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ABSTRACT

Purpose: The aim of the study was to investigate the possibility of sintering raw (natural) 
halloysite and pure halloysite to produce porous ceramic preforms, and determination of 
sintering temperature based on the results of investigations into thermal effects, linear 
changes and phase transitions.
Design/methodology/approach: Due to mullitisation ability of halloysite at high 
temperature, alternative applications based on the sintering technology (including the 
production of reinforcement of metal matrix composites) are being searched for. Pure 
halloysite and Dunino halloysite were selected for the study.
Findings: Pure halloysite, characterized by low impurities, dimensional stability during sintering, 
softening temperature above 1500ºC and ability to transform into mullite at temperatures above 
950ºC could be used as a base for the production of sintered, porous mullite preforms.
Research limitations/implications: Presence of impurities in Dunino halloysite, 
contribute to the shift of the sintering temperature towards lower temperatures and caused 
a rapid and uncontrolled shrinkage  of the sample and the appearance of the softening 
temperature at 1300ºC.
Practical implications: Based on the research of thermal (DTA/TG, linear changes in 
high-temperature microscopy) and XRD studies it is possible to determine the sintering 
temperature of pure halloysite to manufacture the porous mullite preforms with open porosity.
Originality/value: The received results show the possibility of obtaining the new mullite 
preforms based on pure halloysite.
Keywords: Halloysite, DTA/TG, XRD, High-temperature microscope, Linear changes
Reference to this paper should be given in the following way: 
M. Kujawa, R. Suwak, L.A. Dobrzański, A. Gerle, B. Tomiczek, Thermal characterization 
of halloysite materials for porous ceramic preforms, Archives of Materials Science and 
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1. Introduction 
 
Among the materials that are commonly used for 

elements exposed to high temperatures or abrasive wear e.g. 
in the automotive and aviation industries, special attention 
should be paid to metal matrix composites (MMCs) 
manufactured using infiltration methods [1-5]. The 
reinforcement of these materials, or local reinforcement  
of the finished product, results from the addition of 
molecules and short fibres into the matrix, having a form of 
porous ceramic preforms or foams with an open porosity of 
60-90% [1, 5-13]. 

The type of reinforcement has an impact on the final cost 
of the composite material, so searches are undertaken to find 
slow-cost and easily accessible raw materials which in 
suitable thermal conditions  provide reinforcement with high 
thermal stability, high corrosion resistance and low 
coefficient of thermal expansion and thermal conductivity, 
which is however comparable to that of the matrix material. 
The material meeting these criteria is be mullite, while 
aluminosilicate such as kaolinite, halloysite or mont-
morillonite can be used as the raw material to obtain it. 
These raw materials, due to their availability and ability to 
mullitize under appropriate thermal conditions [14-22], 
could be used as reinforcement of composite materials. 

Due to its chemical composition, structural transfor-
mations during heating and a very small content of 
impurities (especially iron, titanium and calcium oxides) in 
comparison with raw halloysite, pure halloysite in the form 
of extracted nanotubes could be used as a base for the 
production of sintered, porous mullite preforms. Since pure 
halloysite has the ability to mullitize at high temperatures, 
searches are undertaken to find alternative applications 
based on the sintering technology, including the production 
of metal matrix composites [12, 23-25], while taking into 
account the potential influence of their nanometric 
dimension on the velocity of mullite formation [19].  

Optimisation of the sintering temperature of ceramic 
materials is important for shaping their structural and 
strength properties. Since the melting point of mullite is 
approx. 1840ºC (it depends on the ratio of Al2O3 to SiO2) 
[17], and free sintering in the solid phase of the mullitisation 
reagents should take place at the temperature of ca 0.5-0.8 
mullite melting temperature, it is assumed that free sintering 
of halloysite should occur within the temperature range of 
920ºC-1472ºC [26,27]. The sintering temperature affects the 
structure of ceramic sinter formed from the material 
containing halloysite. Therefore, to optimize the sintering 
temperature, thermal investigations complemented with a 
phase analysis have been proposed.  

The aim of the study was to confirm the possibility of 
using halloysite in the form of sintered, porous ceramic 
preforms as reinforcement of aluminium matrix composites. 
The ability of pure halloysite to mullitize in the process of 
free sintering in a selected temperature range was 
investigated using thermal and phase composition studies. 
 
 
2. Materials and methodology 
 
2.1. Materials 

 
The following were selected for the research: pure 

halloysite (nanotubes ‒ HNT) supplied by NaturalNano 
(USA), raw halloysite Dunino supplied by Intermark, as the 
pore forming agent ‒ carbon fibres (CF) Sigrafil C10 M250 
UNS provided by SGL Carbon Group (in an amount of 30 
wt.% or 50 wt.%) and 1 wt.% microwax. The morphology 
of the halloysites and carbon fibres is shown in Figure 1. 

Pure halloysite is a nanotube extracted from natural 
halloysite, which has a form of a cylindrical object with 
a diameter below 100 nm and a length of 500 nm to over 
1.2 μm, whereas Dunino halloysite has a lamellar-tube 
structure with visible halloysite nanotubes [28-30]. The 
chemical composition of pure halloysite and Dunino 
halloysite is presented in Table 1 (measurement uncertainty 
±0.5 wt.%). Both materials differ in the content of Fe2O3, 
TiO2, CaO, MgO, K2O. These compounds are treated as 
impurities affecting the sintering temperature and increasing 
the amount of liquid phase and grain growth [31-33]. The 
content of these contaminants is much higher in Dunino 
halloysite.  

 
Table 1. 
Chemical composition of pure and Dunino halloysite in 
delivery condition  

Mean mass concentration of elements, wt.% 
 HNT DUNINO 

Loss on ignition 1025ºC 15.58 15.10 
SiO2 45.63 41.77 
Al2O3 37.93 34.23 

Fe complete converted to Fe2O3 0.46 6.23 
TiO2 0.11 1.23 
CaO 0.01 0.43 
MgO 0.07 0.15 
K2O 0.01 0.14 
Na2O 0.03 0.03 
P2O5 0.35 0.45 
Total 100.18 99.76 

 

1.	�Introduction

2.	�Materials and methodology

2.1.	�Materials
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Fig. 1. Morphology of: a) pure halloysite (mag. 20,000x), b) Dunino halloysite (mag. 20,000x), c) carbon fibers (mag. 500x) 
 

 
 

Fig. 2. a) Morphology of a mixture consisting of pure halloysite and carbon fibers (mag. 1,000x), b) green bodies 
 

Green bodies of mixtures containing: 70 wt.% of pure 
halloysite, 30 wt.% carbon fibres and 1 wt.% microwax and 
50 wt.% of pure halloysite, 50 wt.% of carbon fibres and 
1 wt.% of microwax were obtained by grinding the blends 
for 15 minutes in a Fritsch ball mill, followed by uniaxial 
pressing at 100 MPa for 15 seconds (Fig. 2a). The 30 mm 
diameter and 10-mm thickness mouldings (Fig. 2b) were 
used for high-temperature microscopic observations so as to 
verify the sintering temperature range in order to obtain 
ceramic preforms as reinforcement.  

The reinforcement in the form of a ceramic preform 
should have a porous structure allowing for full infiltration 
by liquid metal. Therefore, a production method that 
involved sintering halloysite with the addition of a pore-
forming agent in the form of carbon fibres was selected 
[1,34]. These fibres undergo degradation at elevated 
temperatures (by-product of oxidation ‒ CO2). The 
simplified scheme of obtaining porous ceramic skeletons is 
shown in Figure 3. 
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http://www.archivesmse.org


8

M. Kujawa, R. Suwak, L.A. Dobrzański, A. Gerle, B. Tomiczek

Archives of Materials Science and Engineering RESEARCH PAPER
 

 
 

Fig. 3. The method of pore formation using a heat-oxidizable agent [37] 
 
 

2.2. Testing methods 
 
Research on thermal effects (DTA) and mass changes 

(TG/DTG) during heating of pure halloysite, Dunino 
halloysite and carbon fibres was performed in the MOM  
Q-1500D derivatograph. Samples of different weights, but 
with a similar volume, were heated at a constant speed 
(7.5ºC/min) in the temperature range of 20-1500ºC, in air 
atmosphere. 

To simulate the phenomena taking place during the 
production of porous ceramic skeletons, investigations into 
the linear changes of pure halloysite, halloysite and mixtures 
versus temperature were carried out using the microscopic-
photographic method, in a Leitz high-temperature micro-
scope [35].  

Samples placed on a corundum support were heated to 
1500°C at a rate of 5°C/min in air atmosphere. Samples of 
pure and natural halloysite were pressed in a hand press in 
the form of cubes with a side of approx. 3 mm, while green 
body samples (50 wt.% CF and 30 wt.% CF) were cut out in 
the form of cubes having a side of ca 3 mm. During 
observations of the sample in the microscope eyepiece, the 
image of the sample was recorded at temperatures 
corresponding to changes in the shape of the sample 
(shrinkage, expansion). Thanks to continuous observation of 
the sample and photographic recording of changes in its 
shape and dimensions as a function of temperature, 
a number of photographs showing the behaviour of the 
material during heating were obtained. The relative change 
of the cross-sectional area of the sample δ(T) (versus 

temperature) and characteristic temperatures were 
determined on the basis of the photos of the sample. 

The qualitative analysis of the phase composition of pure 
halloysite in the initial state and after annealing at the 
temperature in the range of 100-1500°C was carried out 
using an X'Pert PRO X-ray diffractometer with Co Kα 
radiation, produced by PANalytical. Phase identification 
was carried out using X'Pert HighScore Plus equipped with 
the ICDD file base -PDF - 4+.   

The porosity analysis of the prepared ceramic preforms 
was performed based on the measurements of their geometry 
and mass. 

 
 

3. Results and discussion 
 
The result of DTA/TG/DTG analysis of pure halloysite 

is shown in Figure 4. In the temperature range of 60-75°C, 
an endothermic process associated with dehydration 
(adsorption water release, weight loss about 2 wt.%) is 
observed, whereas in the range of 400-600°C (maximum at 
516°C) it is an endothermic process (dehydroxylation) 
related to the decomposition of halloysite to meta-halloysite 
(weight loss about 17 wt.%). At the temperature of 
approximately 980°C, an exothermic process related to the 
reconstruction of the halloysite structure and the formation 
of the Si-Al spinel phase as a transition form takes place 
[14,22,28,36], followed by structural transformation of 
halloysite into mullite (according to the simplified formula 
(1)) [14,16,17,20,21,26]. 
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  (1) 

halloysite→ metahalloysite →spinel Si-Al and/or γ-Al2O3 + amorphous SiO2 → mullite+ amorphous SiO2 
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Fig. 4. TG/DTG and DTA curves for the pure halloysite 
(sample weight mo= 70 mg) 
 

The DTA/TG/DTG analysis of Dunino halloysite is 
shown in Figure 5. In the temperature range of 65-85°C, an 
endothermal process associated with halloysite dehydration 
(loss of mass about 2.5 wt.%) is observed, while in the 
temperature range of 450-550°C (maximum at 526°C) ‒ an 
endothermal process associated with halloysite 
dehydroxylation and decomposition to meta-halloysite (loss 
of mass 20 wt.%). 

 

 
 
Fig. 5. TG/DTG and DTA curves for the Dunino halloysite 
(sample weight mo=100 mg) 
 

At the temperature of ca. 935°C ‒ an exothermic process 
takes place, which is connected with the rebuilding of the 
halloysite structure and the formation of the Si-Al spinel 
phase as a transition form, followed by the formation of 
mullite. The low exothermic peak at the temperature of 
approx. 1300°C is associated with secondary mullite, 
additionally, the characteristic temperature of the material 

softening is also recorded. Although both halloysites show 
similar kinetics of phase transitions and chemical reactions, 
the differences in the content of impurities influence the 
mullitisation temperature: the reconstruction of Dunino 
halloysite structure begins at a temperature lower by ca 50ºC 
than in the case of pure halloysite. However, a slightly 
higher loss of halloysite mass was observed in the range up 
to 400ºC. 

The addition of carbon fibres to halloysite was intended 
to slow weight loss and reduce the linear changes 
accompanying halloysite dehydroxylation. Therefore, the 
temperature range in which this effect may be the greatest 
was investigated. The DTA/TG/DTG result of carbon fibres 
presented in Figure 6, shows that the oxidation of carbon 
fibres (the factor determining the porosity in the ceramic 
skeleton, shrinkage inhibition) starts at approx. 400ºC (the 
beginning of mass loss due to carbon oxidation, ca 3 wt.%). 
In the temperature range of approx. 570-772ºC, the rate of 
oxidation reaction decreases. The total loss of mass was 
recorded at 775ºC. 

 

 
 
Fig. 6. TG/DTG and DTA curves for the carbon fibers 
(sample weight mo=40 mg)  

 
Photos of samples of halloysite nanotubes and Dunino 

halloysite at selected temperatures, recorded under a high-
temperature microscope and a graph of linear changes as 
a function of temperature, are shown in Figures 7 and 8.  

Sintering of pure halloysite starts at temperatures above 
600°C, while sintering of Dunino halloysite at temperatures 
close to 500°C. In the range of 600-1100°C, the rate of linear 
changes is similar in both cases. From 1200°C the sintering 
of HNT is characterized by a linear change of the cross-
sectional area of the sample up to 1400°C. 

The changes in the cross-sectional area of pure halloysite 
in the range up to 1100°C (Fig. 8) are related to the pheno-
mena described in Eq. (1) and recorded in DTA/TG (Fig. 4). 

http://www.archivesmse.org
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Fig. 7. Photos of a) pure and b) Dunino halloysite cube sample during the test in a high-temperature microscope 
 

 
 

Fig. 8. Dimensional changes of Dunino halloysite (DUNINO) and pure halloysite (HNT), heating rate 5ºC/min 
 

The inflection point on the curve of linear changes of 
HNT (Fig. 8) at the temperature of ca 1000-1100°C is 
related to the transition of meta-halloysite to mullite through 
an amorphous phase. At a temperature of approx. 1100°C a 
structure consisting of γ-Al2O3 crystals deposited in the 
amorphous phase of silica was obtained (Fig. 9) [16,22,23]. 

The changes of the cross-sectional area of Dunino 
halloysite up to 1000°C shown in Figure 8 are related to the 
effects described in Eq. (1) and recorded in the DTA/TG 
study (Fig. 5). From 1100°C to 1300°C, the sintering of 
halloysite is characterized by a linear change in the cross-
sectional area of the sample. At 1300°C the sample begins 
to soften (impurities in the Dunino halloysite induce a liquid 
phase during firing). The shift of the beginning of sintering 
to lower temperatures compared to the sintering of nano-
tubes as well as the emergence of a liquid phase may be due 
to the presence of impurities (Tab. 1). The presence of more 

than 1 wt.% Fe2O3 in the mullite material causes a shift in 
the softening temperature towards lower temperatures and 
an increase in the rate of sintering and mullitisation [31-33]. 
While it is economically desirable to lower the sintering and 
mullitisation temperature, lowering the softening tempera-
ture of porous ceramic preforms leads to deformation of the 
structure as a result of too fast and uneven volume changes. 
Therefore, the use of Dunino halloysite has been abandoned 
in this experiment due to the difficulty in obtaining a 
homogenous shrinkage across the entire sample volume. 

DTA/TG and high-temperature microscopy investi-
gations of pure halloysite were complemented with a 
qualitative analysis of the phase composition of HNT 
preheated at various temperatures (Fig. 9). During the 
heating of pure halloysite, the characteristic changes of the 
structure were observed at the temperature of 1100ºC and 
1500ºC. 
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Fig. 9. XRD patterns of sintered specimens at 100, 500, 1100, 1300, 1500°C (▲ hydrohalloysite, ♦ meta-halloysite, x γ-Al2O3, 
■ mullite, ● cristoballite) 
 

HNT heated at 1100ºC is characterized by an amorphous 
structure with γ-Al2O3 phase separations [23] (the Al-Si 
spinel phase cannot be excluded because of difficulties in 
distinguishing the two phases due to their similar crystalline 
structure and close crystal network parameters [37]). The 
beginning of mullite crystallization was also identified. 

Mullite and cristobalite were found in the samples heated 
at 1300°C and 1500°C (Fig. 9). At temperatures above 
1200ºC, cristobalite is formed as a result of crystallisation  
of microcrystalline silica (mainly amorphous [38]), 
according to Eq. (2). As shown in [39], it is possible to obtain 
the mullite structure without crystallisation of cristobalite 
by increasing the heating rate. Heating at temperatures 
higher than 1500ºC was not taken into account due to the 
conversion of cristobalite into amorphous silica in 
accordance with Eq. (3), which reduces the density of 
the obtained material and, in consequence, its properties, 
so this temperature would also have no economic reason 
[14,40].  

2232
1200

2232 423423 SiOSiOOAlSiOSiOOAl C      (2) 
mulite+ amorphous SiO2→ mullite+cristobalite 
 

2232
1500

2232 423423 SiOSiOOAlSiOSiOOAl C      (3) 
mullite+ crystobalite → mullite+ amorphous SiO2 
 

Based on DTA/TG, high-temperature microscopy and 
phase analysis results, pure halloysite was selected for 
further research. Mixtures of HNT, carbon fibres and 
microwax were used to prepare samples for the simulation 
of green bodies sintering in a high-temperature microscope. 
Photographs of green bodies samples with 50 wt.% and 
30 wt.% carbon fibres taken at selected temperatures during 
the investigations in a high-temperature microscope are 
shown in Figure 10. The graph of linear changes versus 
temperature is shown in Figure 11. 

It has been shown that the percentage by weight of 
carbon fibres in mixtures has no effect on limiting the 
changes in sample size in the range up to 1400°C compared 
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Fig. 10. Photos of green bodies consisting of a) HNT (50 wt.%) and carbon fibres (50 wt.%), b) HNT (70 wt.%) and carbon 
fibres (30 wt.%), during the test in a high-temperature microscope 
 

 
 

Fig. 11. Changes in the dimensions of the green body from HNT and 30 wt.% and 50 wt.% CF, heating rate 5ºC/min 
 

to the changes observed for HNT samples (Fig. 11). The rate 
of linear changes is the same up to 1400°C. However, the 
presence of fibres in green bodies significantly reduces the 
velocity of linear changes in the temperature above 1200°C, 
compared to the changes recorded for HNT (Fig. 8). 

Thermal investigations of pure halloysite and its green 
bodies with carbon fibre revealed characteristic tempe-
ratures of 1200°C and 1400°C in the course of sintering. 
Therefore, the green bodies were sintered at 1100°C, 
1300°C and 1500°C to examine the properties of ceramic 
skeletons obtained at these temperatures [23]. Since the 
high-temperature microscope uses cubic samples cut from 
green bodies with a side of about approx. 3 mm, so these 
samples cannot be used as representative ones because it is 
impossible to estimate the content of carbon fibres in the 
mixture. The properties of the porous ceramic skeletons 

obtained are given in Table 2, while the morphology of their 
fractures an view is shown in Figure 12.  

The share of pores and the share of mass ceramic phase in 
a sintered mixture at the temperature of 1500°C are much 
more differentiated. For mixtures sintered at temperatures 
of 1100°C and 1300°C, this effect is similar: an increase in the 
content of fibres leads to a decrease in apparent density and in 
the share of ceramic phase, and, at the same time, to a decrease 
in the weight of the sample after sintering. The influence of the 
fibre content in sintered parts on the physical properties of the 
preforms at the temperatures of 1100°C, 1300°C and 1500°C 
is confirmed by the lack of homogeneity of the sample visible 
in high-temperature microscopic investigations.  

Further experiments (pressure infiltration, research on 
AlSi12-mullite composites) not being the subject of this 
publication showed that, from the practical point of view, the 
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Table 2. 
Physical properties of sintered ceramic preforms  

CF, wt.% Weight mp, g Apparent density ρ, g/cm3 Pores, % Ceramic phase, % 
Sintering temperature 1100°C  

50 3.46 0.67 77.59 22.41 
30 5.05 1.00 66.54 33.46 

Sintering temperature 1300°C 
50 3.1 0.94 68.79 31.21 
30 4.91 1.32 55.88 44.12 

Sintering temperature 1500°C 
50 2.8 0.93 69.14 30.86 
30 4.4 1.54 48.72 51.28 

 

    

   
 

Fig. 12. Morphology of porous ceramic skeletons sintered at: a) 1100°C, b) 1300°C, c) 1500°C, d) sintered preforms 
 
sintering temperature of 1100ºC is not sufficient to produce 
porous ceramic preforms with properties enabling their 
subsequent application (pressure and gas infiltration with a 
liquid alloy) due to their high brittleness, low cohesion and 
low strength properties [23]. 
 
4. Conclusions 

 
The results indicate that: 

1. Dunino halloysite cannot be used for the production of 
sintered, porous ceramic preforms due to the presence of 

impurities, which shifted the sintering temperature 
towards lower temperatures and caused a rapid shrinkage 
of the sample above 1200ºC and the appearance of the 
softening temperature at 1300ºC. 

2. Thermal studies (DTA/TG, linear changes in high-
temperature microscopy) confirmed the possibility of 
using pure halloysite to manufacture the reinforcement 
for metal matrix composites, and the addition of fibres 
allowed obtaining a porous structure of the reinforce-
ment. Free sintering of mouldings of mixtures of pure 
halloysite and carbon fibres within the temperature range 
resulting from the analysis of thermal investigations 

4.	�Conclusions
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enabled obtaining porous ceramic preforms having a 
mullite structure with cristobalite precipitations and 
porosity within the range of ca 49-78%. 

3. The assessment of the impact of carbon fibres on the 
porous structure of sintered halloysite was possible only 
in the case of green bodies heated at the temperatures of 
1100°C, 1300°C and 1500°C. The selection of the 
temperature of these green bodies heat treatment was 
based on the results of high-temperature microscopic 
investigations. The analysis of the phase composition of 
the sintered parts confirmed the correct choice of the 
sintering temperatures. 
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