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A B S T R A C T   

Fly ash-based geopolymers incorporated with 2% nano-SiO2 (NS)/nano-TiO2 (NT) particles were subjected to 
microstructural and statistical nanoindentation analysis. With the addition of both types of nanoparticles, the 
compressive strength of geopolymer and the micromechanical properties of N-A-S-H gel were increased. NS 
exhibited higher reinforcement effect than NT on macro-strength. However, NT more significantly enhanced gel 
micromechanical properties. NT and especially the NS were found to have a positive effect on the early reaction 
rate of geopolymer. After 28 days, the gel proportion obtained by Backscattered electron (BSE) images analysis 
was close values of 49.16%, 55.69% and 54.02% for reference sample and NS, NT reinforced geopolymer, which 
were more than two times of that from the statistical nanoindentation. The effects of NS and NT on micro-
structure, gel proportion and gel micromechanical properties were discussed to reveal the macro-strength 
reinforcement mechanism. The results obtained from different techniques were also compared and discussed.   

1. Introduction 

‘Geopolymer’ is a kind of aluminosilicate binder synthesized by 
alkaline or alkali-silicate activation of alumina and silica-rich precursor 
materials [1]. It is well known for the environmental benefit of low 
carbon footprint. The proper design of geopolymer can make its me-
chanical properties and durability comparable to Portland cement ma-
terials [2]. Great efforts have been made to investigate, understand, 
optimize and apply this potential green construction material. The 
optimal design of geopolymer is realized by adjusting alkali solution, 
source materials, admixtures, related ratio and curing conditions [3], 
which results in differences in the gel structure, reaction products, de-
gree of polycondensation, etc., and then different properties of 
geopolymer. 

Nowadays, there is an increasing trend to modify and understand 
materials from the “bottom” scale [4] of nano and even molecular and 
atomic scale. One of the typical applications in construction materials is 
nanotechnology, which is defined from two aspects of nanoengineering 
and nanoscience by Sanchez [5], with the keywords of “manipulation”, 
“develop” for the former one and “understanding” for the later one. 
Typical cases for them include modification with nanomaterials and 
investigation by nanomechanical techniques. Nanomaterials have been 

widely studied in Portland cement materials [6–8]. Positive effects 
including filler effect and nucleation effect of nanoparticles, crack arrest 
and interlocking effects of two-dimensional nanomaterials, and pozzo-
lanic effect of pozzolanic active nanomaterials have been identified [9, 
10], which lead to significant improvements in material properties. 
Moreover, various nanomechanical testing techniques such as nano-
indentation, nanoscratch and modulus mapping have contributed a lot 
to the understanding of Portland cement materials. There is an 
increasing trend to combine nanoengineering and nanoscience ap-
proaches in research [11–15]. For the application of nanotechnology in 
geopolymer, relevant studies are insufficient. In addition, the nano-
material modification and nanomechanical characterization are sepa-
rate in existing studies. In these limited studies, the benefits of 
incorporating nanomaterials in geopolymer have also been recognized 
[16]. Typically, geopolymer strength improvement can be realized by 
the addition of nano-SiO2 [17–19], nano-Al2O3 [20], nano-TiO2 [21], 
nano-clay [22] and carbon nanotubes [23]. Higher durability such as 
enhanced sulfuric acid attack resistance of nano-SiO2 modified geo-
polymer [17], and lower water absorption of nano-clay modified geo-
polymer [22] were found. In addition to excellent engineering 
properties, nanomaterials can help geopolymer gain special properties 
simultaneously, such as anti-bacterial properties [24] and self-sensing 
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function [25]. With the deepening of the research on the modification of 
geopolymer by nanoengineering, it is necessary to promote nanoscience 
study to help understand the relevant mechanism and lay a basis for 
further properties improvement. 

The most commonly used nanomaterials in cementitious materials 
are nano-SiO2 (NS) and nano-TiO2 (NT) [26], which were adopted in 
this study to reinforce geopolymer. A high dosage makes it difficult to 
disperse the nanoparticles, thereby reducing the modification effect and 
even bringing adverse effects. The optimal dosage of 2 wt% reported 
previously [17] was applied in this study. The synthesized 
nano-geopolymer composites were investigated by statistical nano-
indentation technique (SNT) to reveal the variation in micromechanical 
properties of the most crucial phase, sodium aluminosilicate hydrate 
(N-A-S-H) gel. Besides, X-ray diffraction (XRD) test, Scanning electron 
microscope (SEM) observation, thermogravimetry analysis (TGA) and 
hydration heat test were combined conducted for properties investiga-
tion and mechanism analysis. 

2. Experimental program 

2.1. Material and sample 

Class F low calcium Fly ash with the chemical composition listed in 
Table 1 was adopted as the precursor material. The alkali solution used 
was a mixture of NaOH solution and Na2SiO3 solution. The NaOH so-
lution was prepared by dissolving NaOH pellets in water. The com-
mercial Na2SiO3 adopted has a silica modulus of 2.07 (14.7% of Na2O 
and 29.4% of SiO2). Alkali solutions and fly ash were mixed based on a 
silica modulus (SiO2/Na2O) of 1, Na2O to ash ratio of 10%, and water to 
solid ratio of 0.32. The morphology and properties of NS and anatase NT 
are shown in Fig. 1 and Table 2. They have the same average particle size 
of 20 nm. Nanoparticles were incorporated by the way of replacing 2% 
of fly ash while other factors were kept the same as the reference sample. 
Nanoparticles are easy to combine with each other owing to the high van 
der Waals force [27]. In this research, 0.5% of Polycarboxylate super-
plasticizer was incorporated into the alkali solution (also for the refer-
ence sample) to help disperse nanoparticles. After adding nanoparticles 
to the alkali solution, the solution was manually stirred for 3 min and 
then dispersed in an ultrasonic bath (120 W, 40 kHz) for 2 h. In order to 
avoid the heat generated in the dispersion process, the water in the bath 
was replaced every 3 min in the first 1.5 h, every 2 min in the following 
20 min and every 1 min in the last 10 min. Alkali solution for the 
reference sample was also sonicated in the bath. 

Geopolymer paste and mortar were mixed by Hobart mixer and cast 
in 50 mm × 50 mm × 50 mm cubic plastic moulds. In addition to 2 times 
of sand by weight of fly ash, the mortar samples had the same mix 
proportions as paste samples. After vibrated for 3 min, samples were 
sealed by plastic film and cured in a 65 ◦C oven for 48 h, followed by 
standard curing until 28 days. Then, small samples with a size of about 
10 mm × 10 mm × 5 mm were cut from the core part of geopolymer 
pastes and embedded in epoxy resin. They were ground by 320, 600 and 
1200 grits abrasive papers with each grade lasted for 10 min and pol-
ished with a small force by 0.3 μm alumina (for 20 min) and 0.05 μm 
cerium oxide slurry (for 20 min) to achieve a satisfactory surface. The 
polished samples were used for the nanoindentation test and BSE image 
analysis. Besides, paste samples were ground into powders for XRD and 
TGA analysis. Thereafter, samples were soaked in isopropanol for 3 days 
and then put in 50 ◦C vacuum oven drying for 3 days. Prepared samples 
were stored in a vacuum desiccator. 

2.2. Compressive strength and workability 

For compressive strength, cubic mortar samples were tested at 28 
days in accordance with the ASTM C109 (Standard Test Method for 
Compressive Strength of Hydraulic Cement Mortars) [28]. The work-
ability of fresh geopolymer mortars was tested by flow table test as 
described in ASTM C1437 (Standard Test Method for Flow of Hydraulic 
Cement Mortar) [29]. The average result of three samples was reported 
for tests. 

2.3. Microcharacterization 

The BSE images were taken at the low magnification of 500 × to 
balance the requirement between details and overall information of 
samples [30,31]. A total of twenty figures were taken for statistical 
analysis of each sample. BSE was operated under the accelerating 
voltage of 15 kV on Zeiss EVO LS15, while Zeiss Supra 55VP was 
adopted for scanning electron (SE) image observation of geopolymer 
paste samples to the nanoscale. The voltage for SE observation was 5 or 
10 kV. The heat of reaction was measured by TAM Air Isothermal 
Calorimeter. In order to simulate the heat curing of geopolymer, the 
temperature condition in the isothermal calorimeter was pre-set and 
kept at 65 ◦C for testing. TGA test was conducted by STA449 F5 
JUPITER. Vacuum dried powder was heated from 25 ◦C to 1000 ◦C with 
a heating rate of 10 ◦C/min. The crystals in raw material fly ash and 
reacted geopolymer were detected by Bruker D8 Discover diffractom-
eter. The step size and 2θ range were 0.02◦ and 5–70◦, respectively. 

2.4. Statistical nanoindentation technique 

Nine of 10 × 10 grids with a grid spacing of 15 μm were performed 
on samples. In an individual nanoindentation point test, the maximum 
force was set as 1.5 mN. The loading and unloading time (unloading to 
10% of peak force) was 7.5 s. When reaching the maximum force, it was 
maintained for 5 s to remove creep. Constant Poisson’s ratio of 0.2 was 
set for testing. The modulus and hardness of each point could then be 
obtained [11]. After deleting abnormal test curves as shown in Fig. 2, the 
nanoindentation data were subjected to deconvolution analysis. 

The distribution of micromechanical properties of geopolymer was 
described by a two-dimensional Gaussian mixture model (GMM) in Eqs. 
(1)–(3), where x = (M,H)

T . M is the elastic modulus and H is the 
hardness of a test point. Maximum likelihood estimation (MLE) [32–36] 
is adopted as a deconvolution technique in this study. The parameters of 
the model including the weighting coefficient, mean value of modulus 
and hardness and corresponding covariance of phases that can make the 
log-likelihood function ln L given in Eq. (4) achieve the maximum value 
are the final estimated results. Expectation Maximization (EM) algo-
rithm was used to find the maximum likelihood solution. 1000 times of 
repeated calculation with random initial input values were made to find 
the optimum value. After obtaining the estimated model, the testing 
data was clustered to the corresponding component (phases) based on 
the maximum posterior probability. In addition, Bayesian Information 
Criterion (BIC) as shown in Eq. (5) was used to penalize the overfitting 
errors and find a suitable number of components (phases) to describe the 
model. 
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Table 1 
Chemical composition of fly ash.  

Oxide Al2O3 CaO SiO2 Fe2O3 K2O MgO Na2O MnO P2O5 TiO2 LOI 

Weight (%) 25.21 1.73 64.55 2.85 1.47 0.41 0.48 0.07 0.19 0.91 1.54  
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BIC= k ln N − 2 ln L (5)  

where πk, μk and 
∑

k are the weighting coefficient, mean value of 
modulus and hardness and corresponding covariance of the kth 
component, respectively. N is the number of observed data (nano-
indentation test points). 

3. Results and discussions 

3.1. Compressive strength and fresh properties 

The 28-day compressive strength of the reference sample, Geo-NS 
(geopolymer incorporated with NS) and Geo-NT (geopolymer incorpo-
rated with NT) are 30.5 ± 1.31 MPa, 35.8 ± 1.12 MPa and 33.7 ± 0.83 
MPa, respectively. It means that both NS and NT particles have 
enhanced the strength of geopolymers, with an improvement of 17.38% 
and 10.49% for Geo-NS and Geo-NT samples, respectively. The addition 
of nanoparticles shows a slightly adverse effect on the workability, 
owing to the high specific area of fine particles. The flow diameter for 
the reference sample was 152.3 mm, while a smaller diameter of 148.4 
mm and 145.7 mm were observed for Geo-NS and Geo-NT mortar 
samples. Due to the use of superplasticizer, the nano-geopolymers still 
have good workability. 

Fig. 1. Morphology of nanoparticles.  

Table 2 
Basic properties of nanoparticles.  

Material Appearance Average particle size 
(nm) 

Purity 
(%) 

Type 

Nano- 
TiO2 

White 
powder 

20 99.9% Anatase 

Nano- 
SiO2 

White 
powder 

20 99.9% Amorphous  

Fig. 2. Typical abnormal nanoindentation test points on sample.  
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3.2. Heat of reaction 

The heat of reaction of samples during the first 48 hr is given in 
Fig. 3. As presented in Fig. 3(a), the heat flow curves are similar for these 
three samples. When compared with Portland cement paste [37], much 
higher heat flow is found for the heat cured geopolymers in the initial 
stage, and no peak was obtained in the later stage. The detailed figure in 
Fig. 3(a) indicates that the highest heat release rate occurs at a similar 
time for samples. The nanomodified samples show significantly higher 
heat flow than the reference sample in the initial 2000 s, with the highest 
value achieved by Geo-NS. It indicates that NT and especially NS have 
accelerated the reaction rate, quite similar to the phenomenon observed 
in Portland cement paste [6,38,39]. It would be attributed to increased 
interparticle space [40], as well as the possible nucleation effect from 
the ultra-small size of particles [39,41–43]. Increased thermal conduc-
tivity could also contribute to the acceleration of reaction. However, 
considering the fact that NT with high thermal conductivity than NS 
brings a less significant increase in the heat flow of geopolymer, this 

factor should be less dominant than others in the initial stage. In terms of 
the cumulative heat generated, similar values were achieved for Geo-NS 
(193.56 J) and Geo-NT (193.95 J) samples, all larger than the reference 
sample (186.64 J). The higher cumulative heat in the nanomodified 
samples implies the higher reaction degree promoted by both nano-
particles during the first 48 hr. A previous study for nano-Al2O3 indi-
cated that it can avoid the induction period in NaOH activated fly ash, 
generating gel much earlier [43]. Thus, the results for NS and NT again 
reveal the potential of nanoparticles for improving the early perfor-
mance of geopolymer, which is in agreement with macro-mechanical 
results [21,44]. 

3.3. Micro and nanoscale structure of geopolymer paste 

The micro and nanoscale structure of geopolymers is shown in Fig. 4. 
At the magnification of 5000×, Fig. 4(a) shows that geopolymer is 
mainly composed of residual fly ash and matrix. Defects such as pores 
and cracks are found to present in both fly ash and matrix. At the higher 
magnification of 10000×, the local microstructure observation of matrix 
in Fig. 4(b) indicates that in addition to the main reacted product of N-A- 
S-H gel, sometimes there are also microcrystals. At this magnification, 
the image starts to show the feature that the matrix generated has a 
looser microstructure than the raw materials fly ash. The nanoscale’s 
images can more clearly reveal the difference. In Fig. 4(c), the N-A-S-H 
gel in matrix is found to be a loose structure packed by different parti-
cles, while the appearance of the fly ash (upper right corner) is still 
smooth and dense at this magnification. Nanoscale’s details of the ma-
trix are displayed in Fig. 4(d). The particles pile up and entangle with 
each other. Most of them display in the granular form. Some typical 
particles displayed are found to have a size of slightly more than 30 nm. 
It should be noted that these particles actually consist of smaller globules 
as the basic unit. Due to the resolution limitation of SEM techniques, the 
smaller globules can be just seen faintly in the enlarged picture of 
300000 × , which are reported to have a size of around 5 nm [1]. 

3.4. Crystals in geopolymer 

The crystals detected by XRD are presented in Fig. 5. Quartz and 
Mullite are the main crystals in geopolymer. Compared with the raw 
material fly ash, it shows that there is no new kind of crystal generated in 
the activated system, which is in line with some previous studies [1]. 
The geopolymer aluminosilicate gel has been proposed to be related to 
the precursor gel for the formation of zeolite [1]. The new zeolite phase 
Na-F was formed in the nano-Al2O3 seeded geopolymer [43]. However, 
a previous study for geopolymer incorporated with Zirconia showed that 
it is not able to act as a nucleation germ for zeolite formation [45]. The 
XRD analysis in this research reveals that the NS and NT also fail to 
promote the evolution of the zeolite phase. 

3.5. Micromechanical properties and proportion of nano-reinforced N-A- 
S-H gel 

3.5.1. Spurious phases and a compromise strategy for deconvolution 
Geopolymer is mainly composed of N-A-S-H gel, unreacted fly ash, 

pores/cracks and crystals. However, the deconvolution of the Gaussian 
mixture model would not be able to accurately obtain the distribution of 
micromechanical properties of all phases [32]. Spurious phases such as 
mixed phase and sub-phases would be generated owing to the combined 
effects of phase characteristics, test factors, deconvolution parameters, 
etc. In the nanoindentation test, the involved range of gel is 3–4 times of 
the penetration depth [46]. Thus, the test results of nanoindentation 
sometimes come from multiphase interactions, such as interactions be-
tween gel and microcrystalline, gel and fly ash. These test points are one 
of the sources of the spurious phases. Typically, because of the small size 
of the crystal phase, most of the test results for it actually come from the 
composite response of the crystal and gel. 

Fig. 3. Heat of reaction during the first 48 h.  
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For the nanoindentation data collected, the deconvolution analysis 
would play a very important role in presenting micromechanical infor-
mation of phases. When the number of phases specified is small, the 
deconvolution result of phases would be a mixture of multiple phases 
(mixed phases caused by deconvolution). However, increasing the 
number of phases in the model would sometimes lead to sub-phases. For 
instance, Phase like fly ash has a wide range of micromechanical dis-
tribution especially when pores are presented. Its micromechanical 
distribution is sparse at some locations and would sometimes overlap 
with other phases (crystals and mixed phases from multiphase 

interactions). As a consequence, some fly ash test data would be mis-
identified as individual phases (sub-phases) or incorporated into other 
phases in deconvolution. The mixed phases and sub-phases would exist 
in the deconvolution model simultaneously. In lots of the case of 
deconvolution, the sub-phases of fly ash occur before obtaining the gel 
phase from the mixture of multiple phases. Therefore, the micro-
mechanical properties of the gel phase and fly ash cannot be accurately 
obtained at the same time. Additionally, the small amount of the real test 
points on the crystal phase makes it very easy to be combined with 
others with similar micromechanical properties in deconvolution 
instead of presence as an individual peak. The real micromechanical 
properties of the crystal phase are almost impossible to be obtained from 
the deconvolution analysis. Considering the above issues, a compromise 
strategy [32,33] is adopted. The micromechanical investigation in this 
study just focuses on the most crucial phase, N-A-S-H gel. 

Fig. 4. Microstructure observation of geopolymer paste.  

Fig. 5. XRD results of nanoparticles reinforced geopolymer paste.  

Table 3 
Micromechanical properties of Geo-NT.  

k M 
[GPa] 

H 
[GPa] 

f BIC C 

C11 C12 
= C21 

C22 

3 19.25 1.15 47.42% 9151.100 31.31 1.53 0.14 
4 19.30 1.15 47.76% 9094.102 31.77 1.54 0.14 
5 18.73 1.13 44.78% 9055.36 27.58 1.37 0.13 
6 15.44 0.90 24.67% 9029.64 11.43 0.49 0.06 
7 14.68 0.86 18.93% 9026.98 9.33 0.41 0.05 
8 15.39 0.90 24.63% 9019.36 11.20 0.48 0.06 
Average 

6-8 
15.17 0.89 22.74% – 10.65 0.46 0.06 

Note: Geo-NT is 2% NT modified geopolymer with 65 ◦C heat curing of 48 hr k is 
the number of phases. “M” and “H” refer to mean value of elastic modulus and 
hardness, respectively. f is the proportion of the phase. C11 is the variance of 
elastic modulus, C22 is the variance of hardness and C12 is the covariance of 
modulus and hardness. 
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3.5.2. Micromechanical properties of nano-reinforced N-A-S-H gel 
The deconvolution process is briefly illustrated based on the case of 

Geo-NT. As shown in Table 3 and Fig. 6, for the model of Geo-NT with 3 
phases, it is the sand brown phase that has the minimum micro-
mechanical properties, with the modulus of 19.25 GPa, hardness of 1.15 
GPa and covariance matrix of (C11 = 31.31, C12=C21 = 1.53, C22 =

0.14), respectively. When increasing the number of phases to 4 and 5, 
there is no significant change for the sand brown phase. For this phase, it 
has high micromechanical properties and especially large variance, 
which does not conform to the characteristics of the gel phase [32–34, 
36]. The N-A-S-H gel phase with small micromechanical properties (M 
= 15.44 GPa, H = 0.90 GPa) and small covariance matrix (C11 =

11.43C12=C21 = 0.49C22 = 0.06) appears when the number of phases 
was set as 6, which changes just slightly with the increase in the number 
of phases. The decomposition of the above sand brown phase to the new 
smaller sand brown phase (N-A-S-H) can be observed clearly in Fig. 6 
(b)–(c) and (e) to (f). However, the BIC does not reach the optimal value 
(minimum value) even if 7 components are assigned to the model as 
shown in Table 3. As mentioned above, there are two kinds of spurious 

phases, mixed phase and sub-phase. In the deconvolution analysis, with 
the increase in the number of phases, the mixed phases would decrease 
while the sub-phases would increase. It is obvious that sub-phases (e.g. 
phase with M of 112.79 GPa and H of 10.39 GPa) already present in the 
model with 5 components while the sand brown phase is still the mixture 
of gel and other phases. The scattered test points of fly ash make the 
spurious sub-phases evaluated as reasonable by the mathematical 
method of BIC, but does not conform to the real distribution. Therefore, 
it is not feasible to obtain the optimum model by BIC to analyze the 
properties of N-A-S-H gel because the excessive separation of phases is 
wrongly evaluated as reasonable. Besides, the normally used 4 compo-
nents in deconvolution would make the result actually the mixture of gel 
and other phases. The compromise strategy of studying the N-A-S-H gel 
merely instead of all of the phases can avoid these problems. The 
micromechanical properties of N-A-S-H are determined by the average 
value of the N-A-S-H phase in the first three models as shown in Table 3. 
The elastic modulus, hardness and proportion of N-A-S-H gel in Geo-NT 
are 15.17 GPa, 0.89 GPa and 22.74%, respectively. 

For reference and Geo-NS sample, the N-A-S-H gel appears in model 

Fig. 6. Statistical nanoindentation results for Geo-NT.  
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with 4 components, and behaviours as a stable phase with the increase in 
the number of components. The model and SNT results for Geo-NS and 
reference with 4 and 6 components are shown in Fig. 7 as well as 

Tables 4 and 5, respectively. The average elastic modulus, hardness and 
proportion of N-A-S-H gel in Geo-NS are 13.30 GPa, 0.75 GPa and 
23.78%, respectively. The corresponding values in the reference sample 
are 11.03 GPa, 0.64 GPa and 12.16%, respectively. 

3.5.3. Repeatability and validity of gel proportion and micromechanical 
properties 

According to the above results, it is clear that the nanoparticles 
would increase the micromechanical properties of the gel, and the Geo- 
NT achieves the highest value. Besides, the proportion of gel for the 
reference sample is just about 50% of the Geo-NT and Geo-NS samples. 
Before using the above results to analyze the micro mechanism of the 
macro properties, verification was conducted to understand the 
repeatability and validity of the results. 

Since the reference sample has the lowest gel proportion, SNT test 
was conducted on the sample again to investigate if the results were 
affected by limited test points and also the repeatability of SNT results. 
For the above results of reference, Geo-NT and Geo-NS, they were based 
on the random principle of the SNT, namely, each grid was selected 
randomly. Since the research focusing on the gel phase only, grids 
nanoindentation were performed on gel rich areas to provide richer test 
data and more accurate test results for gel. In the repeated test pro-
cedure, six locations were selected randomly under a microscope and 
then grids were intentionally set on the gel rich area within the field of 
vision. The test result is provided in Fig. 8 and Table 6. Regarding the 
verification of proportion, BSE images were taken. These images were 
segmented into three phases of pores/cracks, gel and unreacted fly ash 
as shown in Fig. 9. The proportions of the gel phase determined by BSE 
and by nanoindentation are summarized in Table 7. 

As shown in Table 7, the SNT results based on 12.16% gel and 
31.01% gel data set in different tests are quite similar to each other. It 
means that the accuracy of the test method would not be a significant 
obstacle for the comparison of micromechanical properties. However, 

Fig. 7. Statistical nanoindentation results for Geo-NS and reference sample.  

Table 4 
Micromechanical properties of Geo-NS.  

k M 
[GPa] 

H 
[GPa] 

f BIC C 

C11 C12 =
C21 

C22 

4 13.38 0.76 22.80% 9051.71 5.47 0.25 0.03 
5 13.27 0.75 24.36% 9020.92 6.27 0.31 0.04 
6 13.26 0.75 24.19% 9001.09 6.23 0.3 0.04 
Average 13.30 0.75 23.78% – 5.99 0.29 0.04 

Note: Geo-NS is 2% NS modified geopolymer with 65 ◦C heat curing of 48 h k is 
the number of phases. “M” and “H” refer to mean value of elastic modulus and 
hardness, respectively. f is the proportion of the phase. C11 is the variance of 
elastic modulus, C22 is the variance of hardness and C12 is the covariance of 
modulus and hardness. 

Table 5 
Micromechanical properties of the reference sample.  

k M 
[GPa] 

H 
[GPa] 

f BIC C 

C11 C12 =
C21 

C22 

4 11.04 0.64 12.20% 8341.59 7.78 0.40 0.03 
5 11.02 0.64 12.15% 8297.51 7.74 0.40 0.03 
6 11.02 0.64 12.13% 8278.39 7.74 0.40 0.03 
Average 11.03 0.64 12.16% – 7.75 0.40 0.03 

Note: k is the number of phases. “M” and “H” refer to mean value of elastic 
modulus and hardness, respectively. f is the proportion of the phase. C11 is the 
variance of elastic modulus, C22 is the variance of hardness and C12 is the 
covariance of modulus and hardness. 
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the gel proportion obtained by statistical nanoindentation is obviously 
different from that obtained by the generally used BSE technique. In this 
study, epoxy resin was not used to impregnate the surface to avoid its 
effect on micromechanical testing. Thus, crystals are basically dropped, 
making the gel proportion obtained by BSE greater than the true value. 
However, since crystals in matrix may be mainly from raw material fly 
ash, the interference would not impact the relative trend of gel pro-
portion significantly. BSE would still be a more accurate method than 
SNT on phase proportion evaluation as analyzed in the next section. 
Based on the result of BSE, and considering that nanoparticles are added 
in a way of replacing FA, the difference of gel content in samples should 
be small. 

3.6. Microscale mechanism of macro performance 

As opposed to the phenomenon at the macro scale where Geo-NS 
displays better performance than others, it is the gel in Geo-NT that 
has the highest modulus and hardness. Besides, for random nano-
indentation results, the reference sample presents only 12.16% of gel 
while Geo-NT and Geo-NS have 22.74% and 23.78% gel, respectively. If 
based on the SNT results solely, it is easy to consider that the nano-
particles have increased the content of the gel/reaction degree and then 
better macro performance. In fact, the number of nanoindentation test 
points is very few when compared with pixels in BSE images, which is 
hard to accurately reflect the overall information of the highly hetero-
geneous geopolymer. Besides, the interaction of gel with other phases in 
the involved volume would also decrease the proportion of gel detected 
by deconvolution analysis. Therefore, the proportion obtained from SNT 
should be less reliable than that from BSE. More evidence is the TGA 
result as shown in Fig. 10. The remaining weights for reference, Geo-NS 
and Geo-NT are 88.55%, 88.98% and 88.82%, respectively. The weight 
loss between 25 and 300 ◦C is the free water and loosely bound water, 
while the weight loss in the later period is caused by the loss of structure 

water and carbonaceous substances [47]. When the influence of free 
water is eliminated, the TGA results are almost the same for all the 
specimens, indicating that there would be no significant difference be-
tween the content of the gel phase. 

As analyzed through the heat of reaction, the nanoparticles have an 
accelerating effect in the early stage. It would lead to a higher amount of 

Fig. 8. Statistical nanoindentation results for Reference-repeated.  

Table 6 
Micromechanical properties of reference sample-repeated.  

k M 
[GPa] 

H 
[GPa] 

f BIC C 

C11 C12 =
C21 

C22 

5 11.07 0.78 33.42% 4991.91 8.88 0.52 0.05 
6 11.30 0.77 29.89% 4972.91 9.03 0.54 0.05 
7 11.32 0.77 29.71% 4960.76 9.10 0.54 0.05 
Average 11.23 0.77 31.01% – 9.00 0.53 0.05 

Note: k is the number of phases. “M” and “H” refer to mean value of elastic 
modulus and hardness, respectively. f is the proportion of the phase. C11 is the 
variance of elastic modulus, C22 is the variance of hardness and C12 is the 
covariance of modulus and hardness. 

Fig. 9. Segment of phases based on the grey value of BSE image.  
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gel in nano-geopolymers, which plays a significant role in the early 
performance of geopolymer. In fact, both NT and NS particles in this 
study could be treated as unreactive particles due to the limited solu-
bility of NS in the sodium silicate solution. These particles promote the 
growth of gel in a more physical way, just as the interparticle distance is 
demonstrated as the most important parameter for the mineral additions 
to accelerate the clinker hydration [40]. Therefore, the relative differ-
ence of gel content (not the absolute difference) between geopolymer 
and nanomodified geopolymer would narrow over time. For the later 
stage, instead of the gel proportion, the differences in macro-mechanical 
properties between samples would be more related to the strength of the 
gel, as well as the coordination (e.g. bonding) between gel and other 
phases. 

For nano-geopolymer, the nanoparticles could act as filler which 
contributes to the formation of a denser gel structure and then improved 
macro behavior. However, the NS would be more compatible with both 
sodium silicate solution and N-A-S-H gel particles due to the similar 
chemical composition. The NS may achieve better dispersion and also 
integrate with the N-A-S-H gel particles better, resulting in more 
prominent macro mechanical properties. For micromechanical proper-
ties, the denser gel structure would also result in higher modulus and 
hardness. However, there is another factor that would influence the 
micromechanical results significantly. 

In the nanoindentation test, the involved depth is usually considered 
as 3 to 4 times of the indentation depth [46], reaching around 1 μm on 
N-A-S-H gel. When the nanoparticles are well dispersed (single particle, 
very small aggregations), they have a similar size to the gel particles 
shown in Fig. 4(d), and works together with the gel particles as a com-
posite. Owing to the large involved range, the well-dispersed nano-
particles are able to be detected by the nanoindentation test. The 
micromechanical properties of N-A-S-H in nano-geopolymers come from 
the interaction of gel particles and nanoparticles. Single nanosilica is 

reported to have elastic modulus and hardness of 68.9 ± 9.6 GPa and 
2.8 ± 0.4 GPa, respectively in nanoindentation test [48]. For 
nano-titania (anatase), the modulus and hardness are as high as around 
170 GPa and 8 GPa, respectively [49,50]. N-A-S-H gel is actually similar 
to the counterpart LD C-S-H gel. Both are reported to consist of globules 
of about 5 nm [1,51]. The nanoindentation results for them are also 
quite close. The globules of C-S-H are reported to have an elastic 
modulus of 59.7 ± 1.9 GPa [52]. Therefore, the N-A-S-H gel particles 
with a size larger than 30 nm would have a smaller elastic modulus due 
to the existence of nanopores between the packed globules. The higher 
mechanical properties of NS and especially NT particles than gel parti-
cles contribute to the high micromechanical properties of 
nano-reinforced N-A-S-H gel detected. Meanwhile, because of the small 
size and small proportion of the nanoparticles in each test point, the SNT 
results of the nano-reinforced gel would be improved but within a small 
range. For some of the nanoparticles that happen to present densely in 
the nanoindentation test points (poor dispersion), these test points with 
significantly high mechanical properties would not be identified and 
clustered to the gel phase in the deconvolution process. The above 
reasons lead to the results in Table 7 for the gel particles-nanoparticles 
composites where Geo-NT and reference sample achieve the highest and 
the lowest value, respectively. Thus, the properties of the particles 
themselves cause the different reinforcement effect of NS and NT on 
macro compressive strength and micro modulus and hardness. 

4. Conclusions 

The effect of the nanosilica (NS) and nano titanium dioxide (NT) 
particles on the microscale properties of geopolymer, especially the most 
important component N-A-S-H gel, was investigated to promote the 
understanding of the reinforcement mechanism of different nano-
particles. Conclusions can be drawn up as follows:  

(1) The addition of 2% nano-SiO2 and nano-TiO2 particles helps the 
geopolymers gain 17.38% and 10.49% in strength at 28 days but 
leads to a slight decrease in workability. 

(2) The content of the N-A-S-H gels obtained by SNT vary signifi-
cantly for samples and are less than around 50% of the BSE re-
sults. SNT results due to the limited test points on the highly 
heterogeneous geopolymer are considered less reliable than the 
results from BSE. Besides, the multiple phase interaction would 
be responsible for the significantly lower amount of gel detected 
by SNT.  

(3) The presence of both nano-SiO2 and nano-TiO2 particles increase 
the early reaction rate in geopolymer, while the reaction degree 
of different samples in the later age is not vastly different. The 
contents of gel in 28 days geopolymer and nano-geopolymers 
vary in a small range of 49.16%–54.02%.  

(4) Gel particles packed by around 5 nm globules are typically 
observed to have a size of more than 30 nm, similar to the size of 
well-dispersed nanoparticles. Nanoparticles integrate with gel 
particles to form a composite with higher mechanical properties. 
The elastic modulus of N-A-S-H gel is 11.03 GPa, 13.30 GPa and 
15.17 GPa, respectively, for reference, Geo-NS and Geo-NT 
sample.  

(5) Nanoparticles have higher mechanical properties (highest for NT) 
but a much lower proportion than the gel particles, leading to 
slightly higher micromechanical properties of gel in nano- 
geopolymers obtained by SNT. Nano-SiO2 is more compatible 
with sodium silicate solution and gel particles, resulting in better 
dispersion and bonding, then a higher macro strength of Geo-NS 
than Geo-NT. 
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Table 7 
Summary of results from SNT and BSE.  

Samples Modulus 
(GPa) 

Hardness 
(GPa) 

Proportion from 
SNT 

Proportion from 
BSE 

Geo-NT 15.17 0.89 22.74% 54.02% 
Geo-NS 13.30 0.75 23.78% 55.69% 
Reference 11.03 

(11.23) 
0.64 (0.77) 12.16% 

(31.01%) 
49.16% 

Note: Samples were heat cured at 65 ◦C for 48 h. The results in brackets are from 
the repeated test on the reference sample where some grids are intentionally set 
on gel rich area. 

Fig. 10. Thermogravimetric analysis of geopolymer paste.  
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