
Vanitha et al. J Mater. Sci: Mater Eng.           (2024) 19:32  
https://doi.org/10.1186/s40712-024-00176-6

ORIGINAL PAPER Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Journal of Materials Science:
Materials in Engineering

Expounding the application of nano 
and micro silica as a complementary additive 
in metakaolin phosphate geopolymer 
for ceramic applications—micro and nanoscale 
structural investigation
N. Vanitha1, Rithikaa Thanigaiselvan1, M. Manivannan1, R. Jeyalakshmi1*, S. N. Megha2 and M. Kesavan3 

Abstract 

Metakaolin phosphate geopolymers comprising poly-phospho-siloxo units are known for their structural perfor-
mance, additionally advancing their microstructure with the transformation of crystalline berlinite phases at elevated 
temperatures. The intrinsic reaction of Al of metakaolin in the acid exploited, but the reaction of secondary silica 
phases is limitedly known. Metakaolin as a primary precursor (M) with the addition of 2% and 5% of nano silica 
(MS2 and MS5) and micro silica (MM2 and MM5) cast using 8-M phosphoric acid was cured at 80 °C. To enhance 
the utilization of geopolymer in any high-temperature applications, the structural transformations were studied 
after heating to various temperatures (200, 400, 600 and 800 °C) by XRD, Raman, TGA-DTA, SEM, XPS, FTIR and MAS-
NMR. Sample M attained a strength of 46.2 MPa enhanced to 63.6 MPa in MS5 and 54.2 MPa in MM5. This can be 
ascribed from the transformation of Si–O–Al–O–Si into Si–O–Al–O–P from Raman bands. Comparing the chemical 
shift of Al (IV) to control, micro silica addition shifts the signal to a lower field (53 to 50 ppm) related to the increase 
of the number of Al-connected Si to give a tougher network. Nanoindentation is visualized from hardness and elastic-
ity, and the corresponding values are 1.4 to 2.1 GPa and 0.8 to 1.4 GPa for loads ranging from 20 to 100 mN in silica-
reinforced samples that are much higher than M. The micro and macro hardness is due to the reinforcement of quartz 
in micro silica around the gel. TGA-DTA showed that the reduction of mass loss is as high as 25.4% in control whereas 
17.2% in MS5 and 15.8% in the MM5. Further, shrinkage rate in MS5 and MM5 was as low as − 1.1% and − 0.8% 
throughout the temperature range from 25 to 1000 °C and thus provides the way of use of nano and micro form 
of silica for better thermal resistance.
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Graphical Abstract

Introduction
Phospho-geopolymers or silico-aluminophosphate (SAP) 
cement is fabricated from aluminosilicate feedstock by 
the addition of phosphoric acid and cured at slightly 
elevated temperatures. The hardened geopolymers are 
composed of poly(phospho-siloxo) (Si–O–P–O–Si–O) 
units, 3D networks of [Si–O–P] and  AlPO4, which are 
connected by covalent bonds (Davidovits 2008; Cao 
et al. 2005). Unlike the sodium or potassium alumina sili-
cate network in alkali-activated materials, the phospho-
siloxo condensed product does not contain any network 
modifier (alkali cations). The reaction steps described in 
past research works are acceptable and prescribed mech-
anistic steps as dissolution of the aluminosilicate source 
materials in phosphoric acid, followed by the reaction 
of leached  Al3+ ions with phosphate units to form the 
 AlPO4phase (Perera et  al. 2008). The formation of Si–
O–P bonds by partial replacement of Al by P, along with 
crystalline polymorphs of aluminium phosphate, has also 
been reported (Tchakouté and Rüscher 2017). The degree 
of reaction and the formed product slightly vary accord-
ing to the reaction conditions.

Regarding the study of phosphate-based geopolymers 
under thermal treatment, the corresponding research 
studies are mostly restricted to metakaolin. Most of the 
thermal properties in the phospho-based network in lieu 
of alkaline ones are the thermal stability of aluminium 
phosphate, whereas alkali silicate melts at low tempera-
tures owing to the presence of alkaline melting cations 
(Katsiki 2019; Wang et al. 2019; Zribi and Baklouti 2021). 
The most significant factor attributed to their exceptional 

thermal resistance is the phase changes of silico-alumi-
nophosphate at different temperature regimes. The use of 
the acidic medium in the formation of macromolecular 
poly-siloxo chains is mainly described as SAP gel having 
Si–O–P–O–Al–Si networks (Khabbouchi et  al. 2017). 
In addition to this, crystalline aluminium phosphate in 
berlinite forms is responsible for mechanical perfor-
mance (Mathivet et  al.  2019). Celerier et  al. explained 
that phosphate-based geopolymers exhibit good thermal 
stability with no sign of melting up to the temperature of 
1550 °C. Thus investigates the fire resistanceof the matrix 
at 1000 °C for 4 h with a heating/cooling rate of 5 °C/min 
whereas the matrix does not melt or is totally destroyed 
and proves the thermal stability of this kind of phosphate 
geopolymer matrix in such high temperature (Celerier 
et  al. 2019;  2018). Our previous works on metakaolin-
based phosphate networks focussed on the microstruc-
tural assessment before and after thermal treatment 
(Vanitha and Jeyalakshmi 2023).

Douiri et al. examined the dielectric and thermal per-
formance of phosphoric acid metakaolin-based geo-
polymers as a function of the amount of  H3PO4added to 
metakaolin. Thermal stability with no sign of melting up 
to 1550 °C was found (Douiri et al. 2014). Celerier et al. 
and M. Sellami et al. reported on the matrix’s low dielec-
tric nature in addition to its structural and thermal prop-
erties (Celerier et  al. 2019;  2018; Sellami et  al. 2019). Y. 
He et al. developed the matrix using  Al2O3–2SiO2powder 
hardened by curing at a slightly elevated temperature and 
studied the phase evolution upon heat treatment (He 
et al. 2016). Scanning throughout the literature, multiple 
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works focussed on the thermal behaviour of phosphate-
based geopolymers were found, and a few important 
results are presented in Fig.1.

Some of the ongoing efforts to enhance the proper-
ties and performance of geopolymer cement involved in 
the variation of Si/Al, Al/P, curing temperature, method 
of curing, addition of active ingredients, etc. (Zribi 
et al. 2020). One of the best options is the integration of 
nano additives into these bulk geopolymers due to their 

excellent reactivity, enhancing physicochemical proper-
ties and suitability as reinforcement materials (Gowda 
et  al. 2017; Heikal et  al.  2015; Shaikh and Supit  2014; 
Senff et  al. 2009). The addition of microscale reinforce-
ments in the form of fibres or particles in the geopoly-
meric network has attracted the attention of material 
researchers because it has been shown to improve the 
toughness and strength and reduce crack width and 
shrinkage (Nochaiya et  al. 2010). Among all the tested 

Fig. 1 Literature review based on thermal properties of phosphate geopolymers
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particles in cement-based composites, micro-sized addi-
tives, which are chemically reactive under geopolymeri-
zation, have drawn more attention. The addition of small 
quantities of micro/nano additives can enhance mechani-
cal performance, thermal resistance, aggressive chemi-
cal resistance and lower shrinkage (Dutta et  al. 2010; 
Demirel and Kelestemur 2010; Ping Duan et  al. 2017). 
The expanded application of such composites advances 
the performance of building materials, such as self-sens-
ing capability, self-healing behaviour, self-cleaning fea-
tures and low electrical resistivity (Wongkeo et al. 2014; 
Farahani et al. 2015; Lilkov et al. 2014; Singh et al. 2015).

With reference to reported studies on the potential 
applications of reactive chemical additives, either silica-
based or alumino sources are very limited in metakaolin 
phospho-cement (Vanitha et al. 2022). This is because the 
dissolution of silica in acid mainly depends upon the Al/P 
ratio, and well disintegration of aluminosilicate in acidic 
pH dominates to form aluminium phosphate. Thus, bal-
ancing the reactive and soluble Si or Al from the source 
materials is quite difficult because of the concurrent dis-
solution of these in the initial stage to form mainly sil-
ico-aluminophosphate gel and aluminium phosphate 
crystals. Unlike alkali aluminosilicate cement, the effect 
of soluble silica in the network formation under phos-
phoric acid is not clearly understood.

In our earlier work (Vanitha and Jeyalakshmi 2023; 
Vanitha et  al. 2022), the effect of nano silica was stud-
ied, and the secondary reaction product was estab-
lished with a more amorphous matrix, established from 
a broad amorphous halo in XRD reflections between 18 
and 32° (2θ) and lower value of the atomic percent of P 
from EDS results. From NMR data, silicious growth and 
enhancing the octahedral Al environment without alter-
ing the other tetrahedral Al are confirmed. The role of 
nano silica is assumed to be the transformation of disag-
gregated Si–OH group under low pH into Si–OH2+ and 
then to Si–O–Si+. It is also to be known that acid disin-
tegrates aluminosilicate bonds into Si–O–Si and Si–O–
Al, and donor pair of electrons in the oxygen atom take 
part in establishing a bond with the  H+ ion released by 
the acid, which leads to the formation of (Si)–OH+–(Al) 
units. Owing to the deficiency in the electron density on 
the oxygen atom, the breaking of this bond releases  Al3+ 
ions and Si–OH. As a consequence, Si–O–Si–O–P and 
an amorphous network of Si–O–Si units are formed with 
the identified features of crystalline phases of aluminium 
phosphate.

In view of the above, the present work focuses on the 
comparison between nano- and micro-sized active silica 
as a supplementary material for geopolymerization under 
an acidic medium. Micro form of silica helps to improve 
geopolymer concrete in an alkali medium through either 

the pozzolan effect or the filling effect (Mustakim et  al. 
2021). Silica addition with the free lime throughout the 
hydration forms C–S–H gel which supplies strength, 
impermeability and sturdiness to concrete (Autef 
et al. 2012). Despite their pozzolanic effect, the strength 
improvement proved in alkali-activated metakaolin 
(Bezerra et al. 2023), fly ash (Sivasakthi et al. 2018) and 
GGBS (Saad et al. 1996; Preethi et al. 2020; Krishna Rao 
et al. 2020; Okoye et al. 2016) in which the Si:Al ratio sig-
nificantly altered. Published reports indicate their effect 
on the microstructural properties and guarantee the 
change of material behaviour to a greater extent in alkali-
activated geopolymeric type, but there is no such study 
on phosphoric-based ones. To fully realize the potential 
of phosphate-based geopolymer as an innovative mate-
rial, it is necessary to address the challenges. In view of 
the above, this research programme aims to investigate 
the microstructural aspects of phosphate-based geopoly-
mers reinforced with micro silica as an additive and their 
thermal stability.

Research methodology
Materials used and mixed constituents
Commercially, metakaolin powder and micro silica were 
obtained from M/s 20 µm limited and M/S Astra Chemi-
cals. MK raw material consists of 52% of oxides of silica 
and 42% of alumina with less than 2% of CaO. The spe-
cific gravity is 2.52 and the bulk density 340  kg/m3. 
Orthophosphoric acid (AR grade 85%) was used as an 
activator solution and was purchased from M/s South-
ern India Scientific Corporation. Micro silica and nano 
silica consist mostly of oxide of silica in 99% powdery 
form. The material mix proportions were optimized after 
analysing the chemical compositions of the raw materi-
als. XRF: energy-dispersive X-ray fluorescence (EDXRF), 
720 Shimadzu, Japan, was used to identify the chemical 
components present in the form of oxides. The results are 
presented in Table 1.

Fabrication of the geopolymer samples
To make the geopolymer, metakaolin was chosen as a pri-
mary binder (M), and nano (MS) and micro silica (MM) 
were added additionally in the optimized proportions of 
2% (MS2, MM2) and 5% (MS5, MM5). As an acid solu-
tion, phosphoric acid 8 molarity has been employed for 
excitation and also to keep the workability. The control 
sample (M) and silica admixed specimens were cast 
by mixing the ingredients in the digi mortar mixer for 
10  min followed by the addition of acid solution in a 
liquid/solid ratio of 0.9 to 1.0. The prepared slurry was 
poured into a 50-mm cube and was vibrated for 5 min to 
remove trapped air in between the slurry. The resulting 
material was wrapped in a polythene sheet to allow the 
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reaction to be completed. The sealed geopolymer matrix 
was kept at room temperature for 24  h and then cured 
in a laboratory oven for 8  h at 80  °C to accelerate the 
polycondensation reaction. Then the cured geopolymer 
matrix was maintained under ambient temperature for 
28  days before testing. The compressive strength of the 
paste specimens was determined using a digital compres-
sive machine following the ASTM C39-20 standard. An 
average strength of five specimens has been considered.

Microstructure investigation
The X-ray diffraction (XRD) pattern was collected using 
a Philips diffractometer model X′Pert using Cu-Kα 
radiation by scanning from 10 to 80° (2θ) at a scanning 
speed of 2°/min and at a step size of 0.02°. The particle 
size and particle charge were determined, employing 
nanoPartica SZ-100V2 Series. Attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-
FTIR) spectral study was conducted to study the nature 
of the fingerprint region and functional group present 
in the sample using a Shimadzu, IRTracer 100 spectro-
photometer with a diamond prism. Absorbance spectra 
were collected from 4000 to 400   cm−1 at a resolution 
of 2   cm−1 and a scanning speed of 5 kHz with 32 scans. 
Data evaluation and spectra simulation were performed 
with OPUS software from Bruker. Magic angle spin-
ning nuclear magnetic (MAS-NMR) spectra of 29Si, 27Al 
and 31P nuclei were recorded using the ECX-400-JEOL 
400-MHz High-Resolution Multinuclear FT-NMR spec-
trometer for solids with a field strength of 9.389766  T 
(400  MHz). MAS-NMR deconvolution was performed 
with the Gaussian function. Nuclear magnetic reso-
nances (MAS-NMR) measuring 29Si magic angle spin-
ning (MAS 0  ppm) were performed using TMS as the 
standard. A pulse width of 2.2 μs and a relaxation delay of 
22 s were applied. Acquired solid-state 27Al MAS-NMR 
spectra were obtained with an external aqueous  AlCl3 
sample at a concentration of 0 ppm. The 31P MAS-NMR 
was performed at 0  ppm using orthophosphoric acid. 
To gain an understanding of morphology, the sample 
was characterized by field emission scanning electron 
microscopy (FESEM) using a JEOL JSM 6300 micro-
scope with a tungsten filament electron source and 20-kV 
accelerating voltage. To ensure that specimens seem to 

be fully free from water, sample pieces have been ham-
mered from the past’s core and dried at 40  °C for 4  h. 
An X-ray spectrometer (energy-dispersive spectroscopy 
(EDS)) was employed to determine the chemical com-
positions of the phases identified. Raman measurement 
was done with Renishaw via confocal Raman microscope 
with Linkam hot cell stage and the excitation laser source 
532-nm (50 mW) gratings 24,001/mm with the spectral 
frequency of 100 to 1200   cm−1 from RT to 800  °C with 
10  mm × 0.2  mm pellet. X-ray photoelectron spectral 
analysis (XPS) was performed in PHI5600S multi-tech-
nique system with Al monochromatic X-ray at a power of 
350 W. Al Kα with 10-mA and 15-kV peaks were resolved 
by the calibration on carbon. The survey scan of the XPS 
spectrum was done for raw materials and geopolymers in 
the binding energy range from 0 to 1200 eV.

Thermal properties
Thermogravimetric analysis (TGA/DTA) studies were 
conducted for a simultaneous thermal analysis (STA) 
in NETZSCH 2500 Regulus in the temperature range 
of 30–1000  °C in floating air/nitrogen (60  ml/min) at a 
heating rate of 10 °C/min. Dilatometry studies were con-
ducted to measure the thermal expansion of the speci-
mens by following a push rod dilatometer method. The 
samples were heated in a temperature range of 30 to 
1000  °C with a constant heating rate of 10  °C per min-
ute. Thermal conductivity was measured using appara-
tus machine type OSK 4565-A Tokyo Meter Co. Model 
HVs — 400000SE hot plate method. Temperature in this 
investigation was varied at RT to 200  °C. High-temper-
ature Raman measurement was done with Renishaw via 
confocal Raman microscope with hot cell stage and the 
excitation laser source 532-nm (50 mW) gratings 24,001/
mm with the spectral frequency of 100 to 1500   cm−1 
from RT to 800 °C.

Nano indentation study
Nanoindentation analysis was carried out with NIOS 
scanning hardness tester with Berkovich tip for load 
range from 20 to 100 mN. This approach relies on large 
arrays of nanoindentations analysis of the resulting data. 
For the nanoindentation process, the basic idea is very 
simple, initially to push a very sharp tip into the surface 

Table 1 The chemical composition of the metakaolin powder, nano and micro silica with their particle size and charge

Chemical 
composition (% 
Wt)

SiO2 Al2O3 Fe2O3 TiO2 SO4 CaO K2O LOI at 1000 °C Particle size (nm) Charge (mV)

Metakaolin 51–53 42–44  < 2.20  < 3.0  < 0.5  < 0.20  < 0.40  < 1 75.8  − 0.3

Nano silica 99.88 0.005 0.001 0.004 – – – 0.66 70.6  − 0.1

Micro silica 99.78 0.0002 0.007 0.002 - -  < 1 150.79  − 5.4
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of a material and investigate the mechanical behaviour of 
the material from the response of the tip. The tip used for 
this process is the Berkovich tip; it is a three-sided pyra-
mid that is much easier to grind the tip to a point, and 
thus, it was commonly used in the study of cement-based 
materials. For the nanoindentation tests, samples were 
carefully polished to achieve as smooth a surface as pos-
sible involving coarse polishing and fine polishing. The 
methodology reported by researchers like M. Miller et al. 
(2008) and K. Velez et al. (2001) was adopted here using 
polishing processes that involve coarse and fine polish-
ing. A microscope examination is used to refer to the 
sample’s smoothness at the end of each procedure.

(i) Coarse polishing process
In the coarse polishing process, the samples were pol-
ished carefully with abrasive papers in order (180, 240, 
400, 600, 800 and 1200 grit). Each paper was used for 
5–10  min. During the coarse polishing process, instead 
of water, a polishing fluid was used to prevent further 
hydration of residual geopolymer samples. At the end of 
each step, a microscope was used to check the smooth-
ness of the sample.

(ii) Fine polishing process
The fine polishing was done with the extra fine alumina 
suspension consisting of alumina powder and a mixture 
of ethanol and ethylene glycol at a 1:1 volumetric ratio. 
At the end of each polishing step, the sample surface was 
rinsed with ethanol, but not water, to avoid the potential 
hydration of clay minerals within the matrix. As a result, 
a highly smooth and flat surface with minimized hydra-
tion or wetting of clay minerals was prepared for sub-
sequent nanoindentation testing. Each suspension was 
used for no less than 30 min.

Finally, the samples were cleaned in an ultrasonic bath 
for 5  min with alcohol absolute to remove debris and 
suspensions left on the surface of the samples. Through 
these polishing steps, the surfaces were smooth enough 
for nanoindentation tests (Fig. 2).

Results and discussion
Thermo mechanical strength
One of the significant advantages of phosphate-based 
geopolymers is their significant mechanical strength. 
Classic alkali-based geopolymers often have a lower com-
pressive strength than phosphate-based ones  (Majdoubi 
et al. 2021). For instance, a comparative analysis made by 
Tchakoute and Ruscher’s (Tchakouté et al. 2017) demon-
strated that under the same elaboration conditions, the 
mechanical strength of a metakaolin-based geopolymer 
obtained through phosphoric acid activation can reach 
93.8  MPa, while that of the same materials obtained 
through alkaline activation does not exceed 63.8  MPa. 
The compressive strength values of phosphate-based 
geopolymers can range from 0.64  MPa (Bai et  al.  2017) 
to 149 MPa (Perera et al. 2008); according to the litera-
ture works, the highest possible value has been noted by 
Parera et al. (2008).

The compressive strength of the prepared metakao-
lin phosphate geopolymer pastes is presented in Fig. 3b. 
There is a consistent strength gain in the geopolymers at 
a standard age of 28 days of curing. Initially, the mechani-
cal performance of phosphate geopolymer M shows 
46.2 MPa at 80 °C and is enhanced with the 2% addition 
of nano and micro silica raised to 58.2 and 51.8  MPa, 
and with 5% addition, the mechanical performance is 
further enhanced with 63.6 and 54.2 MPa. This increase 
in mechanical performance is usually from the gel, and 

Fig. 2 Sample preparation for the nanoindentation
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crystallite formation by the addition of silica additives is 
then further explained through nanoindenter.

After exposing the geopolymer matrix at 200  °C tem-
perature for a sustained period of 2  h, the compres-
sive strength decreased to 33.5  MPa for sample  M200, 
49.8  MPa for  MS2200 and 40.9  MPa for  MM2200. While 
heating hydrated compounds and water molecules,  it 

escaped to some extent. During initial heating at this 
stage, a slight fall of the compressive strength was 
obtained in all samples. At this temperature, a visible col-
our change from pale pink to light pale pink in the sam-
ple as shown in Fig. 3a. As the temperature increases at 
the interval of 200  °C up to 800  °C, the declining trend 
in strength is found. In the control sample,  M400 shows 

Fig. 3 a Visual appearance and colour of the sample from 80 °C (cured sample) to 800 °C. b Compressive strengths of geopolymer samples from 80 
to 800 °C
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24.5 MPa,  M600 shows 19.0 MPa, and finally  M800 shows 
11.6 MPa. Partial replacement of metakaolin by micro sil-
ica at a smaller dose at a different temperature has shown 
improved performance as the strength gains are  MM5400 
(34.7 MPa),  MM5600 (27.1 MPa) and  MM5800 (20.7 MPa), 
and by nano silica, it shows  MS5400 (39.7 MPa),  MM5600 
(27.7 MPa) and  MM5800(20.8 MPa), thus maintaining the 
strength of M20 grade, as its compliance with a mini-
mum standard for structural elements. All the samples 
that were thermally exposed showed a marked colour 
change from pale pink to white with some physical cracks 
(Khabbouchi et al. 2017; Liu et al. 2012). Further, micro-
structural analyses were carried out for samples with a 
5% addition of silica using multiple techniques, and the 
results are discussed in the following sections.

Nanoindentation
The nanoindentation test is used to quantify a mate-
rial’s mechanical characteristics at the nanoscale. 
Nanoindentation is a straightforward procedure where 
a known load is applied to the sample’s surface using 
an indenter tip of known form. This technique involves 
applying a controlled force or load to a sharp indenter 
tip and measuring the resulting depth of penetration 
into the material. However, due to the tip’s small size 
and pointiness, a massive amount of pressure which 
is measured in gigapascals (GPa) will be applied to 

a particular spot. The area of the residual imprint 
is computed using the contact depth obtained from 
the unloading curve after the tip is removed. A sharp 
indenter tip, typically made of diamond, is pressed 
into the surface of the material of interest with precise 
control over the applied force. During indentation, the 
force applied and the depth of penetration are continu-
ously measured. A load-depth curve with increasing 
loading, constant holding and decreasing unloading is 
produced by continually recording force and depth dur-
ing loading, holding and unloading, respectively. This 
data is used to create a load–displacement curve, which 
provides information about the material’s microme-
chanical properties. (Oliver and Pharr 2004; Pharr and 
Bolshakov 2002) method is generally applied to derive 
the important mechanical characteristics, namely elas-
ticity E and hardness H, using the load depth (p–h) 
curve. The methodology and model graph have been 
represented in Fig.4.

The two key parameters are measured through 
nanoindenter:

(a) Hardness: Nanoindentation provides a measure of 
the material’s hardness, which is its resistance to 
deformation. It is an important property for char-
acterizing materials’ ability to withstand wear and 
indentation.

Fig. 4 Graphical representation of the indentation process and outcome graph
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(b) Elasticity: Nanoindentation also measures Young’s 
modulus, which quantifies a material’s stiffness or 
elasticity. It describes how a material responds to 
deformation under an applied load.

The accuracy of p–h curve measurements relies on 
determining three key quantities: maximum load (Pmax), 
maximum displacement (hmax) and (S= dP/dh) elas-
tic unloading stiffness (Oliver and Pharr 2004; Pharr 
and Bolshakov 2002). The three-sided pyramidal Berk-
ovich tip made up of a diamond with a diameter of 
around 100 nm and a contact angle of 65.30 is used for 
indentation.

Hardness H is computed using the area function and 
maximum load; after the contact area is established, the 
hardness is evaluated using the following:

The contact area under load serves as the basis for 
the definition of hardness; if there is a large amount of 
elastic recovery after unloading, the traditional hard-
ness measurement from the area of the residual hardness 
impression may differ. But usually, this only matters for 
materials with incredibly low E/H values.

The initial slope of the p–h curve determines the elas-
ticity of the sample which can be calculated as follows:

where E and ν are Young’s modulus and Poisson’s ratio 
for the sample, Ei and νi are the same parameters for the 
indenter and Ei = 1140 GPa and νi = 0.07 for the diamond 
indenter.

The depth-sensing indentation method produces a 
load–displacement curve from which microhardness 
and elastic modulus can be derived using a variety of 
approaches. Instrumented indentation, referred to as 
nanoindentation at low loads and low depths, has now 
become established for the single-point characterization 
of hardness and elastic modulus of both bulk and coated 
materials. Generally, it is a good technique for measur-
ing the mechanical properties of homogeneous materi-
als but applied recently to probe different types of phases 
like gel phase and hard crystalline materials in geopoly-
mers (Oliver and Pharr 2004). For the very first time, this 
technique is applied to a phosphate-based geopolymer to 
verify the changes that occurred during the phosphate 
attack.

As multiphase composite materials, cementitious bind-
ers are comprised of, unreacted particles, impurities, 

(1.1)H =
Pmax

A

(1.2)E = 1− ν2
1

E2
−

(1− ν2
i

Ei

−1

pores and different products at micro and nano scale. 
Given a material attribute (either microhardness H or 
elastic modulus E), a probability density function for each 
component phase can be used to characterize the cemen-
titious binder, which can be thought of as a superposi-
tion of product phases. It is also possible to express in 
terms of the probability distribution of each state as well 
as the possibility that it is that specific state among the 
others. This is directly related to the indentation depth 
choice, which was made to make it suitably small in 
comparison to the typical length of the microstructural 
heterogeneities (Kong et  al. 2012; He et  al. 2013; Puer-
tas et al. 2011; Němeček et al. 2009). From the previous 
literature reports, it was clear that this technique will be 
useful in identifying the type of gels formed during the 
hydration in the case of OPC and polycondensation in 
aluminosilicate precursors. The value mostly falls in the 
rangeE = 2–31 GPa and H = 0.7–1.7 GPa for typically 
C-S–H gel phase in cement, whereas it is slightly higher 
in alkali-activated matrix with E = 11.3–17.1 GPa for 
N-A-S–H gel and E= 18–34-GPa C-A-S–H gel (Němeček 
et al. 2011; Lee et al. 2016; Luo et al. 2021).

Corresponding to each indentation point, a typical 
load–depth curve was generated from the loading his-
tory by increasing the loading. The methodology applied 
here is increasing the load stepwise from constant value 
and then holding followed by unloading. From the ini-
tial slope of the elastic unloading in the load–depth 
curve, the mechanical parameters, elasticity E, hardness 
and H are calculated. From the established mechanism, 
it is understood that metakaolin phosphate geopolymer 
consists of aluminium phosphate as an X-ray crystalline 
phase, silicophosphate and silico-aluminophosphate gels 
in an amorphous phase along with unreacted metakao-
lin, and a few  SiO2phases is explained further in the fol-
lowing sections. Typical loading–displacement curves 
in an identical indentation depth of different nanome-
tres are used to identify these phases in the matrix (Hu 
et al. 2014).

The obtained curves for geopolymers M, MS5 and 
MM5 under classical nanoindentation methodology at 
different loads ranging from 20 to 100 mN are presented 
in Fig. 5. For each load, about 50–60 intenders are made, 
and the average has been considered. The nature of the 
loading and unloading curves is found to be nonlinear. 
The corresponding positions are considered to probe the 
micro images through an optical microscope and pre-
sented in Fig. 5.

The curve of sample M at loads 20, 40 and 60 shows a 
regular pattern, whereas loads 80 and 100 show a slight 
displacement in Fig. 6. The typical curves are analysed at 
different locations and concluded that the product con-
sists of a gel phase as well as some crystallites. The range 
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of elastic modulus and hardness values of the different 
constituents of concrete can be found in the literature 
(Nuruzzaman et al. 2023; Sorelli et al. 2008; Shaikh et al. 
2017). Since the paste samples are used for investigation 
in this study, the hardness and elastic modulus values are 
low compared to those for aggregates that are found in 
the range > 5 GPa and 75–100 GPa, respectively. In our 
study, the hardness value lies in the range of 0.9 to 1.3 
GPa which corresponds to the gel phase as verified from 
the reported literature (Díaz-Pérez et al. 2021). The elas-
ticity value ranges between 31.9 and 43.7 GPa which are 
from generally heterogeneous phases (Deb et  al. 2022; 
Mondal et al. 2010).

For sample MS5 for every load, an irregular pattern was 
observed in the p–h curves. This is due to the lower and 
higher gel phase associated with the geopolymer matrix. 
From other analytical techniques, it is found that the 
MS5 sample has silicophosphate gel, aluminium phos-
phate gel and crystals. The loads from 20 to 40 mN con-
firm the presence of the lower density gel phase with the 
hardness and elasticity values of about H = 0.5 ± 0.39 and 
E = 10 ± 4.9 GPa which was found to be lower compared 
to the M sample. The hardness value of all the loads 
shows a range of 0.3 to 1.5 GPa which is of gel phase. 
Elasticity values range from 8.4 to 66.2 GPa which has a 
low-density and high-density gel, partially active phase 
and crystal grains. In all the loads, a mixture of lower- 
and higher-density gels is found so the p–h curve as it is 
slightly deformed.

While looking at the curves for MM5 as described in 
Fig. 6, slight displacements in the curves were found, and 
most importantly, the marginal increase in elastic modu-
lus was obtained in all ranges of load applied. MM5 sam-
ple shows more of a partially activated phase along with 
crystal grains, whereas the hardness and elasticity are 
higher ranging from H = 1.5 ± 0.26 GPa and E= 57 ± 3.0 
GPa. This also coincides with the bulk mechanical prop-
erty. From the literature, a higher value was observed 
when partially activated, and crystal grains were found in 
the sample which has values > 30.0GPa (E) and > 5.5GPa 
(H); it also coincides with the micro silica-induced 
phosphate geopolymer. Compared with nano silica, the 

micro silica-infused sample shows some crystal grains 
which are discussed further in SEM analysis. The addi-
tion of nano and micro silica improved the microhard-
ness of the network of metakaolin at a small dose of 5%. 
This is also matched to the bulk mechanical performance 
(Morales et  al. 2015; Zyganitidis et  al.  2011). Reported 
alkali-activated FA and MK have low-density C-S–H gel 
in the range of 16 ± 2.4 (E) and N-A-S–H in the range of 
4.4–16.8 GPa (E). Comparing this, a higher-density gel 
phase with 21–30.4 GPa was reported in this current 
study. Thus, metakaolin excited by acid is more advanta-
geous than alkali excitation in terms of both micro- and 
macro-level performance. The microstructural properties 
are explained in further sections.

X‑ray diffraction analysis
XRD patterns of raw materials
The mineralogical phases are determined by XRD before 
and after thermal treatment. Metakaolin source mate-
rial possesses a hexagonal layer as it retains a long-range 
order. It shows a typical halo of the amorphous phase 
between 18 and 32° (2θ) with a characteristic reflection of 
illite (11° and 19° (2θ)), quartz (22° (2θ), anatase (25°) and 
hematite (36°) phases identified from PDF (02–0056), 
PDF (74–1811), PDF (21–1272) and PDF (33–664) which 
is depicted in Fig. 7a. Nano silica is mostly composed of 
amorphous quartz (S), and micro silica shows crystalline 
patterns of quartz despite the high fineness of the parti-
cles; the XRD reflections are obtained at 21.0, 26.9, 36.8, 
39.7, 50.3, 60.2 and 68.6° (2θ) PDF (74–1811) shown in 
Fig. 7b.

XRD patterns of geopolymer samples
The results obtained from XRD analysis of geopolymer 
samples before heat treatment M and silica-added MM5 
and MS5 show an amorphous halo between 20 and 30° 
2θ (M) and at 19 to 34° 2θ for MM5 and 18–32° (2θ) for 
MS5. Aluminium from metakaolin forms berlinite (PDF 
10–423) phases upon phosphoric attack, and corre-
sponding reflections appeared along with quartz in both 
before-heat samples. Some forms of aluminium phos-
phate reflections that are seen at 2θ values of 20°, 25°, 27°, 
29°, 35° and 38° attributed to berlinite, and reflections at 
60° and 62° attributed to a hydrated form of aluminium 
phosphate (Al  (H3PO4)2.3H2O) (PDF 00–020-0010), 
while illite phases in MK are retained in the M geopoly-
mer sample shown in Fig.  8a. This could be explained 
since the geopolymerization of aluminosilicates activated 
by phosphate usually involves the dissolution and recon-
struction of silicates, aluminates and phosphates to form 
disordered silicophosphate (S-P), aluminophosphate 
(A-P) and/or silico-aluminophosphate (S-A-P) gels, 
which are typically amorphous phases. It is also to be 

Fig. 5 Optical images of identified place used in classical 
nanoindentation
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noted most of the quartz-based reflections as observed 
in micro silica declined in MM5 geopolymer with addi-
tional quartz phases, which is related to raw micro silica. 
A sharp peak at 28° in MM5 is attributed to the quartz 

phase (Khabbouchi et al. 2017; Sellami et al. 2019)(Sah-
noun and Bouaziz 2012) .

After thermal treatment from 200 to 800° C, all X-ray 
patterns of geopolymer cement  M200 to  M800,  MS5200 

Fig. 6 Load depth curves and hardness and elasticity of phosphate geopolymer samples a M, b MS5, and c MM5
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to  MS5800 and  MM5200 to  MM5800show changes in the 
X-ray pattern mainly due to the depolymerization of the 
3D poly(phospho-siloxane) − Si–O–P–O–Si networks 
formed during the reaction. We are here to state that 
nano silica as an additive fully reacted during the reac-
tion, and upon heating, silica phases undergo thermal 
reaction to form quartz phase. In general, the results 
show that the de-silication of poly(phospho-siloxane) 
bond is due to the thermal transformation of metakao-
lin geopolymer (Mathivet et al. 2019; Celerier et al. 2019). 
Accordingly, while heating this poly(phospho-siloxane) 
bond breaks, more of aluminium phosphate phases that 
were found provide the mechanical strength. But we 
also observed peaks at 21.9, 31.2, 33.2, 35.8, 41.1 and 
60.9 (2θ) from phosphocristobalite (P) (00–011-0500) 
and  SiO2phases with the sharp intensity peaks at 20.5, 
26.5 and 64.7 (2θ) as tridymite (T) (01–070-4689) The 
amorphous halo has been reduced upon heating from 
200 to 800° C in all samples (Celerier et al. 2018; Sellami 
et al. 2019; Liu et al. 2012). Comparing the control with 
micro silica-added samples, the intensity of quartz form 
phases intensified upon heating is further explained by 
TGA-DTA.

Thermogravimetric analysis and differential thermal 
analysis
TGA-DTA was carried out from room temperature to 
1000 °C to assess the heat of evaporation and mass loss. 
The thermograms are presented in Fig. 9a and b. While 
heating, physically bonded water, chemically bonded 
water and hydroxyl groups are eliminated, and hence, 
there is a mass loss in TGA curves. The TGA curves of 
M, MS5 and MM5 show endothermic peaks, in the first, 
under a temperature range between 25 and 100  °C. The 

major mass loss in this region was due to the evapora-
tion of water from the materials known for physically 
bonded water. The mass loss is about 15% in M, 6.3% in 
MS5 and 4% in MM5, at this temperature region. Below 
100 °C a part of physically absorbed water and one part of 
the chemically bound water in the poly(phospho-siloxo) 
network is removed (Wang et al. 2017; Katsiki et al. 2019; 
Tchakouté et al. 2017; Hui et al. 2021).

The second region related to chemically bonded water 
between the temperature range 100–300  °C is attrib-
uted to the evaporation of structural water, but the loss 
is meagre. It showed as an endothermic peak suggesting 
a strong geopolymerization reaction; this also evolves 
over time resulting in higher consumption of water in the 
material. Consequently, those weight losses are due to 
metastable phases which are free water that can be linked 
to hydrated aluminophosphates in acid activation. We 
found that the total mass loss from the TGA thermogram 
is about 25.4% in M, 17.2% in MS5 and 15.8% in MM5. 
The third region lies above 300  °C temperature due to 
the hydroxyl group evaporation. This is from hydroxyl 
groups from P–OH as a result of the  H3PO4 reaction with 
aluminosilicates. The total mass loss in M is about 25.4% 
which is reduced much in MM5 at 15.8% (Fig. 9) (Sellami 
et al. 2019; Liu et al. 2012).

In DTA, a peak at 119, 120 °C in M and MS5 and 127 °C 
in MM5 temperature observed is related to the volatiliza-
tion of adsorbed water, counting the mass loss of 17% and 
15%. The mass in hydroxyl water molecules was mainly 
lost at temperatures below 500 °C mainly from interlami-
nation between the Al–O and Si–O layers. The exother-
mic thermal event, observed at 500–700 °C, was assigned 
to the crystallization of the amorphous matrix into cris-
tobalite and tridymite-type structures in both samples. 

Fig. 7 a XRD of metakaolin. b XRD of nano silica and micro silica
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The chemical phase changes arose from the gradual for-
mation of Al  (PO3)3 phase from (Al(H2PO4)3) according 
to the following reaction:

In the case of MM5 samples, we observed small peaks 
at different temperatures above 550 °C and in MS5 above 
700  °C. These can be accounted for by the following 
transformations: amorphous aluminium phosphate and 
silicophosphate phase into crystal phase tridymite-like 
molecular structure at around 700–870  °C. It might be 
due to more quartz phase in MM5. The features at 800 
to 870 °C, respectively, show exotherms in the DTA data 
but no notable corresponding mass loss and so are likely 
to relate to phase transitions in the newly formed binder 
gel. These may be assigned to the amorphous alumin-
ium phosphate phase transforming into trigonal(alpha-
AlPO4) and tetragonal (beta-AlPO4) berlinite at elevated 
temperatures, which are all exothermic processes. The 
peak that appears at 943 °C and 989 °C is the characteris-
tic of the crystallization into mullite of the unreacted MK 
(Douiri et al. 2014; Liu et al. 2012; Allahdin et al. 2016).

Attenuated total reflectance Fourier transform infrared 
spectroscopy
Metakaolin, being aluminosilicate one, can observe the 
IR frequency absorption bond corresponding to Si–O–
Si and Si–O-Al stretching and deformation vibrations at 
1058 and 1029  cm−1, respectively. The bands at 790, 673, 
599 and 555   cm−1 are assigned to quartz of Si–O and 
Si–O–Al stretching and amorphous silica phases respec-
tively. The spectra of the hardener, phosphoric acid, 
show a broad peak at 3306  cm−1 due to the vibration of 
O–H bonds. Some absorption bands near 2345   cm−1, 
1638  cm −1 and 1158   cm−1 are from bound water mol-
ecules of (H–O–H) stretching from phosphoric acid. The 
deprotonation of  H3PO4 into  HPO4 2− ions is confirmed 
by the observed peak at 987 cm −1. Nano silica shows a 
band near 813  cm −1 derived from Si–O–Si symmetric 
stretching. The asymmetric stretching vibrations of  SiO4 
observed at 1101  cm−1 correspond to the Si–O–Si bond 
vibrations. Micro silica shows a sharp Si–O–Si stretching 

(1)P2O5 + Al2O3 → 2AlPO4

Fig. 8 a XRD of sample M before and after thermal treatment 
(B, berlinite phase of aluminium phosphate; Q, quartz; P, 
phosphocristobalite; T, tridymite). b XRD of sample MS5 
before and after thermal treatment (B, berlinite phase of aluminium 
phosphate; Q, quartz; P, phosphocristobalite; T, tridymite). c XRD 
of sample MM5 before and after thermal treatment (B, berlinite 
phase of aluminium phosphate; Q, quartz; P, phosphocristobalite; T, 
tridymite)

◂
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band at 1068 cm −1 along with Si–O, Si–O–Si and quartz 
at 459, 512, 702 and 773 cm −1, and these networks also 
coincide with the XRD patterns of micro silica.

Asymmetric stretching vibrations are seen at 1033 
and 1066   cm−1 which are from the shifting of peaks 
1029 and 1058   cm−1 from metakaolin in which they are 
the characteristic of the Si–O–Si/Si–O–Al link in the 
 Q2 and  Q3 environments. These vibrational frequencies 
are keenly observed on thermally treated samples where 

they correspond to a single peak to 1059   cm−1 in  M200, 
1065  cm−1 in  M400, 1071  cm−1 in  M600 and 1083  cm−1 in 
 M800. This major geopolymer fingerprint region experi-
ences redshift where it is shifted to a higher wavenumber 
(Tchakouté et al. 2017; Zribi et al. 2020).

In Table  2, a newly appeared peak at 910   cm−1 is 
assigned to P–O–P vibration due to the excess of 
 PO4

3−ions which are not involved in the geopolymeriza-
tion reaction (Abdel-Kader et al. 1991; Izci 2014). It has 

Fig. 9 a Thermal analysis of phosphate geopolymer sample M, MS5, and MM5. b DTA analysis of phosphate geopolymer sample M, MS5, and MM5
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Table 2 FTIR of raw materials and geopolymer before and after heat treatment
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disappeared during the thermal treatment. The appear-
ance of bands at 785   cm−1 is a symmetric stretching 
which corresponds to the Si–O–P network after the acid 
attack. Upon heating a 200  °C, this peak appeared as a 
doublet at 795 and 719   cm−1. Further, shifting to lower 
wavenumber 719–720   cm−1 in  M400 and  M600 showed 
a red shift at 726   cm−1 at elevated temperature 800  °C 
exposure  (M800) assigned to Si–O–P. The other bands like 
597  cm−1 of  AlO6 vibration showed a higher wavenumber 
shift, blue shift in M compared to metakaolin. Most of 
the Si–O bands are broad due to the distortion of the tet-
rahedral and octahedral layers. In the lower region of IR 
frequency, one can see the peaks of Si–O–Si symmetric 
stretching vibration along with Si–O stretching vibration 
nearly at 553 and 667   cm−1. These bands disappeared 
after thermal treatment (Celerier et  al. 2019,  2018) 
(Nobouassia et  al. 2018). The observed quartz peak at 
800 °C corresponds to 443  cm−1 and coincides with XRD 
pattern.

The sample MS5 has distorted tetrahedral and octahe-
dral layer present in MK that is seen through a vibration 
band at 1060  cm−1. At 200 °C  (MS5200), this peak shifted 
to 1069  cm−1 and finally reached at 1077  cm−1 at 800 °C 
 (MS5800). Thus, it is clear during the condensation reac-
tions that amorphous silica contributes to the formation 
of hydrated alumina silicates in addition to alumino sili-
cophosphate phases with almost negligible quartz phases. 

But silica-dominated micro silica addition (MM5) made 
a higher frequency shift of the major peak at 1071  cm−1 
at higher intensity compared to other samples M, MS5 
and MM5 as shown in Table 2. It is similar to the Si–O–
P phase reported on metakaolin activation with natural 
silica source by M. Khabbouchi et al. (2018)  (Jouin et al. 
2021) in the range of 1025 to 1165  cm−1.

Raman spectra
Raman spectra were studied in the range of 100 to 
1200  cm−1. The spectra in Figs. 10 and 11 show the vibra-
tional bond characterization, and MK was an amorphous 
material; thus, Raman spectra do not reveal more infor-
mation about various phases due to their amorphous 
nature. Raman spectra of MK have networks of Si–O 
stretching vibration which has some sharp peaks at 
141   cm−1. The major network in metakaolin is T–O–T 
(T = Si or Al) which is seen at a range of 400 to 580  cm−1 
with some sharp peaks at 980 to 1200   cm−1. Some Al 
contributions of  AlO6, Al–O bending and  Al2O3 vibra-
tion are found at 327, 730 and 818   cm−1in metakaolin 
(Ettoumi et  al.  2023). The micro silica (MS) has a crys-
talline nature and shows a strong sharp peak of Si–O in 
the range between 170 and 200   cm−1 and Si–O–Si at 
462   cm−1. Quartz and  SiO2 bending vibration of Si–O–
Si were found at 634 and 699  cm−1. Nano silica (NS) has 
Si–O–Si bending vibration at 441   cm−1 with sub-peaks 

Fig. 10 Raman spectra of raw materials
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Fig. 11 a In situ high-temperature Raman spectra of sample M. b In situ high-temperature Raman spectra of sample MS5. c In situ 
high-temperature Raman spectra of sample MM5
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of 651 and 1065  cm−1. The major network in metakaolin 
is Si–O–Si and Si–O–Al which is seen at a range of 400 
to 580  cm−1 with some sharp peaks at 980 to 1200  cm−1 
(Fig. 10).

In situ high‑temperature Raman spectra
Raman spectroscopic data are consistent with FTIR data. 
In situ studies were carried out for geopolymer samples 
M, MS5 and MM5 from a temperature range from ambi-
ent temperature to 800  °C. At ambient temperature, the 
major Si–O peak from metakaolin 141   cm−1 has been 
shifted to a lower wavenumber at 132  cm−1 in M as tem-
perature increases from 200 to 800  °C. This stretching 
vibration has been shifted higher wavenumber from 132 
to 201   cm−1 as shown in Fig.  11a. This is due to the Si 
network bonded with the hydroxyl group as a result the 
silica gel formed with aluminosilicate with acid. After 
high-temperature exposure, Si–O has been changed 
to  SiO2 phases; this is also explained in XRD by the 
tridymite phase. The aluminium-connected phosphate 
groups were identified from the region between 260 and 
396   cm−1 as Al–O or Al–O–P bending vibration. Upon 
acid attack, the primary reaction of the dealumination 
arose from the reaction between aluminosilicate and 
acid, and the Al–O deformation changed into Al–O–
P networks. This can be obtained by a shift in the range 
between 260 and 409  cm−1due to Al–O–P bending along 
with Si–O–Al stretching vibration (Ettoumi et  al.  2023; 
Keeley et al. 2017).

In the MS5 sample, a broad peak was observed at 150 
to 220   cm−1 due to the amorphous form of nano silica 
incorporation. A major Si–O–Al stretching vibration is 
observed in the range of 316–394  cm−1. Figure 11c repre-
sents the sample MM5, which has a peak at 133  cm−1 and 
has been constantly shifted to a higher wavenumber due 
to the presence of crystalline Si content which reaches up 
to 145  cm−1 in  MM5800. In addition, some minor peaks at 
172 and 174  cm−1 in MM5 and  MM5200 appeared slowly 
suppressed, while the temperature increased from 400 
to 800 °C. Similarly, the appearance of Al–O–P bending 
vibration at 275   cm−1 at ambient curing had shift to a 
slightly higher wavenumber upon the thermal treatment 
which reaches up to 223 and 276   cm−1at 600  °C and is 
absent at 800  °C (Mierzwiński et  al. 2019; Zhang et  al. 
2017).

The T–O–T peaks appeared in the following range 
at different samples: In M, a peak is in the range 458–
503  cm−1, MS5 in 460–558  cm−1 and finally MM5 402–
438   cm−1. The transformation of Si–O–Si to  SiO2 bond 
at elevated temperature shifts the corresponding fre-
quency band from 600 to 647   cm−1wavenumber in all 
geopolymer samples (Ettoumi et  al.  2023; Tanwongwan 

et  al.  2020). An Al–O bending vibration at 730   cm−1 in 
MK shifted to a lower wavenumber in control sample M 
715–720  cm−1 which indicates that the control sample is 
an amorphous system. On the other hand, in the micro 
silica-added sample, it is shifted to a higher wavenumber 
number 736 to 745  cm−1 due to the crystalline pattern of 
incorporated silica source. At the same time, the amor-
phous nano silica in this band appeared, and it ranges 
from 709 to 713  cm−1 which is much lower.

The analysis of Si–O–T (T = Si, Al or P) symmetric 
stretching vibration has been done to check the thermal 
transformation of the main geopolymeric reflections. It 
can be seen in the region between 950 and 1200  cm–1 as 
the temperature increases; a higher shift of this band is 
a clear indication of the thermal reaction of aluminium 
phosphate berlinite form. According to that the Si–O–
T frequency is almost in the range of 996 to 1103   cm−1 
respectively in sample M at ambient temperature slowly 
shifts to higher wavenumber to 1003 and 1110   cm−1 at 
600  °C and single peak at 1116   cm−1at 800  °C (Kee-
ley et al. 2017; Stefanovsky et al. 2016). It is in line with 
stage-wise desilication, dehydroxylation and dehydra-
tion process. The same has been identified in other 
additive-added samples (Rokita et  al. 2000; Khabbouchi 
et al. 2018). The higher shift is seen in the MM5 sample 
with a maximum of 1121   cm−1. Thus, XRD reflections 
and Raman analysis conform to the bond disruptions 
during the thermal exposure and formation of Al–O/
Si–O linkages in phosphocristobalite or tridymite phases. 
The presence of crystallinity in the geopolymer matrix 
was believed to positively contribute to the compressive 
yield strength by consuming more energy when being 
compressed (Table 3).

SEM‑EDAX
Metakaolin shows a layered structure after the thermal 
treatment of kaolinite clay. Metakaolin shows almost 
equal contribution of silica and alumina. The Si/Al ratio 
of metakaolin is about 1.0 from EDAX analysis. Micro 
silica shows crystal patterns which are mostly of quartz in 
the micrograph image with a major contribution of silica 
showing a bigger particle size. Nano silica is a heteroge-
neous microstructure with some small round-shaped 
particles. EDAX analysis has been done for all the feed-
stocks and was found to be a major contribution of Si in 
micro and nano form (Fig. 12).

SEM analysis of before-heat samples M, MS5 and MM5 
shows gel patterns with embedded aluminium phosphate 
phases. The surface of the samples is mostly covered with 
gel substrates with elements Si, Al and P. The P content 
analysed by EDS plays a vital role as the additive in phos-
phate-based geopolymer increases the P content. EDX 
results revealed that % P content in M is 2.7, MS5 is 6.7 
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and for the MM5 sample, it is 8.1. From this, it is clear 
the incorporation of P in the SAP gel in turn micro silica 
involvement in the reaction with phosphoric acid with 
higher proposition has been embedded in the surface. 
The Si/P and Al/P also seem to be lower in MM5 and 
MS5 compared to M (Khabbouchi et  al. 2017; Mathivet 
et al. 2019). A closer look at SEM pictures clarified that 
the heat-treated samples show more crystalline phases 
than the unheated sample.  MM5800 has more crystal 
grains in the matrix due to micro silica addition; usually, 
the raw micro silica has more crystal phases. The thermal 
treatment gives rise to different shapes of the crystalline 
phases seen in all the geopolymeric samples and a denser 
structure with a more uniform bright colour of the crys-
tals. The Si/P and Al/P ratio is found to be lower in all 
after-heat-treated samples. Si/P ratio was found to be 4.7 
in  M800 3.3 in  MS5800 and 2.81 in  MM5800, and the Al/P 
ratio is said to be 4.54 in  M800, 3.9 in  MS5800 and 1.98 in 
 MM5800. The heated sample shows higher P content; the 
highest P content is seen in  MM5800 with 10.0 (Fig. 13).

MAS‑NMR
Solid-state MAS-NMR spectral analysis of all nuclei 29Si, 
27Al and 31P MAS NMR is used to investigate structural 
changes occurring due to the addition of silicious com-
pounds and their interaction at elevated temperatures. 
The notation used in the 29Si study is conventional as 
 Qa(nAl) where a is the total number of atoms and n is the 
number of aluminium atoms bonded to a central silicon. 
(Figure 14) For the 31P study, the notation used is  Qx(yAl) 
where x is the number of phosphorous atoms, whereas y 
is the number of aluminium atoms bonded to a central 
phosphorous.

(a) 29Si nuclei
The 29Si NMR spectra of phosphate geopolymer 
show various chemical environments with 29Si pre-
sent in a  Q4(0, 1, 2, 3)-type environment detected 
in the range − 96 to − 108  ppm. The MAS-NMR 

of metakaolin (MK), the chemical shift and cor-
responding nuclei environments are  Q4(1Al) 
at − 102  ppm and  Q4(3Al) at − 91.8  ppm. Spec-
trum of micro silica which is mainly quartz phase 
as deduced from the XRD pattern showing the 
signals of the chemical shift ranges from − 115 
to − 110  ppm with  Q4(0Al) that corresponded to 
quartz only and − 105  ppm with  Q4(1Al). Upon 
reaction, the phosphate is absorbed in the silicate 
network identified from the broad peak of Si nuclei 
in all silicate derivatives. Particularly, the hydrated 
form of  Q3-type silicate is actually related to Si–O–
P and Si–O–Al. It has been reported that the sig-
nal at a stronger field corresponded to a connection 
between  [SiO4] and  [AlO4] tetrahedral unit, but the 
weaker field signal is between  [PO4] and  [SiO4]. The 
environment  Q4(1Al) identified from the chemical 
shift at − 104 ppm, in M (Figure S1) and  Q4(2Al) is 
detected at − 97 ppm and − 99 ppm in both the geo-
polymers at ambient temperature (Vanitha and Jey-
alakshmi  2023). The chemical shift of this  Q4(1Al) 
in the raw material metakaolin MK at –102  ppm 
has a shift to − 104  ppm after geopolymerization, 
M. At the same time, the most connected Si–O–
Si bond in the  Q4(0Al) present in all samples cor-
responds to quartz and silicic acid in the range of 
chemical shift from − 107 to − 111  ppm. The MS5 
spectrum shows two peaks overlapping at − 102 
and − 103 ppm, which can be attributed to  Q4(1Al, 
1P) and  Q4(1Al) environments that were not sig-
nificant in M. Furthermore,  Q4(3Al) at − 90.46 ppm 
in M is slightly shifted upfield at − 95  ppm, show-
ing the involvement of P coordination and ascribed 
to  Q4(2Al,1P). They are more prominent in MM5 
and  MM5800due to more quartz phases that were 
unreactive from micro silica additive (Celerier 
et al. 2019; Partschefeld et al. 2020).
(b) 27Al nuclei

Table 3 Assignments for Raman spectra of phosphate geopolymers

Wavenumber  cm−1 Assignments

123–225  cm−1 Si–O stretching vibration and  SiO2

238–350  cm−1 Al–O deformation and Al–O–P bending

327, 730 and 818  cm−1 Al contributions of  AlO6, Al–O bending,  Al2O3 vibration, and  AlPO4

400 to 580  cm−1 Si–O–T (T = Si, Al or P) symmetric stretching vibration,  SiO2, and  AlPO4

634–699  cm−1 Quartz and Si–O–Si bending vibration

709–730  cm−1 Al–O bending vibration and Al–O–P

736 to 745  cm−1 SiO2 phase

950–1200  cm−1 Si–O–T (T = Si, Al or P) symmetric stretching vibration,  SiO2, and  AlPO4
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The 27Al NMR shows a major change in the peak 
corresponding to the hexacoordinated Al coincides 
with the hydrated form of  AlPO4 and silico-alumi-
nophosphate between the chemical shifts from 42 
to 53  ppm. The Al in the raw metakaolin resolved 
the peak at 56 ppm and has tetra-coordination. The 
alumino-silicate peak present at − 8 to 3 ppm is cor-
responding to the hexacoordinated Al. The major 

penta-coordination is seen at 29.38 ppm, revealing 
the coordination of Al sites respectively. The tet-
rahedrally coordinated peaks, which are from alu-
mina (aluminium hydroxide) precipitates and alu-
mino-silicates, are generally observed in downfield 
shift, and thus, the observed peaks at 44 to 42 ppm 
in heat-treated samples of  M800 (Figure S2),  MS5800 
(Figure S2) and  MM5800confirmed the reaction of 

Fig. 12 SEM images of a metakaolin, b nano silica, and c micro silica
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Fig. 13 a SEM morphological image with elemental analysis of samples a M and b  M800. b SEM morphological image with elemental analysis 
of samples a MS5 and b  MS5800. c SEM morphological image with elemental analysis and mapping of sample MM5 and MM5.800



Page 22 of 31Vanitha et al. J Mater. Sci: Mater Eng.           (2024) 19:32 

cross-condensation of Al and P (Celerier et al. 2019; 
Vanitha and Jeyalakshmi 2023). Apparently, this 
peak is only from tetrahedral Al–O–P base phases. 
Thus, thermal treatment led to the crystalline lat-
tice, which is mainly formed from  Q4(0Al) of silica 
and tetrahedral aluminium atoms. The nonob-
servance of the peak at around − 10 to − 20  ppm 
indicated that there is no residual Al of metakao-
lin in the hexacoordinated structure. On the other 
hand, a peak present at − 2 to − 8  ppm correspond 
to the hexacoordinated Al as Al(PO2)4(OH)2cannot 
be omitted (Vanitha et  al.  2022; Partschefeld 
et al. 2020). From the results, one can say the addi-
tion of the small amount of micro silica improved 
the oxo-bridged coordination of Al and P with 
more hydrated compounds.
(c) 31p nuclei
The analysis of the P NMR signal was carried out to 
have a clear picture of the changes in the P environ-
ment. 31P MAS-NMR spectra resonate at − 12 ± 2 
and − 19 ppm attributed to the P–O–P linkages pre-
sent in Al–O–P–O and Al–O–P–OH network. At 

elevated temperatures, the chemical shift values are 
shielded (P1 sites) at − 28 ± 2 and 33  ppm, which is 
identical in all heat-treated samples irrespective of 
the reactive mixture. The predominant peak in cured 
samples is polymerized phosphorous peak reso-
nates at − 12 to − 14 ppm, and the deshielding direc-
tion (− 12 ± 2) ppm peak is from the layer phase of 
metakaolin geopolymer which is directly linked to a 
lower degree of P condensation or, in other words, 
polymerized phosphate aluminium network of P–O–
Al unit with a small angle (Celerier et al. 2019; Vani-
tha and Jeyalakshmi 2023). But thermal-induced 
crystallization of various aluminophosphate phases 
moves this P environment to a more shielded direc-
tion. It seems that the P local environment developed 
a nonequivalent P site upon crystallization, which 
corresponds to the broad tetrahedral resonance of 
Al sites. Various signals observed for different nuclei 
and the corresponding assignments are given in 
Fig.15 (c).

Fig. 14 29Si and 27Al MAS-NMR of raw materials
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X‑ray photoelectron spectral analysis
The XPS analysis of geopolymers is quite difficult due 
to their nonuniform surface charges and the broadened 
photoelectron lines. It becomes even more difficult 
when more phases are generated on thermal treatment. 
However, XPS is a very convenient method of analysis 
to understand the chemical state of the elements as the 
surface binding energy can be related to the electronic 
environment of the typical element. Here, this technique 
is used to follow the chemical reaction of phosphoric acid 
in the presence of reactive additives and the changes in 
the products because of exposure to elevated tempera-
ture. Since limited literature is available on metakaolin 
phosphosilicates under thermal treatment, a discussion 
of the assignment of the initial polymerized network 
and the dehydrated products established from XRD and 
NMR data is done here. The main polymerized network 
made up of the phosphate group is in itself complex due 
to the presence of silicate as well as aluminate species in 
the same region. Therefore, to explain the binding energy 
of the different elemental components such as hydrated 
silica, vitreous silica, aluminophosphates and silico-
aluminophosphate network, the position and intensity 
of Si, Al, O, P and Ca atoms are assessed (Kanuchova 
et al. 2014; Duxson et al. 2006).

The general observation is % of aluminium, and silicon 
tends to decrease in geopolymers as ions are involved 
in the geopolymerization reaction. Al 2p peak intensity 
gradually decreases upon geopolymerization, and that of 
P increases, because of the partial substitution of Si–O–
Si by Si–O–P bonds. This is nothing but an inclusion of 
a  PO4 unit in the network suggesting the formation of 
long-chain Si–O–P–O–Si of poly (phospho-siloxo) units. 
The above-mentioned reactive bonds influence is estab-
lished from our NMR results. The survey line spectra 
graphs are depicted in Fig. 16a and b.

Linear thermal expansion
Thermal shrinkage is one of the factors that can deter-
mine the volumetric stability at all temperatures and 
measure the volume decrease of the binder in the absence 
of external factors. Thermal shrinkage is increased by 
low heating rates up to the point of structural densifica-
tion in all geopolymers, while the inverse is true from the 
onset of densification. The dilatometry curves show the 

Fig. 15 a 29Si NMR spectra of MM5 and  MM5800 and relative area 
of all samples with different contributions with respect to their 
chemical shifts. b 27Al NMR spectra of MM5 and  MM5800 and relative 
area of all samples with different contributions with respect to their 
chemical shifts. c 31P NMR spectra of MM5 and  MM5800 and relative 
area of all samples with different contributions with respect to their 
chemical shifts

◂
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Fig. 16 a XPS survey line spectra of MK. b XPS survey line spectra of M, MS5, and MM5 before and after heat
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thermal linear shrinkage patterns in geopolymer samples 
which are measured up to 1000 °C are depicted in Fig. 17. 
All specimens exhibited four thermal shrinkage stages, 
namely (stage I) structural resilience, (stage II) dehydra-
tion, (stage III) dehydroxylation and (stage IV) sintering 
stage.

The first shrinkage occurs between 25 and 100 °C and 
reaches its maximum at 110–140  °C, and the shrink-
age was produced in the range of about − 1.1% for geo-
polymer specimen M. It is related to physically bound 
water; this is also identified in the thermogram of M. 
The increase in temperature after the first shrinkage cor-
relates with the extent of cracks observed on the surface 
of specimens normally above 100  °C which corresponds 
to the onset temperature for the evaporation of water. 
The second shrinkage begins at 100  °C and ends before 
400  °C display the same shrinkage rate of − 1.1%. The 
slow and constant rate of shrinkage in the temperature 
range between 300 and 580  °C is due to the physical 

contraction of the gel. The geopolymeric reaction in 
mechanistic steps involved the release of water molecules 
through dehydroxylation and polycondensation of oligo-
meric silanol or aluminol to form a network Si–O–T tet-
rahedral linkage.

The third stage is linked to the physical contraction 
of phosphate-based geopolymer, while looking at the 
T–OH (T = Si, Al or P) product from the polycondensa-
tion process underwent dehydroxylation process which 
can be extended above the temperature 300 to 900 °C. In 
the temperature region 300–900 °C, the shrinkage rate is 
about − 1.4%. The final stage above 900 °C has significant 
thermal shrinkage with − 1.4% in sample M, which was 
due to both skeletal densification and the elimination of 
large pores by viscous sintering. In viscous flow sintering, 
atomic movement occurs by a cooperative motion mech-
anism rather than individual diffusion, and this has been 
studied. The same behaviour has been evidenced by the 
heavy mass loss in TGA/DTA.

Fig. 17 Thermal expansion of phosphate geopolymer samples M, MS5, and MM5
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Due to physically bonded water, the shrinkage at 200 °C 
was determined to be − 0.8% in MS5 and − 0.7% in MM5 
which is significantly less than the quartz phase in MM5 
which is more stable at high temperatures, and increases 
in temperature do not significantly affect the matrix 
shrinkage rate as it exhibits very little change after 600 °C, 
with a shrinkage rate of roughly − 0.8%. The control sam-
ple M exhibits the greatest value of − 1.4% at 1000  °C; 
when additive MS5 exhibits − 1.1% and MM5 − 0.8%, the 
results are even lower. Thus, thermal shrinkage values are 
much lower than metakaolin alkali-activated geopolymer 
as reported in the range of 1.15 to 1.65 by P. Duxson et al. 
(2006).

These facts are derived from thermal analysis where the 
primary cause of mass loss and physical contraction is the 
gradual dehydration and dehydroxylation of bound water 
molecules present in the phosphate geopolymer samples. 
The hydroxyl group dislocation limits the physical rear-
rangement in the mid-temperature range, and the gels 
of the poly-phospho-siloxo network formed between the 
hydroxyl groups of silanol and aluminol undergo a slight 
physical contraction. Otherwise, the bulk expansion of 
the sample is restricted by the condensation of Si and Al 
linkages in a tetrahedral geometry. Because of softening 
and sintering, the matrix densifies, and the onset temper-
ature rises sharply at high temperatures (Liu et al. 2012; 
Djobo et  al. 2019). Comparing the control specimens, 
silica-enriched phases in MM5 were found to be more 
thermally stable with low shrinkage.

Thermal conductivity
The ability of the metakaolin phosphate geopolymer 
with nano and micro geopolymer composites to con-
duct heat was determined by employing their thermal 
conductivity (W/mK). It was found that when the tem-
perature increased from room temperature to 200  °C, 
the produced geopolymeric paste samples’ thermal 
conductivity values were minimized (the thermal con-
ductivity at ambient temperature or “k” value). The fine 
capillary pores present in the phosphate geopolymer 
matrix are responsible for transporting the moisture con-
tent through the matrix, which increases the conductiv-
ity. Control sample M has 3.8 W/mK at 40 °C at first, but 
as the temperature rises, it steadily drops to 0.6 W/mK 
at 200 °C. The thermal conductivity value in M is caused 
by chemically confined water, which creates a continuous 
gel structure for heat transport. The convoluted pathway 
for thermal gradient flow was supplied by the amorphous 
and interconnected poly-phospho-siloxo network cre-
ated by the geopolymerization process (Gualtieri et  al. 
2015). At room temperature, the geopolymer sample 
showed 3.4 W/mK for sample MS5 which is slightly less 
in MM5 with 3.1 W/mK. At 200 °C, geopolymer samples 

supplemented with nano and micro additives exhibit 
0.10–0.61 W/mK. It is evident from this that the heat 
transfer was hindered by greater gel structure. It was 
observed that there is a decrease in thermal conductiv-
ity with the addition of micro- and nano-sized particles 
as compared to control samples. This can be reason out 
to their high surface to volume ratios (Chari et al. 2013). 
The smaller grains of nano silica will pack the particles 
closer, forming a more homogenous specimen, thereby 
increasing in conductivity. At the same time, the presence 
of void spaces, which are created in the sample, is com-
pletely dependent on the particle size that led MS5 sam-
ple with lower thermal conductivity (Chari et  al.  2013). 
The present work is applicable and suitable for thermal 
insulators (Table 4).

Effect of nano and micro form of silica in metakaolin 
phosphate geopolymer: chemical and thermomechanical 
transformation reaction
When samples M, MS5 and MM5 were under thermal 
treatment, the chemical transformation was deduced 
from XRD, and they were more of silica phases due to 
the removal of OH groups from dehydration followed 
by dehydroxylation reaction. So, finally, the Si–O–P net-
works with  SiO2 are the predominant phases observed. 
The same coincided with the identified NMR signals cor-
responding to  Q4(0Al) for heat-treated samples under 
the peak maxima at − 107  ppm. This broad peak was 
attributable to the oxides of silica. The peak resonat-
ing at − 111  ppm in  MM800 is attributed to the crystal-
line broad peak masks of the quartz peak at − 109 ppm. 
Therefore, the arrangements of aluminosilicate-layered 
structure in all the samples led to the most stable silica 
form after dehydration. The test results of the nanoin-
dentation combined with microscope image analysis 
supported an evaluation of the potential of the new 

Table 4 Thermal conductivity values for samples M, MS5 and 
MM5 from 40 to 200 °C

Temperature (°C) Sample ID

M MS5 MM5

40 3.88 3.44 3.10

60 2.12 1.68 1.65

80 1.46 1.24 1.04

100 1.19 0.64 0.49

120 0.90 0.28 0.19

140 0.80 0.14 0.16

160 0.66 0.10 0.11

180 0.64 0.10 0.10

200 0.61 0.10 0.10
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glass compositions to be utilized for building engineer-
ing purposes. Crystalline phase berlinite and SAP gel are 
responsible for strength attainment in bulk property, and 
additive reinforced sample shows higher strength com-
pared to M. This trend is similar in the nanoindentation 
method by their increasing E and H values. Compared 
with M, micro silica-reinforced samples show higher 
hardness and elasticity values with a high denser gel 
phase with some Al- and Si-rich partially active phase, 
while MS5 has both high- and low-dense gel due to the 
amorphous form of silica in the sample. Proving the for-
mation of geopolymeric network like Al–O–P, Si–O–P, 
Si–O–Si,  AlPO4 and  SiO2 phases which are identified in 
the Raman frequency ranges between 900 and 1500  cm−1 
in geopolymer samples at ambient and heat treated. 

The below scheme gives a probable explanation for the 
chemical and thermal transformation reaction which is 
depicted in Fig. 18.

Conclusion
It can be observed in the current work that the thermal 
properties of geopolymeric material were derived from 
the metakaolin phosphoric acid route and are greatly 
influenced by the addition of a small amount of nano 
and micro silica. The nanoscale mechanical perfor-
mance investigated in this study coincides with the bulk 
properties. To the best of our knowledge, these nanoin-
dentation study results were reported for the first time 
in the metakaolin phosphate geopolymer matrix. From 
the loading curves, the gel phase was identified through 

Fig. 18 Network changes upon thermal treatment
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a hardness value of 0.9 to 1.3 GPa, and elasticity value 
ranges between 31.9 and 43.7 GPa which are from gen-
erally heterogeneous phases of the phosphate geopoly-
mer matrix. The addition of nano micro silica improved 
the microhardness of the network of metakaolin at a 
small dose of 5%. The physical evolution of materials 
during heating is a critical factor in determining their 
suitability and performance for applications ranging 
from construction to refractories and adhesives. There-
fore, the physical evolution of the phosphate-excited 
metakaolin was investigated, and the addition of the 
silica was found to reduce the shrinkage effectively.

The microstructural changes before and after heat 
treatment were investigated with various analytical 
techniques, and the following are the salient features 
identified:

✔ The readily active Si from nano and micro silica 
forms Si-rich phosphate gel in the metakaolin phos-
phate geopolymer which enhances the matrix with 
silico-aluminophosphate network. The improved 
thermal performance and structural resilience are 
thought to be due to the increased strength of the 
Al–O–P bond in ambient temperature and more 
silica refractory phases in the heat-treated samples.
✔ In XRD, the conversion of berlinite to phospho-
cristobalite and tridymite identified in the heat-
treated samples that they manifest themselves for 
gel softening at high temperatures
✔  The infrared spectra of geopolymer samples 
show that the product has a polymeric Si–O–Al–
O–P structure. The incorporation of nano and 
micro additives does not produce any new com-
pound.
✔  Al–O–P, Si–O–P, Si–O–Si,  AlPO4 and  SiO2 
phases are identified in the Raman frequency range 
between 900 and 1500   cm−1 range in both M and 
MM at ambient and heat treated.
✔  SEM images are clarified with more crystal 
grains with aluminium phosphate and  SiO2 phases 
in heat-treated samples of MM5.
✔  29Si NMR signals corresponding to  Q4(0Al) in 
both the samples with Si–O–P networks and  SiO2 
are the predominant phases observed. Hexacoordi-
nated Al with the hydrated form of  AlPO4 and sil-
ico-aluminophosphate are deduced from the chem-
ical shifts range from 42 to 53 ppm of 27Al NMR.
✔ Thermally stable bonds of Al–O–P and Si–O are 
established from the XPS binding energy lines.
✔  Thermal analysis and thermal shrinkages of the 
specimens can be categorized in the regions of 
structural resilience, dehydration, dehydroxylation, 
and sintering. The reduction of the crack, pores and 

smooth topography surface in SEM of the M, MS5 
and MM5 samples at room temperature is consist-
ently attributed to a high degree of gel organization 
during the reaction.
✔  Microstructural analysis of heat-treated samples 
showed the densification of the matrix by the ther-
mally produced silica phases at elevated tempera-
tures in addition to the reduction of the porosity.
✔  The extent of thermal shrinkage in the current 
work observed a decrease in order from control M 
(–1.4%), MS5 (–1.1) to MM5 (–0.8%). This typical 
trend is observed in thermal conductivity also.
✔  In DTA, the temperature span of the endotherm 
from ambient to 450  °C at control samples attrib-
uted to loss of free water molecules from pores, and 
this span decreased in MS5 and MM5 samples with 
reduced mass loss.

By considering all the test results from various ana-
lytical techniques investigated, it is inferred that chemi-
cal additives, nano and micro sized, silica influence the 
phosphoric acid attack on metakaolin. After firing, the 
generation of Si–O–linkages induced the crystalliza-
tion of different silica phases and enhanced the ther-
mal stability. Thus, the use of a small addition of micro 
silica is an interesting route to prepare phospo geopoly-
mers with improved performance and thermal resistance 
properties.
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