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Abstract
Two calcined clays (halloysite and kaolinite clays at 700 °C) were used as solid precursors for geopolymer synthesis. This 
study compares the physicochemical properties of the both resulting geopolymer series heated at 200, 400, 600 and 800 °C. 
The end specimens were characterized using Optical Dilatometer, XRD, FTIR, MIP and SEM analyses. Results revealed 
that the flexural strengths were 18.10 and 21.74 MPa for meta-halloysite- and metakaolin-based geopolymers, respectively. 
After subjected to high temperatures, the flexural strength drastically decreased from 18.10 ± 1.06 to 6.7 ± 0.23 MPa and 
21.74 ± 1.20 to 4.63 ± 0.24 MPa, respectively. The maximum shrinkage recorded on metakaolin and meta-halloysite-based 
geopolymers was 14 and 16% around 950 °C, respectively. The thermal conductivities decreased with increase in heating 
temperature from 0.78 to 0.19  Wm−1 K−1 and 0.96 to 0.26  Wm−1 K−1, respectively. This reduction is linked to the addi-
tional voids and microcracks that occurred within the geopolymer network. The cumulative intrusion in both geopolymers 
increased with increase in heating temperature up to 600 °C, leading to the degradation of geopolymer network that affected 
the mechanical strength evolution. Both synthesized geopolymer series are potential candidates for insulation materials or 
refractory applications.

Keywords Halloysite · Kaolinite · Flexural strength · Thermal conductivity · Dilatometry · Microstructure · Mercury 
intrusion porosimetry

Introduction

Alkali-activated binders or geopolymers are cementitious 
materials formed from a mixture of an aluminosilicate mate-
rial with media solutions (NaOH, sodium or potassium sili-
cate, phosphoric acid, etc.) at room temperature (< 100 °C) 
[1–6]. Their structure is characterized by tetrahedral coor-
dinated aluminium and silicon atoms bridged with oxygen 
[7], where the negatively charged aluminium in IV-coordi-
nation is compensated by sodium or potassium cations [8]. 
As reported in the literature, at elevated temperature these 
materials give better performances and are less destroyed 
compared with the most used ordinary Portland cement 
[9–15]. Numerous studies were carried out and focussed on 
thermal stability (from room temperature up to 1200 °C) 
of the geopolymers binders using different aluminosilicates 
such metakaolin [10, 12, 16], fly ashes [9, 11, 17–19] and 
volcanic ashes [20]. The loss of strength at high tempera-
tures of geopolymers binders depends on diverse parameters 
like the chemistry and mineralogy of solid precursor and 
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chemical composition of alkaline solution (hardener) used, 
and solid/liquid ratio during the mixture [21–23]. Often the 
degradation of mechanical strength of geopolymer products 
exposed at high temperatures is linked to the development 
of fissures resulting in destruction of amorphous geopoly-
mer binder allowing the better cohesion among different 
constituents in the matrix. From published works in litera-
ture, metakaolin (from calcined kaolin clay in the range of 
550–850 °C), composed of reactive alumina and silica as 
major components, was widely valorized as a key material 
for the geopolymer synthesis [14, 24, 25]. Previous works 
[1, 7, 10, 12–14, 22, 23, 26] have extensively addressed the 
fire-resistant of metakaolin-based geopolymer under differ-
ent conditions synthesis. Duxson et al. [7] explored on the 
effect of sodium silicate on thermal shrinkage and mass loss 
of amorphous Na-geopolymer binder derived from metakao-
lin up to 1200 °C. They found that the thermal shrinkage 
of resulting samples generally increases with increasing 
nominal Si/Al ratios. Later, Elimbi et al. [12] studied the 
thermal behaviour of local Cameroonian metakaolin-based 
geopolymer heated up to 1000 °C. These authors found that 
the micrographs of specimens heated from 300 to 900 °C led 
appear a progressive propagation of microcracks within the 
matrix and the increased linear shrinkage relating to dras-
tic reduction in compressive strength. Tchakoute et al. [10] 
prepared sodium alkaline activators using by-products (rice 
husk ash and waste glass) to produce metakaolin-based geo-
polymers followed by exposure from 200 to 800 °C. They 
reported that the total mass loss of geopolymer binders was 
13 and 15%, respectively, using sodium water glass from 
rice husk ash and sodium water glass from waste glass. This 
was ascribed to the release of structural water at 800 °C. 
The above-mentioned works and most of those reported 
in literature were focussed on synthesis conditions and the 
behaviour of geopolymer binders from metakaolin and by-
products (fly ash and slag) heated at high temperatures. The 
present investigation focussed on the comparative study of 
the thermal stability up to 800 °C of two prepared geopoly-
mer binders using meta-halloysite from calcined halloysite 
clay and metakaolin from calcined kaolinite clay used as 
solid precursors. Halloysite has a structure very similar 
to that of kaolinite and also belongs to 1:1 dioctahedral 
clay type except that it contains interlayer water contents 
between 0 and 2 molecules  H2O per  Al2Si2O5(OH)4 unit cell 
[27–33]. Several previous works focused on using of meta-
halloysite obtained from calcined halloysite (550–1000 °C) 
as a solid precursor for geopolymer synthesis have revealed 
that the resulting products were amorphous, but depending 
on the conditions synthesis like hardener used [2, 25, 31, 
34–37], calcination and curing temperatures [25, 30, 38]. 
Thus, meta-halloysite-based geopolymer products also pre-
sent high strength and good durability (acidic environment) 
[30, 39] rendering this clayey material as a potential solid 

precursor for engineering applications in the same way as 
metakaolin. The main goal of this research deals with the 
comparative study of the physicochemical composition and 
processing conditions on flexural strength, microstructure 
and heat resistant properties (at temperatures 200–800 °C) of 
geopolymer binders using meta-halloysite and metakaolin. 
To make this comparative study effective, the both resulted 
geopolymer products were characterized using optical 
dilatometry, X-ray diffractometry (XRD), Fourier transform 
infrared spectroscopy (FTIR), environmental scanning elec-
tron microscope (ESEM) as well as determination of physi-
cal properties (flexural strength, thermal shrinkage, water 
absorption and total pore volume). In addition, the thermal 
conductivity of both geopolymer series was evaluated in 
term of heating temperature and interpreted correlating the 
mechanical strength and microstructure changes.

Experimental

Materials

For this study, two 1:1 dioctahedral phyllosilicate/clay type, 
i.e. kaolinite and halloysite, were used. They had been col-
lected from Foumban and Balengou, two localities, respec-
tively, situated in the Western Region of Cameroon. Both 
clay samples were dried in an oven at 105 °C for 48hand 
ground below 80 µm by dry milling. Then, they were cal-
cined at 700 °C, according to previous work [14]. The result-
ing powders were labelled MK for calcined kaolin and MH 
for calcined halloysite.

The commercial sodium silicate solution composed of 
14.37 mass%  Na2O, 29.54 mass%  SiO2 and 56.09 mass% 
 H2O, used in this study was supplied by Ingessil s.r.l., 
Verona, Italy. The sodium hydroxide pellets (98% of purity, 
provided by Sigma-Aldrich S.r.l., Milan, Italy), were added 
to sodium silicate to prepare an alkaline solution with sili-
cate modulus  SiO2/Na2O of 1.45 with  H2O/Na2O ratio of 
10, then stored at room temperature during 24 h before used.

Both meta-halloysite- and metakaolin-based geopoly-
mer binders were prepared by mixing the alkaline solution 
with different powders in a constant liquid/solid mass of 
0.75 in an automatic Hobart mixer for 5 min according to 
previous work [39]. The different geopolymer pastes were 
poured into prismatic moulds (140 mm × 10 mm × 10 mm) 
[40] for 24 h before demoulding. After 28 days curing at 
room temperature, the samples were divided into five groups 
with each group containing five samples of each geopolymer 
series. The first group used as a reference was mechanically 
tested at 28 days without exposure to high temperatures. The 
rest of groups (corresponding to second, third, fourth and 
fifth) were oven dried at 80 °C for 24 h (to avoid an abrupt 
departure of water out matrix which can cause large voids) 
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and then exposed to 200, 400, 600 and 800°Cat 5 °C.min−1 
rate and held at each temperature for 2 h, respectively. The 
synthesized geopolymer products were labelled GPMH25, 
GPMH200, GPMH400, GPMH600 and GPMH800 for 
the specimens made from meta-halloysite and GPMK25, 
GPMK200, GPMK400, GPMK600 and GPMK800 from 
metakaolin, respectively. Table 1 presents the detailed sum-
mary for the synthesis of the geopolymer binders from both 
calcined halloysite and kaolinite.

Method

The flexural strengths of geopolymer binders of both geo-
polymer series were obtained from calcined kaolin and hal-
loysite clays using three-point bending with the  Instron® 
1195 brand compression machine. The value of flexural 
strength was calculated from the average of 5 replicated sam-
ples for each formulation of both geopolymers series. The 
standard deviation is presented by errors bar. The flexural 
strength value of each geopolymer formulation was given 
by Eq. (1) in accordance with ASTM C1161-13 standard.

where σ is the maximum centre tensile stress (MPa), F maxi-
mum load at fracture (N), L is the span, the distance between 
the supports (mm), b the width, and h the thickness of the 
specimen (mm).The apparent density and porosity values of 
geopolymer products were determined according to ASTM 
C20-00 standard [41]. The water absorption, porosity and 
apparent density were determined by Archimedes’ method 
using an electronic balance (Sartorius model 1712001) with 
a sensitivity of 0 ± 0.001 g. Before carrying the test, the sam-
ples were oven cured at 40 °C until constant mass. This 
principle is based on three measures. First, the sample is 
weighed in air  (Wa) and then in liquid  (Wl).  Ww the mass of 
samples after immersion in water. Consequently, the appar-
ent density, water absorption and apparent porosity can be 
calculated by the following equations.

(1)� =
3FL

2bh2

(2)Apparent porosity (%) =
Ww −Wa

Ww −Wl

× 100

(3)
Wa

Ww −Wl

× �(water)

For the FTIR and XRD analyses, the debris from meas-
urements of the mechanical strength of the geopolymers 
processed was finely ground and sieved at 60 µm to obtain 
the powders. For the IR analysis, measurements were made 
in transmission mode on a Thermo Fisher Scientific Nico-
let 380 instrument. To carry out the measurements of each 
formulation, the powders of each formulation were simply 
deposited on the diamond before the acquisitions. The data 
acquisitions were recorded between 4000 and 400 cm−1; the 
number of scans was 64 with a resolution of 4 cm−1. For data 
processing and acquisition, the OMNIC software was used. 
The diffractograms of the raw materials and those of the 
elaborated geopolymers were obtained on a Brucker-AXS 
D 5005 apparatus of the Debye-Scherrer type using Cu Kα 
radiation (λ Kα = 1.54056 Å) and a graphite backside mono-
chromator. The analysis range was between 5 and 70° with 
a step of 0.04 and an acquisition time of 2 s. The crystalline 
phases contained in the raw materials and formed products 
were identified by comparison with the PDF (Powder Dif-
fraction Files) standards from ICDD (International Center 
for Diffraction Data).

Contactless optical dilatometry (ESS MISURA HSM 
ODHT model 1600/80, Expert System, Modena, Italy) meas-
urements were performed on both shaped metakaolin and 
meta-halloysite-based geopolymer binders (5 × 5 × 15 mm3) 
up to 1300 °C. The measurements were conducted under the 
same heating conditions (10 °C  min−1) for all the samples 
according to the findings of Kamseu et al. [16].

Collected pieces of both unheated/heated metakaolin and 
meta-halloysite-based geopolymers obtained from mechani-
cal testing were used for microstructural observation using 
an Environment Scanning Electron Microscope (ESEM, 
Quanta200, FEI). The pieces were first mounted in epoxy 
mould, then polished and coated with carbon prior to SEM 
observation. Analyses were performed with backscatter elec-
tron detector, 15 kV acceleration voltage and about 8 mm 
working distance.

Pieces collected after the three-point bending tests were 
used to prepare specimens for the Mercury Intrusion Poro-
simeter (MIP) (AutoPore IV 9500 V1.09) tests using 1 high-
pressure analysis port (228 MPa maximum pressure) and 2 
low-pressure analysis ports. Each specimen was put in a pene-
trometer with 15 mL sample cup and steam volume of 1.1 mL. 

(4)Water absorption(%) =
Ww −Wa

Wa

× 100

Table 1  Details of geopolymer 
pastes mixture proportions

Source Mixture ID Powder/g Alkaline 
solution/g

Room curing 
(23 ± 3 °C)

Heating at high temperatures

Metakaolin (MK) GPMK 800 600 28 days 200, 400, 600 and 800 °C
Meta-halloysite (MH) GPMH 800 600 28 days 200, 400, 600 and 800 °C
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(The steam volume depends of the penetrometer used for this 
study used one with steam volume 1.1.) The total pore vol-
ume was evaluated using the set-time equilibrium (10 s) mode 
between pressure limits of 345 kPa and 228 MPa covering the 
pore diameter range from approximately 0.0055 to 360 µm.

The measurements of thermal conductivity (λ) of both 
geopolymer GPMHi (i = 25, 200, 600 and 800) and GPMKi 
(i = 25, 200, 600 and 800) series were carried out using a 
transient plane source (TPS) technique operating at room 
temperature and supplied by Hot Disk AB (Sweden). The 
measurements of each formulation were assessed following 
the procedure describes by the findings of Bourret et al. [42].

Results and discussion

Characterization of raw materials

The chemical compositions of both solid precursors used in 
this study are tabulated in Table 2. From Table 2, it is noticed 
that both kaolin and halloysite clays are mainly composed of 
(46.20 and 48.0)  %  SiO2 and (31.30 and 34.0)  %  Al2O3 as 
major oxides, respectively. The presence of iron oxide content 
(8.60%) in raw halloysite justifies the red colour obtained from 
calcined halloysite clay at 700 °C. Besides, the average particle 
size of  d50 was 8.40 and 9.13 µm, respectively, for kaolin and 
halloysite clays.

The infrared spectra of both calcined clays (halloysite and 
kaolinite) are plotted in Fig. 1. The absorption bands appearing 
at 1045 and 1022 cm−1, respectively, in meta-halloysite (MH) 
and metakaolin (MK) are attributed to asymmetric Si–O–Si 
or Si–O–Al bonds stretching, while the ones around 764 and 
784 cm−1 correspond to Al–O or Si–O bending. Finally, the 
last wavenumbers located between 688 and 690 cm−1 are 
linked to Al–O bending [24, 43].

Figure 2a illustrates the X-ray patterns of meta-halloysite 
(MH) and metakaolin (MK), respectively. Both diffractograms 
contain similar phases such as quartz (Q)  (SiO2, PDF #5-349), 
haematite (H)  (Fe2O3, PDF# 13-5) and anatase (An)  (TiO2, 
PDF #4-447) except for illite (il) (K,H3O)(Al,Mg,Fe)2(Si,
Al)4O10[(OH)2,(H2O), PDF # 26-911) that only appears on 
metakaolin diffractogram. The broad diffraction peaks ranged 
between 18° and 35°, 2 theta range in both X-ray patterns 
(Fig. 2a), indicating the formation of amorphous phase after 
calcination of halloysite and kaolinite clays as required for the 
alkaline activation. The photographs of unexposed (25 °C) and 
exposed (200, 400, 600 and 800 °C) geopolymer products from 
both calcined halloysite and kaolinite are presented in Fig. 2b. 

It is noticed that without exposure the geopolymers made with 
meta-halloysite and metakaolin conserved the colour of raw 
material, dark brown and grey, respectively. The geopolymer 
samples using meta-halloysite, heated at high temperatures, 
have seen their colour fading from dark brown to light brown, 
whereas those from metakaolin, the colour is fading from grey 
to orange light (Fig. 2b). This change of colour of geopolymer 
from MK and MH powder is related to the degree of oxida-
tion of irons in the matrix [44, 45]. In addition, the heated 
specimens GPMH600 and GPMH 800 from meta-halloysite 
exhibit some microcracks on their surfaces compared to those 
of GPMK600 and GPMK800 (from metakaolin) that did not 
show microcracks (Fig. 2b). The appearance of these microc-
racks is due to the presence of iron minerals that coloured the 
samples in brown. Thus, the unstable or unreactive iron atoms 
within the meta-halloysite-based geopolymer matrix exposed 
above 400 °C, the equilibrium is interrupted in the geopoly-
mer network. This will favour the formation of microcracks, 
deformation and shrinkage that contributed to slumber the 
mechanical properties [16].

Characterization of end products

Phases evolution of geopolymer products

FTIR spectra (Fig. 3a and b) display the molecular bond 
vibrations of specimens cured at 25 °C and those heated 
at 200, 600 and 800 °C for the both precursors metakaolin 

Table 2  Chemical composition 
of raw materials

Samples SiO2 Al2O3 K2O Na2O Fe2O3 P2O5 TiO2 CaO MgO L.O.I

Halloysite 48.0 31.3 – – 8.60 – 0.31 – – 12.03
Kaolinite 46.20 34.0 0.45 0.2 – 0.03 0.81 0.22 0.20 14.30
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Fig. 1  FTIR spectra of calcined halloysite (MH) and kaolinite (MK) 
clays
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and meta-halloysite, respectively. The shift of larger peaks 
from 1014 to 968 cm−1 and from 1049 to 979 cm−1 belong-
ing to asymmetric Si–O-Si and/or Al–O–Si stretching for 
the geopolymer products (GPs) MK and MH, respectively, 

is evidenced of geopolymerization of Al and Si species 
from meta-halloysite and metakaolin in alkaline solution 
[31, 46–50]. The Al(IV) absorption band, typically posi-
tioned at around 800 cm−1, superimposed to that attributed 
to quartz at 798 cm−1 [51], appears in Fig. 3a broad band 
with maxima at 775 and 779 cm−1 for the MK and MH, 
respectively, is not existing in the geopolymer samples. 
In the geopolymers spectra, we can individuate the small 
sharp peak at about 780 cm−1 attributed to residual quartz 
in a broader peak shifted to lower wavenumbers around 
730 cm−1. In previous studies, the numerous signals of the 
spectral region 800–550 cm−1ascribed to Secondary Build-
ing Units (SBUs), units made of joined  SiO4 and  AlO4 tet-
rahedral, forming variously membered rings [48]. These 
bands are another fingerprint of a geopolymer structure 
and seem not to be affected by temperature in the case of 
GPMH series, while the GPMK series shows more evident 
modification with thermal treatments. In particular, two 
bands at 779 and 696 cm−1 (all GPMH specimens) could be 
assigned to asymmetric stretching in Si–O–Al bonds [48]. 
The less important bands appearing in both infrared spec-
tra in the range of 3345–3386 cm−1 and 1629–1656 cm−1 
(Fig. 3a); 3386–3402 cm−1 and 1622–1648 cm−1 (Fig. 3b) 
are linked to the stretching and bending vibrations of O–H 
bond belonging to water molecules. These bands diminished 
with increase in heating from 25 to 800 °C indicating the 
release of water out of the geopolymer matrix. The last one 
located between 1388 and 1390 cm−1 (detected on samples 
GPMK25, GPMK200, GPMH25 and GPMH200) is assigned 
to vibration modes of carbonate  CO3

2−, providing from the 
reaction between free sodium and  CO2 of atmosphere [19, 
52, 53].

The XRD patterns of unexposed metakaolin (GPMK25)- 
and meta-halloysite (GPMH25)-based geopolymers as well 
as 200, 400, 600 and 800 °C exposed samples (GPMK200, 
GPMK600 and GPMK800; GPMH200, GPMH600 and 
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GPMH800) are shown in Fig. 4a and b, respectively, for 
GPMK and GPMH series. These figures exhibited the pres-
ence of few crystalline phases such as illite, haematite, 
quartz and anatase already existing in metakaolin and meta-
halloysite X-ray diffractograms. This indicates that these 
minerals did not likely take part in geopolymerization reac-
tion and also the heating of geopolymer products made from 
metakaolin and meta-halloysite up to 800 °C did not lead to 
the new formed crystalline mineral phases. This result quite 
matches with those of Elimbi et al. [12], Tchakoute et al. 
[10], Rahier et al. [54] and Rashad et al. [13]. Contrary to the 
works of Barbosa et al. [55], Sabbatini et al. [56] and Bewa 
et al. [1] focused on sintered metakaolin-based geopolymers 
up to 800 °C using different activators. These authors found 
the formation of nepheline and phosphor-cristobalite in the 
X-ray pattern of geopolymers. They attributed their presence 
respectively, to the important amount of Na and Si and poly-
morphic transformation of mineral berlinite into geopoly-
mer structure. However, the hump peaks belonging to the 
amorphous seem slightly altered with increasing tempera-
ture from room temperature to 800 °C. This likely suggests 
the reduction or denaturation of geopolymer binder phase, 
leading to the reduction of the mechanical strengths of the 
resulting products exposed between 200 and 800 °C [12]. 
Elimbi et al. [12] showed that when the geopolymer samples 
were heated at high temperatures, it is noticed the decrease 
in halo peak that affects the strength development. Elimbi 
et al. [14] showed that when the geopolymer samples were 
heated at high temperatures, it is noticed the decrease in halo 
peak that affect the strength development. Further analysis 
such as Rietveld refinement analysis needs to be conducted 
to quantify exactly the amount of amorphous phase in both 
geopolymer binder series. From 25 to 800 °C, it is observed 
the reduction in reflection peak of muscovite contained on 

GPMK samples (Fig. 4a), compared to that of GPMH series. 
This reduction is attributed to dehydroxylation of muscovite 
and illite which begins at 650 °C as reported by Mazzucato 
et al. [57] and Gridi-Bennadji et al. [58]. The beginning 
dehydroxylation of muscovite could be justified the non-
appearance of cracks and fissures or cracks as seen on the 
micrographs of GPMH series as indicated in Sect. 3.5. Thus, 
the disorder provided from dehydroxylation of muscovite 
seems to make the matrix of heated samples GPMK series 
stronger than GPMH series.

Dilatometry and thermal conductivity

Figure 5 shows the sintering behaviour of geopolymers 
GPMK25, GPMK600, GPMH25 and GPMH600 as col-
lected during heating by the optical dilatometry from 25 to 
1200 °C. It can be observed that both samples display very 
comparable features of thermal shrinkage up to 1000 °C. The 
GPMK25 and GPMH25 samples exhibited no dimensional 
change up to 180 °C. From 180 to 380–400 °C, it is noticed 
a progressive dehydroxylation that allowed the shrinkage of 
GPMK25 and GPMH25 maintained below 2%, in particular 
the shrinkage was 2.01 and 2.3%, respectively, GPMK25 
and GPMH25. These values remained constant up to 800 
and 814 °C, for GPMH25 and GPMK25. The pre-heated 
samples GPMK600 and GPMH600 specimens exhibited a 
lower shrinkage around 1%, corresponding to physisorbed 
water at room temperature before heating. These latter sam-
ples remained with stable dimensions up to 812 °C. Simi-
lar trend was observed in literature by Duxson et al. [7], 
Kamseu et al. [16] and Provis et al. [22] between 200 and 
600 °C. For these authors, the constant rate of shrinkage in 
this interval of temperature is related to the physical con-
traction of geopolymer binder. This is accompanied by the 
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release of water molecules from dehydroxylation of polycon-
densation of silanol and aluminol oligomers to form network 
S–O-T(Al) tetrahedral linkage. From Fig. 5, it is not clearly 
possible to exactly identify the high-temperature expansion 
peak in each sample, corresponding to the presence of a 

high-silica gel phase within the geopolymer binder [23]. 
This is mostly explained by the second derivative curves 
plotted in Fig. 6a–d. From Fig. 6, the expansion is presented 
as a small peak between 945 and 1000 °C in all the four 
studied samples. Such specific high-silica gel expansion 
phenomenon is concurrent to thermal shrinkage due to the 
collapse of the structure in terms of densification in pres-
ence of liquid phase [16, 22, 55] that accounts for an over-
all shrinkage of about 14–16%. The highest shrinkages are 
recorded on geopolymer samples GPMH25 and GPMK25 
(cured at room temperature and used as references) com-
pared to GMPH600 and GPMK600. The difference is due 
by the fact that the latter samples were pre-heated at 600 °C 
before carried their dilatometry analysis, thus these samples 
would not much be affected during the dilatometry analysis. 
The thermal shrinkages recorded on both geopolymer sam-
ples, when applying dilatometry analysis, are almost similar 
to those obtained by Kovárˇík et al. [59] and Tiffo et al. [60] 
based on pure metakaolin- and kaolin-based geopolymers 
without reinforcement, respectively. To reduce the shrink-
age and microcracks, secondary materials were added fill-
ers sand, alumina powder, etc., leading to the formation of 
strong matrix [13, 59, 61].
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The thermal conductivity (λ) values recorded in both geo-
polymer series are shown in Table 3. From this table, it is 
obvious that the thermal conductivity values of unheated 
samples used as references were 0.78 and 0.96  Wm−1K−1 
for GPMH and GPMK specimens. After heating at 800 °C, 
these values significantly decreased to 0.19 and 0.26 
 Wm−1K−1, respectively, for GPMH and GPMK geopoly-
mer samples. The high decrease in thermal conductivity is 
observed when both geopolymer series were heated between 
200 and 800 °C. This drastically reduction in thermal con-
ductivity in that interval could be explained by the appear-
ance of voids and crack linked to the destruction of amor-
phous geopolymer binder responsible for the good cohesion 
between different components in geopolymer matrix. Hence, 
this could affect the bulk density geopolymer samples that 
became lighter due to less dense structure. The comparable 
tendency was noticed by Sellami et al. [62] who concluded 
that the decrease in thermal conductivity of geopolymers 
heated at high temperatures is linked directly proportional 
to the density of the bulk samples. In similar vein, Kamseu 
et al. [63, 64], Fongang et al. [65] and Novais et al. [66] also 
showed that the level of porosity in geopolymer matrix might 
control the thermal conductivity as well as the mechanical 
performances. However, the high values observed for GPMK 
geopolymer series could be related to good cohesion among 
different particles within the geopolymer matrix that allowed 
a better heat diffusion through the system.

Flexural strength

The flexural strength behaviour of the MK and MH geo-
polymers subjected to high temperatures are illustrated in 
Fig. 7. Without exposure to 200 and 800 °C, the flexural 
strengths used as references (i.e. at 25 °C, after 28 days cur-
ing) were 18.10 ± 1.06 and 21.74 ± 1.20 MPa for GPMH25 
and GPMK25 geopolymers, respectively. In term of mechan-
ical performance, a little difference is observed, this could 

be explained by the impurity within halloysite clay, like 
haematite, responsible for the red colour exhibited by MH-
based geopolymers compared to MK ones which are whiter. 
This iron mineral  (Fe2O3) provides  Fe3+ in alkaline solution 
that can precipitate fast with  HO− to form iron hydroxide 
(Fe(OH)3) [67] either as isolated ions or as oxyhydroxide 
aggregates. These mixed oxyhydroxides do not react with 
the starting geopolymer components [20] and can reduce the 
extension of geopolymer gel within matrix. In addition, such 
iron-based reactivity could explain the presence of voids 
or fissures within the matrix, leading to the reduction of 
mechanical performance. Above 200 °C, it is noted the dras-
tic decrease in flexural strength in both series: for the GPMK 
and GPMH-based geopolymer series, the strengths were 
20.23 ± 1.01, 15.63 ± 0.78, 8.2 ± 0.30 and 6.7 ± 0.23 MPa; 
16.70 ± 1.03, 12.30 ± 0.81, 6.20 ± 0.32 and 4.63 ± 0.24 MPa, 
respectively, at 200, 400, 600 and 800 °C for 2 h. This 

Table 3  Thermal conductivity, 
porosity, apparent density and 
bulk density of geopolymer 
specimens

Samples Porosity/% Apparent 
density/g cm−3

Bulk density/g cm−3 Thermal  
conductivity/ 
W m−1 K−1

GPMK25 32.83 ± 1.51 2.20 ± 0.20 1.43 ± 0.07 0.96 ± 0.02
GPMK200 32.03 ± 1.03 2.23 ± 0.21 1.50 ± 0.05 0.75 ± 0.02
GPMK400 33.21 ± 1.73 2.26 ± 0.32 1.53 ± 0.08 0.45 ± 0.02
GPMK600 36.32 ± 2.20 2.32 ± 0.50 1.47 ± 0.06 0.32 ± 0.02
GPMK800 34.60 ± 2.01 2.40 ± 0.12 1.57 ± 0.08 0.26 ± 0.02
GPMH25 32.01 ± 1.72 2.16 ± 0.11 1.47 ± 0.04 0.78 ± 0.02
GPMH200 31.11 ± 1.81 2.20 ± 0.32 1.48 ± 0.05 0.64 ± 0.02
GPMH400 34.20 ± 2.13 2.26 ± 0.20 1.52 ± 0.06 0.43 ± 0.02
GPMH600 34.40 ± 2.23 2.29 ± 0.12 1.51 ± 0.05 0.30 ± 0.02
GPMH800 33.50 ± 2.20 2.34 ± 0.15 1.55 ± 0.07 0.19 ± 0.02
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drastic reduction is due to the loss of water chemically 
bonded to geopolymer gel structure (N-A-S–H), resulting 
in the appearance of the microfissures, pores or cracks on 
the SEM micrographs of samples heated at 600 and 800 °C 
(see SEM observations paragraph). The trend of mechani-
cal properties obtained in this study quite matches with the 
observations of Elimbi et al. [12] and Bewa et al. [1] which 
investigated the thermal behaviour of metakaolin-based geo-
polymer consolidated, respectively, with alkaline solution 
and phosphoric acid after subjected to high temperatures, 
respectively. These authors stated an important strength loss 
between 400 and 800 °C which is likely linked to depar-
ture of hydroxyl groups −OH from the geopolymer network. 
Although the decline in performances of both geopolymers 
exposed at high temperatures, the flexural strengths of 
exposed MK- and MH-based geopolymer binders are still 
higher when compared to Portland cements reported by 
Mendes et al. [68] and Martin et al. [69] at the same condi-
tions. Hence, the comparison of the obtained performances 
in this study with respect to conventional Portland cement 
shows that the resulting MK and MH-based geopolymers 
remain valuable materials that are still mechanically resist-
ant after their exposure at elevated temperatures.

Microstructure

The SEM images describing the internal structure of 
unheated (GPMK25 and GPMH25 samples) and heated 
geopolymers (GPMK200, GPMK600 and GPMK800; 
GPMH200, GPMH600 and GPMH800 specimens) are 
shown in Figs. 8 and 9, respectively. In Fig. 8a, the micro-
graphs of GPMK25 are compact and very homogeneous 
justifying the highest gained strength compared to micro-
graphs of GPMH25 which appeared less dense and hetero-
geneous with the presence of voids and fissures (Fig. 9a). 
For these samples cured at room temperature, the difference 
noticed might be clarified by the amount of reactive phase 
in both solid precursors, during their dissolution in alka-
line solution resulting in high polycondensation, leading to 
high strength. On the other hand, these fissures would also 
result from water release (occupying the cavity) during the 
drying of samples with time or by lower bonding strength 
between different particles in the matrix of GPMH25 sample 
(Fig. 9a). Therefore, the pronounced formation of voids and 
fissures within the matrix of GPMH25 geopolymer sample 
could have contributed to the inhibition of strength devel-
opment (18.10 ± 1.06 MPa). Even the mechanical proper-
ties are not far distanced. After heating, the micrographs of 
both geopolymer GPMH and GPMK series became most 
porous, less dense structure with increase in heating tem-
perature from 200 to 800 °C. After exposure to elevated 

temperatures, i.e. at 600 (Figs. 8b and 9b) and 800  °C 
(Figs. 8c and 9c), the sintering effect on micrographs of both 
specimens GPMK600 and GPMH600 showing the appear-
ance of micropores is observed. These pores could be pro-
vided by the loss of structural or chemically bound water 
belonging to geopolymer network. Once more, GPMK600 
remains more compact compared to GPMH600. Despite the 
previously described differences, the decrease in the flex-
ural strength values after heating between 200 and 600 °C 
was very similar in both geopolymer series, indicating their 
good cohesion and packing particles effect in the matrix. At 
800 °C, GPMH800 appears more deteriorated and porous, 
whereas GPMK800 sample exhibited minor pores result-
ing in progressive destruction of amorphous geopolymer 
binder network leading by poor adhesion between binding 
phase and other particles (responsible to the high flexural 
strength obtained from unexposed samples GPMK25 and 
GPMH25) by increasing the heating temperature resulting in 
remarkable drop in flexural strength. The trend of mechani-
cal strength (see above) against heating temperature is in 
agreement with microstructural evolution and well explains 
the flexural strength development obtained on both geopoly-
mer GPMHi (i = 25, 200, 600 and 800) and GPMKi (i = 25, 
200, 600 and 800) series.

Porosity, apparent density and bulk density

The porosity data recorded on both geopolymer series 
ranged between 32.34–34.40% and 32.83–36.32%, respec-
tively, for GPMHi (i = 25, 200, 600 and 800) and GPMKi 
(i = 25, 200, 600 and 800) series (Table 2). From Table 2, 
the porosity increased with increase in heating tempera-
ture from 32.01 ± 1.51 to 34.40 ± 2.01% and 32.83 ± 1.72 
to 36.32 ± 2.20% up to 600 °C, respectively, for GPMHi 
(i = 25, 200, 600 and 800) and GPMKi (i = 25, 200, 600 
and 800) series. This increase in porosity could be due to 
voids and pores formation from thermal heating that could 
retain water molecules once the specimens are immersed. 
At 800 °C, it decreased from 34.40 ± 2.01 to 33.50 ± 1.43% 
and 36.32 ± 2.20 to 34.60 ± 1.82%, respectively. The reduc-
tion in porosity at 800 °C clearly explains the beginning of 
sintering effect, leading to limited formation of voids to fix 
an important content of water within the matrix although 
their porous nature. The reverse effect was observed on 
bulk and apparent densities. The bulk density of both geo-
polymer series increased with rise in heating temperature 
(25 to 800  °C) from 1.47 ± 0.07 to 1.55 ± 0.08  g  cm−3 
and 1.43 ± 0.07 to 1.57 ± 0.09 g  cm−3, respectively, for 
GPMHi (i = 25, 200, 600 and 800) and GPMKi (i = 25, 
200, 600 and 800) specimens. Similar trend was observed 
on apparent density determination using MIP analysis 
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(see next paragraph 3.7). The values weakly increased 
and ranged between 2.16 ± 0.20–2.35 ± 0.12 g cm−3 and 
2.20 ± 0.11–2.40 ± 0.15 g cm−3, respectively. The slight 
increase in both latter parameters could be either due to 
packing particles effect which positively affected the densi-
fication making the samples exposed at higher temperatures 
a bit heavy.

Mercury intrusion porosimetry

Figure 10a and b depicts the cumulative intrusion against 
pore size diameter in function of heating temperature. The 
cumulative intrusion data recorded in both geopolymer 

series increased with increase in heating temperature from 
25 to 600 °C. They ranged between 0.21–0.23 mL g−1 and 
0.22–0.25 mL g−1, respectively, for GPMHi (i = 25, 200, 
600 and 800) and GPMKi (i = 25, 200, 600 and 800) speci-
mens. After exposure to 800 °C, these values decreased 
from 0.23 to 0.22 mL g−1 and 0.25 to 0.21 mL g−1, respec-
tively. The increase in cumulative intrusion could be 
linked to the degradation of geopolymer network caused 
by the appearance of microcracks and pores that affected 
the mechanical strength evolution as compared to that of 
unheated GPMH25 and GPMK25 samples used as refer-
ences. However, the decrease in cumulative intrusion in 
both geopolymer series exposed at 800 °C might be due to 

Fig. 8  SEM images of geopoly-
mer GPMH25 (a), GPMH600 
(b) and GPMH800 (c) speci-
mens

cracks cracks

cracks
cracks
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the beginning of sintering effect accompanied with small 
densification which seems to limit the propagation of mac-
rovoids within the matrix justifying the lower reduction in 
flexural strength of both samples heated between 600 and 
800 °C as evidenced in Figs. 7, 8c and 9c. This trend is in 
line with the microstructural evolution against with heat-
ing temperature from SEM analysis. The pore sizes distri-
bution of resulting geopolymer products using MIP analy-
sis is reported in Fig. 11a and b for the unheated GPMH25 
and GPMK25 geopolymer samples; it ranged between 
0.007–0.021  µm and 0.006–0.030  µm, respectively. 

After heating from 200 to 600 °C, the threshold of pores 
slightly enlarged from 0.010 to 0.032 µm for GPMH200 
and GPMH600 samples, 0.009 to 0.021 µm for GPMK200 
and 0.007 to 0.095 µm for GPMK600. This trend con-
firms the modification occurring in geopolymer structure 
when they are heated at high temperatures. At 800 °C, the 
threshold of pores size is more pronounced and ranged 
between 0.005–0.032 µm and 0.006–0.077 µm, respec-
tively, for GPMH800 and GPMK800 geopolymer speci-
mens. This suggests the important changes that occurred in 
their structures, leading to the weak obtained mechanical 

cracks

pores

pores

pores
pores

pores

(c)

Fig. 8  (continued)
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performances compared to other specimens. Meanwhile, 
it is possible that the samples treated at 800 °C are weak 
or “soft” with respect to other treated at lower tempera-
tures (25, 200 and 600 °C); in this case, the MIP measure 
performed at high pressures could provoke a possible pore 
structure compaction and likely resulted a lower porosity 
value gained on these samples. Hence, this could limit the 
propagation of macrovoids or fissures within the matrix 
although their porous nature. Figure 12a and b exhibits the 
cumulative pore area data of different geopolymer sam-
ples. It is noticed that the cumulative pore area decreased 
from 60.92 to 28.80 m2  g−1 62.83 to 41.43 m2  g−1 with rise 

of heating temperature from 25 to 800 °C, respectively, 
for GPMKi (i = 25, 200, 600 and 800) and GPMHi (i = 25, 
200, 600 and 800) series. From these obtained results, it 
could be concluded that the increase in heating tempera-
ture seems to control both the pore size distribution and 
volume in all studied geopolymer samples.

Permeability and tortuosity prediction based on MIP results 
theory based on Carniglia paper

Tortuosity factor was calculated considering non-intersect-
ing cylindrical pores, by the following equation [70]:

Fig. 9  SEM images of geopoly-
mer GPMK25 (a), GPMK600 
(b) and GPMK800 (c) speci-
mens

Dense matrix
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Dense matrix

voids

pores
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where Vtot is the total pore volume  (cm3  g−1), and ρbulk is 
the bulk density of sample (g cm−3) conditions that must be 
fulfilled: 0.05 ≤ Vtot.ρbulk ≤ 0.95.

This correlation is limited to τ values of raging from 1 
to 2.2.

The values obtained are raging between 1.82 and 1.87 
(Table 2). From Table 3, it is noticed that the tortuos-
ity factor decreased from 1.86 to 1.82 and 1.87 to 1.84 
with increase in heating temperature from 25 to 600 °C, 

T = 2.23 − 1.13Vtot.�bulk
respectively, for GMKi (i = 25, 200 and 600) and GMHi 
(i = 25, 200 and 400) specimens. Afterwards, it increased 
and reached 1.84 and 1.85 at 800 °C, respectively. It is also 
noticed that the trend of tortuosity was similar to that of 
porosity in all geopolymer samples, suggesting that both 
parameters are linked. Thus, increase in heating tempera-
ture from 25 to 800 °C allowed the increase in tortuosity 
and porosity resulting in limited resistance to diffusion in 
samples with high porosity. This could limit their use as 
membrane filtration for waste treatment where high resist-
ance to diffusion is required.
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Fig. 9  (continued)
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Conclusions

The present project deals with the comparative study of both 
geopolymer binders made of metakaolin and meta-halloysite 
in terms of mechanical and microstructural performances. 
After exposure at high temperatures, the results revealed 
that both geopolymer series exhibited similar behaviour. 
From 25 to 800 °C, the progressive microstructural degra-
dation is linked to the reduction in mechanical strength and 
thermal conductivity of both geopolymer series. The high 
performances of MK-based geopolymer series compared to 
that of MH are due to the dehydroxylation of muscovite 
which contributed to the densification the structure. The 
slight decrease in cumulative intrusion recorded from MIP 
data in both geopolymer heated at 800 °C could be either 
due to packing particles effect or sintering beginning that 
have positively affected the densification making the sam-
ples exposed at this temperature a bit denser. The expansion 
peaks between 950–1000 °C recorded on dilatometry data 
quite match strongly with strength development related to 
destruction of binding phase that allowed this expansion 
at high temperatures; the total shrinkage ranged 12–14% 
related to lower extent of crosslinking in binding phase. Both 
geopolymer products are suitable for thermal applications 
up to 1000 °C. The obtained excellent properties with both 
geopolymer series suggest the possibility to design good 
refractory matrixes through geopolymerization.
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