is controlled by outward diffusion of Al3+ to form an amorphous 

alumina layer on the particle surface [38]. Milling results in the increase of the surface 

area of the aluminium particles, and thus, the DSC intensity increases. Moreover, 

milling also generates microcracks on the surface of aluminium particles. The 

occurrence of these microcracks leads to a loss of continuity in the oxide protective 

cover on the particle surface and consequently the diffusion of oxygen to 

Al/Al2O3 interface is improved. Therefore, the reduction of the particle size caused by 

the energy provided during the ball milling [39] enhances the rate of oxidation reaction 

of aluminium in solid-state and as result, the DSC peak associated to Al melting 

decreases with increasing milling time. Aluminium oxidation continues with 

development of channels within the amorphous oxide layer and nucleation of γ-alumina 

in the amorphous Al/Al2O3 interphase. As the milling time increases, the increased 

surface roughness of the milled powders results in a faster rate of γ-Al2O3 formation in 

the interphase, which seals the paths for oxygen diffusion and the nucleation of more γ-

alumina is inhibited [38]. Consequently, a reduction in the intensity of the peak related 

to transformation of amorphous Al2O3 into γ-Al2O3 with increasing milling time is 

observed in the DSC curve. 

 

On the other hand, the enthalpy of the exothermic effect at high temperature, which is 

due to the overlapping of two peaks related with spinel phase formation and 

transformation of θ-Al2O3 into α-Al2O3 phase, is significantly reduced with mechanical 

activation. For instance, the enthalpy falls by 65% when milling time increases from 1 

to 40 h en DSC curves recorded at 40 °C/min. This reduction is mainly associated to a 

decrease in α-Al2O3 formation as result of θ-Al2O3 development restriction by 

increasing the activation time. Concerning spinel phase formation, the corresponding 

DSC peak is practically unaffected by increasing milling time. 

Regarding the effect of heating rate, Fig. 3a shows that a fast heating rate enhances the 

heat exchanged in the different reactions taking place during heating. Thus, the enthalpy 

associated to kaolinite dehydroxylation and spinel phase formation/γ-

Al2O3 transformation increases from 321 to 582 J/g and from − 452 to − 992 J/g 

respectively when heating rate goes from 5 to 40 °C/min. Castelein et al. [40] pointed 

out that the amount of water exchanged during kaolinite dehydroxylation is independent 

of the heating rate. Consequently, the increase observed must be related to a change in 

metakaolin entropy, and therefore, a faster dehydroxylation rate favours a more 

disordered metakaolin phase. Heat rate also has a great effect on aluminium oxidation 

and subsequent Al2O3 transformation. Hence, formation of amorphous alumina is 

undetected in the DSC curved recorded at 5 °C/min and it begins to be noticeable from 

a heating rate of 10 °C/min. It can be seen in Fig. 3a that the relative intensity of 

amorphous to γ-Al2O3 transformation increases with respect amorphous 

Al2O3 formation when heating rate increase. Faster heating rates lead to a higher degree 

of γ-Al2O3 development and accordingly, the intensity of the DSC peak linked to the 

transformation θ- to α- Al2O3 also increases. This result denotes that a rapid heating 
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inhibits the formation of channels within the amorphous oxide layer. θ-Al2O3 grows 

more vertically than laterally at the interface between amorphous aluminium oxide and 

aluminium, and therefore, the particle surface does not become totally covered by θ-

alumina crystals and their development is favoured. 

 
Fig. 3. DSC curves under different heating rates of kaolin-aluminium mixtures milled 

for a) 1 h and b) 40 h 

 

Another hand, in the mixtures milled during 40 h (Fig. 3b), one notes a gradual increase 

in the intensity of peak due to the solid-state oxidation of aluminium with the increase 

of heating rates. The increase of heating rates improves the diffusion of the Al3+ through 

the microcracks creates on the layer and to react with oxygen to oxyde/air interface and 

consequently the formation of γ- Al2O3 is enhanced. At high temperature, one does not 

observe this increase. Chen et al. [41] explain this effect by the more complete oxidation 

of Al powders in the first oxidation stage or instantaneous combustion because of the 

rupture of Al2O3 shell under the rapid increase of high temperature. The relative high 

temperature is beneficial for the chemical reaction between Al and oxygen in the first 

oxidation stage. 

 

Figure 4 shows the XRD patterns of the kaolin-aluminium mixture milled for different 

times after sintering at 1000 °C/2 h. The diffractograms evidence the formation of Si 

produced by reduction of SiO2 contained in the clay by aluminium [11, 19]. The α-

Al2O3 phases is found after firing. Moreover, different Al2O3 polymorphs are also 

identified. The reflection intensity of α-Al2O3 phase decreases with increasing the 

mechanical deformation time, which agrees with DSC results. It is known that the 

transformation from amorphous to stable α-Al2O3 follows the sequence amorphous → γ 

→ δ → θ → α-Al2O3 [42]. Therefore, this result indicates that the milling time can 

influence the rate of the γ → α phase transformation, and they can change the sequence 

of intermediate phases during the transformation. This result is in agreement with those 

reported by Dynys and Halloran [43], who highlighted that the rate of transition to α-

Al2O3 is highly conditioned on the mechanical pre-treatment of the powder. They also 

concluded that mechanical milling can reduce the time for complete transformation 

[44]. 

https://link.springer.com/article/10.1007/s41779-018-0219-y#Fig3
https://link.springer.com/article/10.1007/s41779-018-0219-y#ref-CR41
https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/3
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Fig. 4. XRD patterns of kaolin-aluminium mixtures powder sintered at 1000 °C after 

various milling times (d: δ-Al2O3, t: θ-Al2O3, a: α-Al2O3, Si: silicon) 

  

In the case of the samples sintered at 1500 °C for 2 h (Fig. 5), mullite is found to be the 

only phase constituent of the samples milled for 1, 20 and 40 h. But after 20 h of 

milling, it is found that the mullite and small amount of kyanite are detected. The 

intensity of the peaks corresponding to mullite phase increases while the kyanite 

crystalline phases tend to decrease. Aguilar-Santillan et al. [28] studied the kyanite-

alumina mixtures by attrition and for by attrition and for different times varying 

between times varying from 1 to 12 h. The decomposition of kyanite was accelerated 

with increasing of milling time and the formation of secondary mullite from the added 

alumina and the rejected silica and was enhanced. 

 

https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/4
https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/5
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Fig. 5. XRD patterns of kaolin-aluminium mixtures powder sintered at 1500 °C after 

various milling times (m: mullite, ky: kyanite) 

Production of pure mullite has not been obtained: some other phases (like spinel phese, 

cristobalite and kyanite) are present in addition to mullite phase. It means that all the 

reactions leading to the formation of mullite are not complete since the rest phases 

correspond to reactive phases not yet transformed into mullite. The properties of porous 

ceramics such as apparent density, open porosity and average pore size can be 

controlled by adjusting the preparation conditions (e.g. raw material ratio and sintering 

temperature). High relative density (90%) was reached at relatively lower sintering 

temperature of 1400 °C and ball milling time of 40 h. This is may be due to the fact that 

the initial powder was ball milled for 40 h which led to the formation of a homogeneous 

powder with fine particles that reduced diffusion distances and increased the driving 

force for sintering. It is known that the densification is usually enhanced in 

homogeneous powder compacts in which particles are packed to high relative density 

and large pores and the powder agglomerates are absent, It is interesting that the 

apparent density of the sample milled for high milling time increased more than that the 

sample milled for less milling time. However, it is found that the open porosities of the 

samples for 1 h (~ 20%) of milling are higher than those with 40 h (~ 1%) of milling, 

with average pore size (0.5–1 μm). 

SEM micrographs of samples sintered at 1000 °C/2 h at various milling times are shown 

in Fig. 6a, b. It can be clearly seen how the milling time promotes sintering of the 

kaolin-aluminium powder. Thus, the microstructure of the sample ground for 1 h is 

comprised by flakes-like α-Al2O3 particles with uniform size and distribution together 

with high level of open porosity, which is gradually reduced as the milling time 

increases. Therefore, the sample milled for 40 h presents after firing a very dense 

microstructure with low porosity. 

After firing at 1500 °C/2 h, the samples showed a bimodal morphology [45]. Figure 6e 

shows that grain morphology appeared to be a mixture of equiaxed secondary mullite 

crystals and lath-like primary mullite crystals grown, with a higher magnification of the 

typical cavities developed with each sample. Large convex cavities embedded in the 

mullite matrix were created by grain size of Al2O3 dissolved into the glassy phase for 

second formation of mullite [46], and much smaller pore channels or throats inter 

connecting these cavities were developed after the sintering treatment. From Fig. 6f, it 

is found that the mullite and small bright prismatic sharps of kyanite are the only two 

crystalline phases detected. Through these two figures, we see two morphologies of 

mullite even though the composition is in a fixed constant value. This goes back to that 

the milling process accelerated the oxidation of the aluminium and thus led to the 

acceleration of secondary mullite formation at low temperature, so we so a different 

morphology although the same composition. The mullite matrix displayed a high degree 

of densification furthered by the presence of phases based on silicates with low melting 

points. The addition of aluminium metallic powder to kaolin with increasing ball 

milling time leads to a decrease gradually in the open porosity of the mixtures. 

Figure 6c, d shows the SEM micrographs of samples sintered at 1300 °C. The 

microstructure of the sample milled for 1 h (Fig. 6c) is composed by primary mullite 

particles with a small amount of flakes-like α-alumina. After 40 h of milling, it can be 
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seen from Fig. 6d that the lath-like mullite crystals were bimodal in size, i.e. larger 

primary mullite and smaller secondary mullite crystals. 

 

 
Fig. 6. SEM micrographs of kaolin-aluminium compacts sintered at: 1000 °C 

(a 1 h, b 40 h), 1300 °C (c 1 h, d 40 h) and 1500 °C (e 1 h, f 40 h) 

 

Figure 7 shows the variation of the apparent density and the open porosity of the kaolin-

aluminium mixtures as a function of the grinding time at 1500 °C. The apparent density 

curve shows a gradual increase with increasing grinding time. This may be due to the 

milling process. The fact that the initial powder was ball milled for up to 40 h which led 

to the formation of a homogeneous powder with fine particles that reduced diffusion 

distances and increased the driving force for sintering. It is very known that the 

densification is usually improved in homogeneous powder compacts. The apparent 

density of the sample milled for high milling time increased more than that the sample 

milled for less milling time. The open porosity is greatly decreased with the increase in 

grinding time. This decrease is probably due to the improvement in densification caused 

by mechanical activation. The open porosity becomes a closed porosity at high 

temperature. 

https://link.springer.com/article/10.1007/s41779-018-0219-y#Fig6
https://link.springer.com/article/10.1007/s41779-018-0219-y/figures/6


Journal of the Australian Ceramic Society volume 55, pages135–144(2019) 

 
 

 
Fig. 7. Apparent density and open porosity of samples sintered at 1500°C as a function 

of ball milling time 

 

Conclusions 

 

The effects of mechanical activation on the thermal behaviour of kaolin-alumina 

powders and the crystallisation kinetics of α-alumina and mullite were investigated. 

Increasing ball milling time enhances the loss of the structure of kaolinite, and 

formation of new phases such as quartz, silicon and nacrite at room temperature. 

Mechanical activation promotes the oxidation reaction of aluminium and reduces both 

the transformation of amorphous Al2O3 into γ-Al2O3 and the subsequent change of θ-

Al2O3 into α-Al2O3 phase. It also influences the rate of the θ → α phase transformation. 

Heating rate favours a more disordered metakaolin phase. It also has a great effect on 

aluminium oxidation and successive Al2O3 transformation. 
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