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Abstract 
The need for finding a replacement for concrete in nuclear power plants has increased 
dramatically due to concrete degradation caused by prolonged exposure to neutron 
irradiation. In this study, we mimicked the effect of neutron irradiation on metakaolin-
based potassium geopolymer by using Ti+ as an implantation ion. Several techniques, 
including laser profilometry, scanning electron microscopy (SEM), backscattered 
electron (BSE), and nanoindentation, were employed to evaluate the geopolymer’s 
morphological, microstructural, and mechanical properties. X-ray diffraction (XRD), 
Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy were used to 
identify chemical composition and molecular structure before and after irradiation. 
Results revealed the formation of new cracks at the geopolymer surface after irradiation 
due to exposure to Ti+ and localized heating, accompanied by water loss and 
microcracking, as shown by laser profilometry. SEM and BSE analyses indicated that 
unreacted metakaolin disappeared, and the geopolymer microstructure became denser 
after irradiation. The results from nanoindentation showed a 90% increase in 
microhardness, a 46% increase in the reduced modulus, and a 23% reduction in the 
contact depth after irradiation. The FTIR spectra demonstrated a reduction in the intensity 
of O-H stretching vibration and H-O-H peaks after irradiation. XRD patterns indicated 
no changes in the geopolymer structure following irradiation. However, Raman 
spectroscopy revealed a decline in intensity, peak shift, and an increase in full-width half 
maximum (FWHM) after irradiation, likely attributed to the presence of titanium ions in 
the target and the thermal shock due to the irradiation. The increase in FWHM suggests 
increased sample disorder and alterations in bond angles, bond distance, or the local 
environment. This research is crucial for developing eco-friendly and resilient nuclear 
reactor shielding materials using geopolymers.  
Keywords: Ion beam irradiation, Metakaolin-based potassium geopolymer, radioactive 
waste, nanoindentation, FTIR, Raman spectroscopy, XRD. 
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1 Introduction 
Nuclear power plants (NPPs), particularly commercial light water reactor (LWR) 

buildings, which include safety-related structures such as containment and biological 
shielding buildings, are predominantly constructed with concrete [1]. Concrete degrades 
during its lifetime by prolonged exposure to neutron irradiation. The effect of irradiation 
on concrete has been well-studied and documented [2–5]. Generally, the performance of 
concrete (e.g., mechanical properties) in NPPs is acceptable for the first 40 years of 
service life. Then, it declines significantly even with lower neutron fluence values (E > 
0.1 MeV) [6]. Concrete is a complex material comprising fine and coarse aggregates, 
water, and cement paste. One of the most common degradation mechanisms in concrete 
structures is the alkali-silica reaction (ASR), which occurs due to the reaction between 
the alkaline solution and the silica-rich aggregates (e.g., silicate-based minerals). ASR 
develops an alkali-silica gel that swells in the presence of moisture and, consequently, 
forms a map-like crack in the concrete structure [7]. Additionally, cement paste consists 
of amorphous calcium silicate hydrate (C-S-H) gel, which has a highly porous structure 
with about 20% pore volume [8]. As a result, the effect of neutron irradiation on cement 
paste is believed to be much smaller compared to the minerals and aggregates and 
typically results in cement paste shrinkage. The reason is that the threshold energy 
required for neutrons to cause damage to the cement paste is relatively high, around 0.8 
MeV [8]. It has been reported that ion beam irradiation significantly influences producing 
ASR within the concrete microstructure due to a transition from a crystalline to an 
amorphous state [9]. Therefore, ASR is considered a severe threat to NPPs structures. On 
the other hand, Yang et al. [10] investigated the effects of alkali-silica reaction (ASR) on 
the pore distribution in fly ash geopolymer concrete. They compared it to ordinary 
Portland cement concrete using microcomputed tomography (Micro-CT) and showed that 
ASR is less severe in fly ash geopolymer concrete than in Portland cement concrete. Thus, 
there is a pressing need to study the effect of irradiation on geopolymer paste which could 
be a potential replacement for cement paste for NPPs. 
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Geopolymers are inorganic polymeric, ceramic-like materials formed through the 
reaction between an aluminosilicate source (e.g., metakaolin, fly ash, red mud) and an 
alkali-rich solution (activator) at room temperature [11–13]. Geopolymers have emerged 
as an eco-friendly alternative to conventional construction materials like concrete due to 
their exceptional mechanical properties [14–17] and fire resistance [18]. These attributes 
have opened exciting opportunities for the application of geopolymers, including as a 
replacement for Portland cement [19], fire-resistant materials [20,21], and environmental 
applications, including waste immobilization [22–24], soil stabilization [25,26], and 
nuclear waste management [27–30]. 

Several studies reported on the effect of gamma rays on geopolymers, but there is 
limited research on the effects of neutron and ion irradiation on these materials. Lambertin 
et al. [31] investigated the effect of radioactive waste on geopolymers by studying the 
impact of gamma-ray irradiation on metakaolin-based sodium geopolymers. They 
concluded that irradiation led to changes in pore size distribution and structural relaxation 
caused by the reorganization of thin pore walls under the influence of radiation. 
Additionally, Deng et al. [32] studied the leaching of 133Cs+ radionuclides from 
geopolymer waste forms by exposing them to gamma-ray irradiation. Their results 
indicated that gamma-ray exposure did not alter the morphology of the geopolymers but 
did change their pore size distribution. Consequently, geopolymers have the potential to 
replace concrete as radiation shielding materials in nuclear reactors. However, the effects 
of ion radiation on the microstructure, mechanical and chemical properties, and stability 
of geopolymers need to be investigated. 

Thus, this paper addresses the effects of ion beam irradiation, which mimics the 
nuclear reactor environment, on metakaolin-based potassium geopolymer. This research 
aimed to evaluate changes in the surface topology, mechanical properties, and chemical 
bonding and vibrational mode of molecules of a geopolymer before and after irradiation. 
A laser profilometer, scanning electron microscopy (SEM), and backscattered electrons 
(BSE) were employed to assess the microstructure, while nanoindentation was used to 
measure the mechanical behavior of geopolymers before and after irradiation. X-ray 
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and Raman 
spectroscopy were used to detect alterations in the geopolymer’s crystallographic, 
chemical, and molecular structures after irradiation. 

Understanding the effect of irradiation on geopolymers is needed for developing 
robust, safe, and sustainable nuclear reactor shielding materials. Moreover, this research 
should lead to the development of radiation-resistant geopolymer materials that are better 
suited for use in high-radiation environments such as nuclear waste containers, space 
shuttles, and satellites. Also, using geopolymers provides environmental benefits as they 
are usually produced from industrial waste materials, like fly ash and slag, which helps 
reduce waste in landfills. Additionally, amorphous geopolymers do not undergo the same 
crystalline-to-amorphous structure transition as cement. Thus, using geopolymers could 
mitigate the risk of ASR and alkali-carbonate reaction (ACR) in the presence of radiation 
exposure which is common in concrete. 

This paper is divided into five sections. Section 2 describes the geopolymer 
synthesis and methods. Section 3 presents the results. Section 4 discusses the results. 
Section 5 contains the conclusions and extensions of the work. 
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2 Materials and Methods  

2.1 Geopolymer Synthesis 
The main geopolymer compounds were manufactured following a well-

established mix design employed in other studies [33] 
K2O•2SiO2•11H2O + 2SiO2•Al2O3 à  K2O•Al2O3•4SiO2•11H2O. 
The alkali solution (K2O•2SiO2•11H2O), also known as a water glass (WG), was prepared 
by dissolving 90% pure potassium hydroxide pellets (Sigma-Aldrich, St. Louis, MO) in 
deionized water using a magnetic stirrer, with the subsequent addition of fumed silica 
(Cab-o-sil) (Cabot Corp., Boston, MA, USA). The solution was kept on the stirrer at 
medium speed for 24 hours and then placed in a controlled temperature environment up 
to 5 ºC before its use. 

The geopolymer paste was prepared by combining WG with a highly reactive 
metakaolin (MK) (Metamax) (BASF Corp., Florham Park, NJ, USA), with a WG/MK 
ratio of 1.85. Metamax metakaolin powder chemical composition was determined using 
the Shimadzu EDX-700 instrument and is presented in Table 1. Both components were 
added to a plastic becker, and shear mixed under a high torque condition set at 400 rpm 
for 1 minute, followed by high speed at 2000 rpm for 9 minutes. Next, the mixture was 
put into a Thinky ARE-250 planetary conditioning mixer (Intertronics, Kidlington, 
Oxfordshire, UK), which ran at 1200 rpm for 30 seconds and 1400 rpm for another 30 
seconds to mix the components thoroughly and avoid air bubbles in the geopolymer. The 
fresh mix was subsequently poured into a silicone mold with cubic spaces of 
10	mm × 10	mm × 10	mm while placed on a vibrating table (FMC Technologies, 
Houston, TX, USA) to remove the trapped air bubbles which were introduced in the 
previous step. The mold was covered with a plastic sheet and kept at 50 ºC for 24 h for 
thermal curing to guarantee proper reactivity before demolding. A subsequent curing 
period of 7 days was conducted at room temperature conditions. 

Table 1. Chemical composition of metakaolin powder, all values are in wt%. 

 
 

 
 

2.2 Sample preparation and ion-irradiation  
Before the ion-irradiation, the samples were cold-mounted in conductive mounts 

(epoxy resin + Ni powder). They were mechanically ground and polished using a Struers 
Tegramin-25 automatic polisher. Grinding was performed on an MD-Piano 220 grinding 
surface, while polishing was carried out using an MD-Plan cloth with 9 µm diamond 
suspension. Final polishing was performed on an MD-Chem cloth with 0.25 µm fumed 
silica. A polished metakaolin-based geopolymer sample with a dimension of 
1	cm × 1	cm × 1	cm was used for laser profilometry, SEM, BSE, nanoindentation, FTIR, 
and Raman spectroscopy. The sample was grounded using a pestle and mortar until a fine 
homogeneous powder was obtained for XRD testing following irradiation. 

Since there is no prior literature on the effect of ion radiation on geopolymer and 
most of the work has been done using gamma X-ray, it was difficult to specify the 
necessary dose of ion irradiation to induce the damage expected in a typical nuclear 

Material 
Type SiO2 Al2O3 TiO2 Fe2O3 K2O SO3 V2O5 CuO 

Metakaolin 52.3 44.9 1.92 0.53 0.09 0.7 0.06 0.04 
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reactor environment. Thus, the ion fluence was chosen to produce similar damage 
occurring in concrete, the most common construction material used in nuclear power 
plants. However, we choose the ion fluence based on the amount of ion irradiation that 
can induce the same damage that neutron irradiation can cause to the concrete after 40 
years of operation of the nuclear reactor. Field et al.[34] reported that a fluence level 
where the deleterious effect of irradiation on concrete was observed after more than 40 
years of nuclear power plant operation is near 1019 n/cm!. Typically, the energy 
deposition rate of ion bombardments is about 105 times more than the corresponding 
neutrons bombardment [35]. Therefore, the ion beam fluence has to be greater than 1014 
cm-2. In our case, the samples were irradiated using a 3SDH Pelletron accelerator 
(National Electrostatics Corporation (NEC), Middleton, Wisconsin, USA) at ambient 
temperature using a 526 keV Ti+ ion beam to a fluence of 1016 cm-2 using an average 
beam current of 24	nA for 43 minutes exposure duration. The ion beam was created in a 
source of negative ions by cesium sputtering (SNICS) using a titanium hydride cathode.  

The SRIM (Stopping and Range of Ions in Matter) Monte Carlo Binary Collision 
Approximation (BCA) software [36] was used to simulate the Ti+ irradiation process of 
the geopolymer [32]. In this simulation, a 10" Ti+ ions with an energy of 526 keV 
bombarded the target surface at normal incidence. The target was modeled as a 3-
Dimensional amorphous system composed of Si-Al-K-H-O (following the geopolymer 
chemical formula K2O•Al2O3•4SiO2•11H2O) with 1.704 g/cm3 density and thickness of 
3 µm. We calculated the implantation profile of the incident ions as a function of the 
target depth, as shown in Figure 1. The y-axis represents the percentage of the incident 
ions implanted, and the x-axis indicates the depth penetrated by the ions in the target. The 
radiation range of Ti+ in the geopolymer was found to be around 623 nm. 

 



 6 

 
2.3 Laser Profilometry 

Surface topography measurements were performed using Keyence VK-1000 3D 
laser scanning confocal microscopy (Keyence Corporation, Osaka, Japan) to study the 
topographic changes of the sample surface after irradiation. The measurements were done 
before and after ion irradiation using 20x magnification. These 3D surface topography 
images giving height maps were processed using Gwyddion software [37]. 

2.4 Scanning Electron Microscopy (SEM) and Backscattered Electron (BSE)  
The morphological and microstructural study was performed using environmental 

scanning electron microscope FEI Quanta™ FEG 450 ESEM (FEI Company, Hillsboro, 
Oregon, USA). The instrument was equipped with Robinson series 6 scintillator-type 
backscattered electron detector (BSD) and solid-state low- and standard voltage BSDs. 
SEM imaging was carried out at various magnifications with an accelerating voltage of 
20 kV. BSE imaging was conducted with an accelerating voltage of 10 kV. Since the 
sample was embedded in a conductive epoxy mount to discharge the electric charge 
produced during the irradiation and SEM scanning, no sputtering was required. 

2.5 Nanoindentation  
Mechanical properties of the specimen before and after irradiation were determined 

using Hysitron nanoindenter TI 950 with an upgraded controller using XPM accelerated 
property mapping function (Bruker Corporation, Billerica, MA, USA). One hundred 
indents were performed over an area of 60 × 60	µm!, with a fixed maximum load of 1 
mN for pristine and irradiated samples. For the pristine sample, a total of three 
indentations were conducted at three different locations within the center of the sample. 
Additionally, thirteen indentations were performed on an irradiated sample, starting from 
the center of the irradiated region and extending outward toward the border between the 
irradiated and pristine area, as illustrated in the diagram in Figure 5(e). The separation 
distance between the first 10 indents was 100 μm, and for the remaining three 
indentations, it was 500 μm. The separation distances and the maximum load were 
carefully selected to prevent interaction between the indents for pristine and irradiated 
samples.  

Young’s modulus was calculated using the following equation [38] 

𝐸 = (1 − 𝜈!) (
1
𝐸"
−
1 − 𝜈#!

𝐸#
) (1) 

where 𝜈 is the Poisson’s ratio of the geopolymer, which is assumed to be 0.3 as suggested 
by Chen et al. [39], Er is the reduced elastic modulus, Ei and 𝜈# are the Young’s modulus 
and Poisson’s ratio of the indenter, which are 1140 GPa and 0.07 for diamond, 
respectively [38]. 
2.6 X-ray Powder Diffraction (XRD) 

XRD analysis was conducted on metakaolin and geopolymer samples in 
powdered form and an irradiated geopolymer in solid form. The solid irradiated sample 
was a flat, finely polished disc with a thickness of 1 cm. The analysis was performed 
using a Bruker D-8 Discover diffractometer (Bruker, Billerica, MA, USA) equipped with 
a copper X-ray source (CuKα, λ= 1.544 Å) operated at 40 kV and 40 mA, with a step size 

Figure 1. Implantation profile of Ti+ ions as a function of depth due to 526 keV Ti+ 
irradiation of geopolymer target at normal incidence as calculated using SRIM. 
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of 0.01° and a scan rate of 0.5 steps/s. The diffraction pattern was collected over a 2θ 
range of 10-50°. The resulting diffraction pattern was analyzed using the Jade software 
package to identify each phase present in the sample. The software was calibrated using 
the ICSD database to ensure accurate phase identification. 
2.7 Fourier-transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy 

FTIR and Raman spectroscopies were utilized to analyze the chemical 
composition and molecular structure of the metakaolin-based geopolymer before and 
after irradiation. The FTIR analysis was carried out using a Perkin-Elmer Spectrum One 
(PerkinElmer, Shelton, CT, USA) FTIR Frontier spectrometer with a universal 
attenuated, total reflection (UATR) polarization tool. To ensure optimal contact and 
generation of internal reflection during the FTIR analysis, a polished surface was pressed 
against a diamond crystal with a force of 85 N. FTIR spectra were collected in the range 
of 4000-400 cm-1 with a spectral resolution of 4 cm-1 on both pristine and irradiated 
samples. The FTIR scans were conducted on a total of three different irradiated samples 
and one pristine sample at four different points within each irradiated sample and at four 
different locations within the pristine sample. The spectra presented in this study are the 
average of 12 scans for the irradiated samples and four scans for the pristine sample. 
Raman spectra were obtained using a Confocal Raman microscope Raman 11 
(Nanophoton, Osaka, Japan) with a 532 nm and 785 nm excitation laser. Raman spectra 
were collected on a powdered metakaolin and pristine geopolymer sample using a laser 
with a 532 nm wavelength and a grating of 1200 gr/mm. For the solid irradiated sample, 
a 785 nm wavelength laser was used. Raman spectra were collected using a 20x objective 
lens and a slit width of 50 μm over an area of 15	µm × 15	µm with an exposure time of 
10 s, and a total of 301,550 points were collected in each scan. The spectra were collected 
in the range of 70-1300 cm-1 with a peak position accuracy of 0.1 cm-1 and a spectral 
resolution (FWHM) of 1.6 cm-1. 
3 Results  

3.1 Microstructure and Morphology Analysis 
3.1.1 Laser Profilometry 

Figure 2 shows the laser profilometry scans illustrating the surface topology of 
the metakaolin-based geopolymer before and after irradiation. The sample topography 
before irradiation (pristine) has a smooth crack-free surface (Figure 2(a)). However, after 
irradiation, a noticeable crack formed in the center and another in the corner of the area 
exposed to radiation (Figure 2(b)). After irradiation, the geopolymer surface exhibits the 
formation of new pores, as seen in Figure 2(b). Figure 2(c) shows the line profiles (A-B) 
of the geopolymer surface before and after irradiation. The line profile across the sample 
surface before irradiation exhibits minimal changes in surface roughness. In contrast, the 
line profile following irradiation drops significantly with a sharp peak at the location of 
the newly formed crack.  

3.1.2 Scanning Electron Microscopy (SEM) and Backscattered Electron (BSE) 
The microstructure and the morphology of the geopolymer specimens were 

analyzed using SEM and BSE imaging techniques. Figure 3 displays SEM and BSE 
images of the geopolymer microstructure at different magnifications, taken at the same 
position, before and after irradiation. Figure 3(a) shows a map-like crack formation on 
the geopolymer surface. The red line drawn in Figure 3(b) indicates the boundary between 
the pristine and irradiated geopolymer sample surfaces. Following irradiation, the surface 
of the geopolymer exhibits a darker color compared to the pristine condition, as indicated 
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by the red line drawn between the pristine and irradiated areas on the sample surface in 
Figure 3(b). The backscattered electron (BSE) technique was utilized in this study to 
examine the surface morphology and assess the penetration depth of the irradiation effect 
within the sample. Figure 3(f) is a BSE image of the geopolymer surface after irradiation. 
There is no color difference between the pristine and irradiated areas, like what was 
observed in the SEM image. Additionally, the observation from the SEM image, as well 
as the BSE image (Figure 3(f)), indicated that the effect of irradiation was primarily 
confined to the immediate vicinity of the sample surface. No discernible color difference 
was observed between the pristine and irradiated areas in the BSE image, further 
confirming the shallow depth of the irradiation effect, as detected by both SEM and BSE 
techniques. Furthermore, the surface cracks depicted in Figure 3(f) are more noticeable 
(shown by the red arrows) when compared to the SEM image displayed in Figure 3(a). 
The magnified area of the pristine sample in Figure 3(e) shows that the sample had many 
voids containing unreacted metakaolin powder. In contrast, following irradiation, the 
same area exhibited a more uniform and compact microstructure characterized by the 
absence of unreacted metakaolin particles. Figure 4 displays SEM and BSE images 
comparing a pristine sample to an irradiated sample. In Figure 4(a), the pristine sample 
exhibits no noticeable cracks near the prominent diagonal crack (highlighted by a red 
arrow). However, following irradiation, a significant crack becomes apparent in Figures 
4(b) and 4(c), originating from the pre-existing crack at the same location prior to 
irradiation. Furthermore, an additional crack emerges (indicated by yellow arrows) in 
Figures 4(b), 4(c), and 4(d).  
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Figure 2. Height change map obtained using a laser profilometer for a metakaolin-
based geopolymer sample before and after irradiation: (a) the height map of the 
sample in its pristine condition, (b) the height map after irradiation, and (c) the line 
profile representing the change in height topography of a pristine and an irradiated 
sample. 
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Figure 1. Scanning electron microscopy (SEM) and backscattered electron (BSE) 
images at different magnification for metakaolin-based geopolymer before and 
following irradiation. (a) SEM image at pristine (original) condition, (b) SEM image 
following irradiation, with a red line indicating the boundary between the pristine and 
irradiated regions, (c) pristine SEM image at 240x, d) irradiated SEM image at 240x, 
and e) pristine SEM image at 2130x. f) BSE image following irradiation. 
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3.1.3 Nanoindentation  

Nanoindentation is an essential tool used to understand the nano/micromechanical 
properties of materials. In this study, we utilized nanoindentation to investigate the 

Figure 2. Scanning electron microscopy (SEM) and backscattered electron (BSE) 
images at different magnifications for metakaolin-based geopolymer, before and after 
irradiation. (a) SEM image at pristine condition, (b) SEM image for the irradiated 
condition; yellow arrows are showing the newly formed cracks after irradiation, (c) 
irradiated SEM image, (d) SEM image of the crack for irradiated the sample at 600x, 
and (e) BSE image following irradiation with yellow arrows indicating the newly 
formed cracks. 
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microscale mechanical properties of geopolymers before and after irradiation. Figures 
5(a), (b), and (c) depict the contact depth, reduced modulus, and microhardness, 
respectively, obtained from 13 different locations in the sample. The measurements began 
at the center of the irradiated area and were repeated in an outward direction towards the 
pristine area of the sample, as illustrated in Figure 5e. The nanoindentation mechanical 
properties of pristine and irradiated geopolymer samples are summarized in Table 2. 

 

 

 
The average nanoindentation results obtained from the pristine and irradiated 

samples are reported in Table 3. The results show that the average microhardness, 
Young’s modulus, reduced modulus, and contact depth for the irradiated sample are 1.29 
±0.10 GPa, 11.77 ±0.56 GPa, 12.66 ±0.45	GPa, and 181.44 ±8.01 nm, respectively. In 
contrast, those of the pristine specimen are 0.68 ±0.04 GPa, 7.91 ±0.29	GPa, 8.65 ±0.34 
GPa, and 236.67 ±11 nm, respectively. Thus, there was a significant increase in 
microhardness, Young’s modulus, reduced modulus, and reduction in contact depth after 
irradiation, as summarized in Figure 6. Considering that the average depth of the 
irradiated region calculated using SRIM was 623 nm, it can be stated that the 
236.67	±11	nm deep indents recorded after irradiation were within the damaged 
irradiated region. Representative load versus penetration depth plots obtained from 

Figure 4. Results of nanoindentation tests conducted on pristine and irradiated 
metakaolin-based geopolymer. (a), (b), and (c) are the nanoindentation results of contact 
depth, reduced modulus, and microhardness for 13 different locations (with location 1 
being at the center of the irradiated area and location 13 being at the outermost location 
of the irradiated area), (d) the load versus displacement plot for both pristine and 
irradiated metakaolin-based geopolymer, and (e) schematic representation for the 
nanoindentation locations on the irradiated sample, where number 1 is in the center of 
the ion beam and location 13 is the most outer point towards the pristine part of the 
sample. 
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pristine and irradiated geopolymer using a load of 1 𝑚𝑁 are presented in Figure 5(d). It 
is observed that there was a significant increase in the geopolymer hardness after 
irradiation, as shown in Table 2.  
Table 2. Summary of statistical results of nanoindentation mechanical properties of 
pristine and irradiated metakaolin-based geopolymer. 

 

The surface topography around the indents before and after irradiation was 
imaged by SEM to examine the topography of the indentation point and investigate the 
pile-up surrounding the indenter’s tip. SEM images of the indentation point before and 
after irradiation are seen in Figure 7. The pyramidal tipped shape of the Berkovich 
diamond indenter imprint was not seen here for both the pristine and irradiated samples. 
Figures 7(a) and 7(b) exhibit pile-up morphology surrounding the indentation point in 
both pristine and irradiated samples. However, in the case of pristine, the pile-up is higher 
and more pronounced than in the irradiated situation due to the higher penetration depth 
reported for pristine (236.67 ±11 nm) relative to irradiated (181.44 ±8.01 nm) samples. 
 

Location 
Number 

Distance 
from the 

center of the 
beam (μm)

1 0 1.13 0.75 12.22 4.43 197.4 66.6

2 100 1.25 0.74 12.2 3.93 189.9 71.6
3 200 1.32 0.76 12.87 4.65 178.2 55.8
4 300 1.17 0.65 12.46 4.4 190.5 60.3
5 400 1.29 0.86 12.55 5.13 183.9 58.6
6 500 1.35 0.82 12.78 4.2 175.6 51.8
7 600 1.28 0.71 12.83 4.22 178.4 51.3
8 700 1.42 0.78 12.92 3.98 172 55.7
9 800 1.34 0.71 12.85 4.21 176.3 58.8
10 900 1.27 0.75 12.5 3.96 182.8 58.8
11 1400 1.42 0.97 13.51 4.66 177.6 64.5
12 1900 1.13 0.54 11.77 3.81 186.6 48.9
13 2400 1.44 0.92 13.18 4.46 169.5 50.2

1 0.64 0.29 8.3 2.45 249.1 63.2

2 0.72 0.29 8.98 2.12 228.2 42.9

3 0.68 0.24 8.68 1.83 232.7 42.8
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Figure 6. Average nanoindentation results of pristine and irradiated metakaolin-based 
geopolymer (a) reduced modulus, (b) contact depth, (c) Young’s modulus, and (d) 
hardness. 
Table 3. Summary of the average and standard deviation nanoindentation results, 
including hardness, Youngs’s modulus, reduced modulus, and contact depth for pristine 
and irradiated metakaolin-based geopolymer. 

Pristine 0.68 0.04
Irradiated 1.29 0.10
Pristine 7.91 0.29

Irradiated 11.77 0.56
Pristine 8.65 0.34

Irradiated 12.66 0.45
Pristine 236.67 11.00

Irradiated 181.44 8.01

Reduced Modulus (GPa)

Contact depth (nm)

Hardness (GPa)

Young's Modulus (GPa)

Description Average 
Standard Deviation 

(std.)
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3.2 Chemical and Molecular Characterization 

3.2.1 XRD Results 
The diffraction patterns of metakaolin and pristine and irradiated geopolymer are 

plotted in Figure 8. Anatase (TiO2) phase impurity was the primary phase observed in 
metakaolin and geopolymer, having diffraction maxima at 2θ of 25.3o, 27.39o, 37.81o, 
and 48.04o. The diffraction pattern and peak interpretation for anatase were consistent 
with (TiO2, PDF number 04-013-3874) [40,41]. Also, a broad amorphous hump was 
observed in metakaolin and the pristine geopolymer at 2θ around 22o and 28o, 
respectively. Pristine and irradiated geopolymer showed a reduction in the anatase peak 
at [101] and [200] planes, which could be due to the geopolymerization process or the 
preferred crystal orientation. Moreover, XRD did not show any newly formed minerals 
after exposure to irradiation.  

 

Figure 7. SEM images of indentation point: (a) indentation point for pristine sample 
and (b) indentation point for irradiated sample. 

crack

a b
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Figure 8. X-ray powder diffraction patterns resulting from metakaolin, pristine, and 
irradiated metakaolin-based geopolymer. 
3.2.2 FTIR Results 

Figure 9 presents the FTIR spectra of the pristine and irradiated geopolymer. Two 
absorption bands are observed in the pristine and irradiated samples within the 
wavenumber (WN) range of 3500-3300 cm-1 and 1639 cm-1, which correspond to the O-
H stretching vibration and H-O-H bending (blue and green regions, respectively) [42] or 
the deformation mode of coordinated water molecules adsorbed to the Si-O-Si structure 
[43,44]. Note that the peaks attributed to the H-O-H (H2O band) and the O-H stretching 
vibration have decreased in intensity and exhibited peak broadening after exposure to 
irradiation.  

Moreover, the band around 1000 cm-1 (gray region) represents the asymmetric 
stretching band of Si-O-T (T is tetrahedral Si or Al) [45,46]. The peak at around 1436 cm-

1 (orange region) represents the asymmetric stretching vibration mode of the O-C-O bond 
in the CO32- group [45,47]. After irradiation, the peak shifted towards the lower WN (1375 
cm-1) and became sharper and more well-defined. 
 

 
Figure 9. FTIR spectra of pristine versus irradiated metakaolin-based geopolymer in 
4000–400 cm−1 wavenumber region, before and after the irradiation. 

3.2.3 Raman Spectra Results  
Figure 10 displays the Raman spectra of metakaolin and pristine and irradiated 

geopolymer. The results represent the data points collected over an area of 
15	µm × 15	µm. Moreover, using a 532 nm excitation laser on irradiated samples yielded 
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high fluorescence, and there were no peaks observed. However, using a 785 nm excitation 
laser eliminated the fluorescence effect from the Raman spectra. There were four major 
peaks located at 143 cm−1 (present in both metakaolin and pristine samples), 393 cm-1 
(present in metakaolin) or 396 cm−1 (present in pristine), 518 cm-1 (present in metakaolin) 
or 516 cm-1 (present in pristine), and 638 cm−1 (present in both metakaolin and pristine 
samples).  

 
Figure 10. Raman spectroscopy result from metakaolin powder, pristine, and irradiated 
metakaolin-based geopolymer a) Raman spectra of pristine and irradiated metakaolin-
based geopolymer in 80–1300 cm−1 wavenumber region, before and after irradiation and 
b) a summary of calculated full width half maximum (FWHM) and location of the peak 
center.  

Notably, there is no significant change in the position and intensity of these peaks 
between the metakaolin and geopolymer samples prior to irradiation. Also, there is a 
decrease in Raman intensity, a shift in peak position (to higher WN), and an increase in 
the peak full width half maximum (FWHM), as summarized in Figure 10(b). Generally, 
there is a major shift in all peaks after irradiation except for the peak seen at 143 cm-1 
which has a slight shift to 147 cm-1 compared to other peaks.  

4 Discussion  
4.1 Microstructure and Morphology Analysis 
4.1.1 Laser Profilometry  

The results presented in Figure 2 indicate that irradiation has a significant impact 
on the surface morphology and structural integrity of the metakaolin-based geopolymer. 
The pristine sample surface (Fig. 2(a)) is crack-free while the irradiated sample surface 
(Figs. 2(b) and 2(c)) has a crack and pores. The formation of the cracks at the geopolymer 
surface could be attributed to the energy produced from the Ti+ exposure. The conversion 
of this inelastic energy into thermal and mechanical energies results in the formation of a 
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shockwave sufficient to cause atomic displacement within the bulk of the geopolymer 
structure [48,49]. The atomic displacement increased stress and strain at the geopolymer 
surface, which initiated the formation of the cracks and the modification of the surface in 
the form of a newly formed pore (Figure 2(b)). Moreover, the cracks were not only caused 
by the irradiation shock wave but also the intense heating followed by rapid cooling [48]. 
It should be noted that the radiation effect is confined to a very small area (beam diameter 
of 3 mm) near the surface, approximately within the first ~623 nm, as calculated using 
SRIM. Moreover, the exposure time (43 minutes) and the fluence (1016 cm-2), as well as 
the high beam energy (526 keV Ti+ ion beam) used in our experiment, were considered 
extreme conditions for such a material. In addition, cracks in geopolymer formations may 
result not only from irradiation but also from the hydration and the volumetric strain that 
occurs due to water evaporation, surface energy, and hydrostatic tension [50]. Moreover, 
the line profiles presented in Figure 2(c) provide further insights into the surface changes 
induced by irradiation. Before irradiation, the geopolymer surface exhibited minimal 
alterations in roughness. In contrast, after irradiation, a significant drop in the line profile 
was observed, with a sharp peak at the location of the newly formed crack. This suggests 
that localized heating, thermal shock, and Ti+ deposition during irradiation lead to surface 
shrinkage caused by the evaporation of bound water. The combination of crack formation 
and surface shrinkage highlights the complexity of the material response under extreme 
irradiation conditions. 
4.1.2 Scanning Electron Microscopy (SEM) and Backscattered Electron (BSE) 

The SEM images (Figure 3) provided insights into the surface changes induced 
by irradiation. The experimental results suggest that the effect of irradiation was primarily 
confined to the immediate vicinity of the sample surface, as observed in both SEM and 
BSE images (Figure 3(f)). The shallow depth of the irradiation effect was further 
confirmed by the absence of discernible color differences between the pristine and 
irradiated areas in the BSE image. It was found that the irradiation-induced changes in 
the microstructure led to a significant reduction in surface porosity, resulting in a more 
uniform and compact microstructure. Comparing SEM and BSE images of pristine and 
irradiated samples (Figure 4), it was observed that irradiation resulted in the development 
of significant cracks, including an additional crack originating from a pre-existing one. 
The observed early crack formations in the geopolymer surface (Figure 3(a)) can be 
attributed to the material's low tensile strength behavior, akin to concrete. Such cracks 
can result from excessive tensile stress induced by restraint to early-age shrinkage and 
drying shrinkage [51,52]. Similarly, Zatloukalova et al. [53] observed evenly distributed 
cracks on the surface of the cement paste samples before and after irradiation and 
concluded that these cracks were developed during the sample preparation for 
microstructure analysis. Thus, it is challenging to ascertain whether the cracks 
specifically arose due to irradiation or from a dehydration process resulting from 
atmospheric exposure. 

Generally, geopolymers are known for their low thermal conductivity [46], which 
makes them excellent insulators [55–58]. In our experiment, thermal energy most likely 
was trapped in the region exposed to radiation, leading to limited heat dissipation and 
subsequent shrinkage due to moisture evaporation. This phenomenon caused the 
irradiated section of the sample to appear darker than the pristine side (Figure 3(b)), 
indicating changes in surface topography resulting from irradiation-induced shrinkage. 
Additionally, variations in surface features, such as heights and slopes, can influence the 
angle of incidence and scattering of electrons [59]. Consequently, areas tilted away from 
the incident electron beam may receive fewer electrons and appear darker, while areas 



 19 

perpendicular to the beam may receive more electrons and appear brighter [59]. Figure 2 
(c) provides visual confirmation of a depression on the sample surface after irradiation, 
as indicated by the line profile. 

To assess the penetration depth of the irradiation effect, the backscattered electron 
(BSE) technique was employed. BSE possesses higher energy compared to secondary 
electrons, allowing them to be detected from greater depths within the specimen. This 
characteristic enabled us to investigate the extent of the irradiation’s impact beyond the 
surface of the sample [60]. Moreover, BSE signal intensity depends primarily on the 
average atomic number of the local area in the sample. The use of coupled detectors on 
both sides of the beam, along with flat polished sections, helps to eliminate topographical 
contrast [60]. In our analysis, we observed that unreacted metakaolin residuals, 
commonly present in the geopolymer microstructure due to improper mixing [61–63], 
were notably absent following irradiation. This phenomenon can be attributed to the 
temperature increase caused by Ti+ bombardment, as the energy from radiation is 
converted into heat [64]. Thus, irradiation contributed to an enhanced microstructure of 
the geopolymer surface, resulting in a significant reduction in surface porosity. These 
findings align with the study conducted by Sarker et al.[65] where they concluded that 
increasing the curing temperature leads to a denser microstructure in geopolymers. They 
attributed this increase in density to sintering and the enhancement of geopolymerization 
with higher temperatures. Therefore, enhancing the geopolymer surface by incorporating 
modifiers like fibers to mitigate surface cracks [66–69] would enhance the geopolymer’s 
resilience against irradiation. These modifications could broaden the potential 
applications of geopolymers in various fields, including construction, where durability 
and radiation resistance are crucial factors to consider. Further research is warranted to 
explore the long-term behavior and performance of irradiated geopolymers, as well as to 
investigate tailored material modifications that optimize their properties for specific 
applications. 

4.1.3 Nanoindentation  
The results presented in Figures 5(a), (b), and (c) display the contact depth, 

reduced modulus, and microhardness obtained from 13 different locations in the 
irradiated sample, starting from the center of the irradiated area and extending outward 
towards the pristine region (Figure 5e). The measurements were strategically conducted 
from the center of the irradiated area towards the pristine region of the sample to assess 
the effect of irradiation on the mechanical properties throughout the exposed area. 
Interestingly, the nanoindentation results did not exhibit any specific trends in the contact 
depth, reduced modulus, or microhardness as a function of position from the center 
outward towards the pristine section of the sample. This lack of significant variations in 
mechanical properties suggests that the exposed area to radiation was uniformly affected 
by the irradiation process. However, it is worth noting that the reported results exhibited 
relatively high standard deviation values. This phenomenon can be attributed to the 
complex condition of the specimen after irradiation, where an inhomogeneous 
microstructure and surface modifications, including the formation of new cracks and an 
increase in surface roughness, may have contributed to the variability in the mechanical 
properties [70]. Similarly, nanoindentation on cement paste presents challenges due to 
the high heterogeneity of its surface, making it difficult to select specific material phases 
for indentation with sufficient repeatability [71]. In contrast, geopolymers offer an 
advantage in nanoindentation studies as they do not possess multiple phases, providing a 
more uniform and consistent surface for indentation analysis. 
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The nanoindentation results obtained from both the pristine and irradiated 
samples, as shown in Table 3, provide a clearer understanding of the mechanical changes 
induced by irradiation. Specifically, the average microhardness for the irradiated sample 
was measured at 1.29 ± 0.10 GPa, which significantly reduced to 0.68 ± 0.04 GPa for the 
pristine specimen. Moreover, for the average Young's modulus, the irradiated sample 
displayed a value of 11.77 ± 0.56 GPa, while the pristine specimen exhibited 7.91 ± 0.29 
GPa. Similarly, the average reduced modulus for the irradiated sample was 12.66 ± 0.45 
GPa, in contrast to the pristine specimen's value of 8.65 ± 0.34 GPa. In addition to the 
changes in hardness and modulus, the average contact depth was measured to be 181.44 
± 8.01 nm for the irradiated sample, whereas the pristine specimen showed a deeper 
contact depth of 236.67 ± 11 nm. These results indicate that the irradiated geopolymer 
showed a significant increase in microhardness, Young's modulus, and reduced modulus, 
along with a reduction in contact depth compared to the pristine specimen.  

The enhanced microhardness and moduli after irradiation are consistent with the 
phenomenon of radiation hardening, commonly observed in materials exposed to ion 
bombardment [70,72–74]. This increase in hardness can be attributed to the formation of 
irradiation-induced defects, which act as obstacles, hindering the movement of 
dislocations and leading to improved mechanical properties [75,76]. The presence of 
anatase (TiO2) phase impurity in both metakaolin and geopolymer samples is significant 
in understanding the mechanical behavior of the material. Although geopolymers are 
known to have an amorphous or semi-crystalline structure, the existence of TiO2 crystals, 
even as impurities, may lead to the development of dislocations within the material upon 
exposure to ionizing radiation. The rise in microhardness observed after irradiation may 
be partially attributed to the deformation and strengthening effects of these impurity 
crystals. Moreover, the improvement in the microstructure following irradiation, as 
observed in the SEM and BSE images (Figure 3(d)), likely played a role in enhancing the 
mechanical properties of the irradiated geopolymer. The reduction in contact depth and 
increase in hardness further substantiate the influence of irradiation on the microstructure 
of the material.  

The observed absence of a clear pyramidal shape in the indentation imprints 
shown in Figure 7 suggests that the geopolymer is highly brittle and prone to deformation 
under the applied load. The brittleness of the material could be attributed to its amorphous 
or semi-crystalline nature, which may limit the plastic deformation capacity and lead to 
collapse instead. As a result, the typical pyramid-shaped imprint characteristic of ductile 
materials was not evident in the geopolymer samples before and after irradiation. Despite 
the absence of a distinct pyramid shape, the presence of pile-up surrounding the 
indentation point indicates rigid-plastic deformation in the material [77] resulting from 
the dislocation glides together with microcracks initiation and propagation [78]. The pile-
up occurs due to the flow of material around the indenter during the indentation process, 
and its extent can provide insights into the material's mechanical behavior. In the case of 
the pristine sample, the pile-up was higher and more pronounced compared to the 
irradiated sample. This difference can be attributed to the higher penetration depth 
recorded for the pristine sample (236.67 ± 11 nm) compared to the irradiated sample 
(181.44 ± 8.01 nm). The reduction in pile-up in the irradiated sample suggests that the 
material underwent less plastic deformation or flow during the indentation process. This 
result aligns with the increase in microhardness observed after irradiation, indicating an 
enhancement in the material's hardness and resistance to plastic deformation. The changes 
in mechanical properties observed in the nanoindentation results are likely associated 
with alterations in the microstructure and bonding configurations induced by the ionizing 
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radiation. The absence of pyramid-shaped imprints and the differences in pile-up 
morphology between the pristine and irradiated samples highlight the influence of 
irradiation on the mechanical behavior and deformation mechanisms of the geopolymer.  
4.2 Chemical and Molecular Characterization 

4.2.1 XRD  
The X-ray diffraction (XRD) analysis of metakaolin, pristine geopolymer, and 

irradiated geopolymer samples, as presented in Figure 8, provides important findings on 
the crystalline phases and structural changes induced by irradiation. Geopolymers are 
known for their amorphous or semi-crystalline nature, which forms through the 
geopolymerization process involving alkali activators with aluminosilicate materials.  
Anatase (TiO2) phase impurity was identified as the primary phase in both metakaolin 
and geopolymer samples. Additionally, the diffraction patterns exhibited a broad 
amorphous hump around 2θ angles of approximately 22° and 28° for metakaolin and the 
pristine geopolymer, respectively. This amorphous hump indicates the disordered or non-
crystalline nature of the geopolymer structure. In XRD analysis, the intensity of peaks is 
directly related to the degree of crystallinity in the materials. For amorphous materials, 
like geopolymers, with low crystallinity, broader and weaker peaks are typically 
observed. On the other hand, materials with well-ordered atomic arrangements, like the 
Anatase phase in our case, tend to produce sharp and intense peaks. Interestingly, upon 
irradiation, the XRD results demonstrated a reduction in the intensity of the anatase peaks 
at [101] and [200] planes in both the pristine and irradiated geopolymer samples. This 
decrease in peak intensity could be attributed to several factors, such as the 
geopolymerization process or changes in preferred crystal orientation induced by the 
ionizing radiation. The reduction in peak intensity suggests alterations in the 
crystallographic arrangement of the anatase phase in response to the irradiation exposure. 
Moreover, studies by Adjei et al. [79] have shown that heating metakaolin-based 
geopolymers to 73o C led to the formation of gobbinsite and anorthite minerals within the 
geopolymer microstructure. This mineral formation during the thermal treatment 
introduces thermal stress into the material, which may potentially weaken the overall 
structure of the metakaolin-based geopolymer. From these findings revealed by Adjei et 
al. [79], we can infer that the temperature produced from the irradiation in our case didn’t 
reach 73o C and was not sufficient enough to form a new phase. Comparing these findings 
with the alterations observed in the anatase phase due to irradiation, it becomes apparent 
that different external stimuli such as heat or irradiation can influence the geopolymer 
structure in distinct ways.  

Furthermore, the XRD analysis did not reveal the presence of any newly formed 
minerals or phases in the geopolymer samples after exposure to irradiation. This indicates 
that the irradiation process did not induce significant mineralogical changes or introduce 
new crystalline species in the material. The absence of newly formed minerals implies 
that the geopolymer matrix remains relatively stable under the conditions of the 
irradiation experiment. Further investigations into the mechanisms behind the observed 
changes in peak intensities and crystallographic arrangements would be of great interest 
in understanding the response of geopolymers to ionizing radiation and its potential 
implications for their performance in practical applications. 

4.2.2 FTIR  

The FTIR analysis offers crucial information about the molecular structure and 
chemical bonds of the geopolymer before and after irradiation. By examining the infrared 
spectra, we gain valuable information about the changes in vibrational modes and 
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functional groups induced by ionizing radiation. The observed changes in the O-H 
stretching and H-O-H bending peaks after exposure to irradiation suggest alterations in 
water content due to the thermal effect of the ionization beam [80]. In addition, it is known 
that high-energy neutrons can excite water molecules, leading to radiation-induced water 
decomposition (radiolysis) and subsequent drying due to gas release [8]. This 
phenomenon may also have an impact on the properties of geopolymer paste as they 
typically contain a significant amount of water in their composition. It is worth 
mentioning that cement paste exhibits similar behavior upon exposure to irradiation [8]. 
Moreover, Kontani et al. [81] highlight that gamma-ray irradiation readily decomposed 
the evaporable water in cement paste, while the chemically bound water remained mostly 
unaffected even under irradiation conditions. Additionally, the rates of hydrogen 
generation were influenced by both the dose rates of gamma-ray irradiation and the water 
content present in the cement paste specimens. In contrast, there is limited information 
available regarding the impact of neutrons on concrete materials, particularly on the water 
phases within cement paste. Neutrons, like gamma rays, excite water by transferring their 
energy to it. However, due to disparities in energy transfer density, neutrons may exhibit 
distinct effects on the microstructures of cement paste compared to gamma rays [81].  

The absence of significant changes in the Si-O-T peak intensity suggests that no 
further geopolymeric linkages occurred upon irradiation. This indicates that the essential 
geopolymer structure remained relatively stable under the irradiation conditions. On the 
other hand, the shift and sharpening of the peak corresponding to the O-C-O bond in the 
CO32- group suggests that carbonation took place in the geopolymer gel after irradiation 
[82]. The exact mechanism of this carbonation process requires further investigation. 
Overall, the FTIR analysis highlights the sensitivity of geopolymer materials to 
irradiation, particularly in terms of water content and carbonation. Understanding the 
effects of irradiation on the molecular structure of geopolymers is crucial for predicting 
their performance and potential applications in radiation-exposed environments.  

4.2.3 Raman Spectra  

The Raman spectroscopy results provide valuable insights into the molecular 
structure and vibrational characteristics of the geopolymer under irradiation. Initially, 
when using a 532 nm excitation laser on the irradiated samples, the Raman spectra 
showed high fluorescence and no distinct peaks were observed. The presence of the 
titanium ion in the geopolymer matrix likely contributed to this fluorescence behavior. 
Titanium ions have a propensity to absorb the excitation laser and emit fluorescence, 
which could interfere with the Raman scattering signal from the geopolymer. As a result, 
obtaining meaningful Raman spectra under these conditions proved challenging. To 
address the fluorescence interference and enhance the clarity of the Raman spectra, a 785 
nm excitation laser was utilized. This choice of excitation laser effectively eliminated the 
fluorescence effect from the Raman spectra, allowing for better resolution and 
identification of the characteristic peaks associated with the geopolymer’s vibrational 
modes.  

There were four major peaks identified at 143 cm−1,  393 cm-1, 518 cm-1, and 638 
cm−1. These peaks are attributed to intratetrahedral vibrations of polymerized [SiO4] 
tetrahedral in quartz [82], bending modes of Si-O-Al and Si-O-Si, and a symmetric 
stretching mode of T-O (where T represents Si or Al) [83], respectively. However, 
Challagulla et al. [84] attributed similar Raman spectral modes to anatase TiO2 and 
identified them as Eg, B1g, A1g, and Eg, corresponding to 134, 382, 500, and 590 cm-1, 
respectively. Similarly, Abdelrahman and Garg [41] reported that these four peaks 
correspond to the presence of anatase impurities in the metakaolin (raw materials), which 
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they suggested that this is considered a drawback of using Raman spectroscopy as a 
characterization technique for metakaolin-based geopolymer. Prior to irradiation, the 
Raman spectra of both metakaolin and pristine geopolymer show no significant 
differences in peak position and intensity. This indicates that the geopolymerization 
process did not substantially alter the molecular structure compared to the raw metakaolin 
precursor. However, after irradiation, notable changes in the Raman spectra are observed.  

The Raman spectroscopy analysis revealed changes in the peaks observed at 147 
cm-1, 412 cm-1, 535 cm-1, and 673 cm-1 before and after irradiation. In its pristine state, 
the material exhibited full width at half maximum (FWHM) values of 20, 226, 111, and 
51 for these respective peaks. However, after undergoing irradiation, the FWHM values 
shifted to higher Raman values, measuring 22, 183, 153, and 697, respectively. The 
results show a decrease in Raman intensity, a shift in peak position (to higher 
wavenumbers), and an increase in the peak full-width half maximum (FWHM). These 
observations suggest that the irradiation has induced modifications in the molecular 
structure of the geopolymer. These shifts in FWHM values suggest structural 
modifications and alterations in the vibrational properties of the material due to 
irradiation. The changes in the peak positions and broadening of the peaks indicate 
potential alterations in the crystal lattice, defects, or stress induced by the radiation. 
The peak at 147 cm-1 corresponds to a specific vibrational mode, and its shift to a higher 
Raman value indicates a change in the atomic bonding or local environment of the atoms 
associated with that mode. The same interpretation can be made for the other peaks 
observed at 412 cm-1, 535 cm-1, and 673 cm-1. These shifts might be related to changes in 
the bond lengths, bond angles, or the presence of radiation-induced defects in the material. 

Interestingly, Li [85] identified the peak observed at 532 cm-1 as titanium ions in 
tetrahedral coordinate in TS-1 zeolite (titanium-silicalite molecular sieve). Li also stated 
that this peak appeared at a higher grafting temperature, which correlated with our case 
since we used Ti+ as an ionization source that introduced thermal shock to the material. 
We can assume that the titanium ions used in the experiment substituted within the silicate 
structure and formed a new bond which caused the peak to shift from 516	cm$% to 
535	cm$%. However, to prove this claim, another work needs to be done with metakaolin 
free of titanium oxide impurities. An increase in the FWHM of a Raman peak indicates 
that the vibrational mode associated with that peak was becoming broader and more 
disordered. This finding could be due to several factors, such as increased sample disorder 
(change of bond angles and bond distance [86] ), sample heterogeneity, or an increase in 
the sample temperature [86]. An increase in FWHM can also indicate a decrease in the 
lifetime of the vibrational mode, which can be caused by factors such as an increase in 
the strength of the interactions between the molecules or a change in the local 
environment. 

The Raman spectroscopy results provide compelling evidence of the structural 
changes occurring in the geopolymer following irradiation. The observed shifts in peak 
positions, changes in peak intensities, and broadening of certain peaks highlight the 
complex and dynamic nature of the geopolymer's response to ionizing radiation. These 
findings offer valuable insights into the irradiation-induced modifications in the 
molecular structure of the geopolymer and open up opportunities for further research to 
explore the implications of these changes on the material's properties, mechanical 
properties, and applications. 
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5 Conclusions and Future Scope 

This paper investigated the effect of radiation on potassium metakaolin-based 
geopolymer paste using heavy Ti+ having an energy of 526 keV and fluence of 1016 cm-2 
using an average beam current of 24	nA for 43 minutes of exposure duration. To study 
the effect of radiation on geopolymer, laser profilometry, SEM, and BSE techniques were 
used for the morphological and microstructural evaluation, combined with XRD, FTIR, 
and Raman spectroscopy for chemical and molecular investigation. Also, nanoindentation 
was used to study the microscale mechanical behavior of the geopolymers before and 
after irradiation. Our conclusions are as follows: 

1) A laser profilometer revealed the formation of new cracks in the center and the 
corner of the irradiated area, which could be attributed to the exposure to Ti+ and 
localized heating accompanied by water loss and microcracking. The ion 
irradiation resulted in a shockwave with sufficient magnitude to cause atomic 
displacement within the bulk of the geopolymer structure. 

2) SEM and BSE analysis verified the existence of newly formed cracks originating 
from pre-existing cracks within the geopolymer. However, it poses a challenge to 
definitively ascertain whether these cracks were solely induced by irradiation, or 
if they also resulted from the typical hydration process experienced by 
geopolymer due to moisture loss. 

3) The geopolymer surface displayed a more homogenous and denser microstructure 
with the disappearance of the unreacted metakaolin powder after exposure to 
irradiation.  

4) The results for hardness, Young’s modulus, reduced modulus, and contact depth 
for the irradiated sample obtained from the nanoindentations were 1.29 ±0.10 
GPa, 11.77 ±0.56 GPa, 12.66 ±0.45	GPa, and 181.44 ±8.01 nm, and for pristine 
specimen were 0.68 ±0.04 GPa, 7.91 ±0.29	GPa, 8.65 ±0.34 GPa, and 236.67 
±11 nm, respectively. These findings indicate an increase in hardness, Young’s 
modulus, and reduced modulus, accompanied by a decrease in contact depth 
following irradiation. A notable rise in geopolymer hardness post-irradiation can 
be attributed to the interstitial substitution of Ti+ ions within the geopolymer 
structure and the observed enhancement in microstructure subsequent to 
irradiation. 

5) XRD analysis indicated that the irradiation process did not result in the formation 
of any new minerals or phases in the geopolymer samples. The absence of 
significant mineralogical changes or the introduction of new crystalline species 
indicates that the irradiation had a limited impact on the material's mineral 
composition. 

6) FTIR spectra after irradiation showed that the peaks attributed to O-H stretching 
vibration and H-O-H (H2O band) have decreased intensity and exhibited peak 
broadening after exposure to irradiation, possibly due to the difference in water 
content resulting from the thermal effect of the ionization beam or due to the 
chemical reaction between Ti+ and the geopolymer gel. The intensity of the Si-O-
T peak did not show any change after irradiation, which suggested that no further 
geopolymeric linkages occurred due to the exposure to irradiation. 

7) Raman spectroscopy revealed that there were no significant alterations in the 
position and intensity of the peaks between the metakaolin and geopolymer 
samples before irradiation. However, following irradiation, a decrease in Raman 
intensity, a shift in peak position towards higher wavenumbers, and an increase 
in the full width at half maximum (FWHM) of the peaks were observed. 
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8) To better understand the underlying mechanisms causing these molecular 
changes, further investigation and characterization transmission electron 
microscopy (TEM), or other spectroscopic analyses can be employed. 
Additionally, comparing the Raman results with other irradiation parameters like 
dosage and duration could offer insights into the dose-dependent effects and 
provide a more comprehensive understanding of the material's response to 
radiation exposure. 

9) The findings of this study provide valuable insights into the effects of irradiation 
on geopolymers, particularly regarding changes in microstructure, surface 
morphology, mineralogy, and mechanical properties. However, to fully 
understand the mechanisms driving these alterations and their long-term 
implications on the performance and durability of geopolymers in radiation-
exposed conditions, further comprehensive studies are warranted. 

10) This study shows that geopolymer has the potential to be used as a construction 
material in nuclear power plants. Thus, further research and development of 
geopolymer as a construction material in nuclear power plants is warranted. 
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