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A B S T R A C T

Static nanoindentation and Maximum Likelihood Estimation (MLE) were applied for the nano/micromechanical
properties investigation of alkali-activated fly ash (AAFA) in this study. Some critical issues of statistical na-
noindentation were fully discussed, including properties of pure gel phase, influence of bin size when using least-
square estimation (LSE), and suitable number of components for deconvolution. Results indicate that the model
estimated by MLE method can effectively reflect the micromechanical distribution of AAFA. The number of
components needed to separate sodium aluminosilicate hydrate (N-A-S-H) gels is sometimes more than the
normally used 3 or 4, depending on the sample and testing factors. The gel phase does not always display as a
prominent peak in the histogram and is easy to be mixed with other adjacent peaks even if the bin size is small,
indicating the challenges of employing the LSE method to investigate the gel phase in highly heterogeneous
materials, such as geopolymer.

1. Introduction

Nano/micromechanical properties are one of the essential aspects
for the understanding of materials. The advances in micro and na-
noscale mechanical characterization techniques and theory can enable
various measurement and open new doors for material analysis [1–4].
In the field of cement-based materials, they have been typically used to
test micro- and nanomechanical properties of reacted phases [5–7],
measure the width and properties of interface transition zone (ITZ)
between aggregate and cement matrix [8–11], confirm the existence of
phases [12], etc. Among these techniques, nanoindentation has been
most widely used and usually combined with deconvolution techniques,
which is known as statistical nanoindentation technique (SNT). In the
process of applying statistical nanoindentation in cement-based mate-
rials (mainly for Portland cement-based materials), the validity of this
kind of method was sometimes questioned, and one of the key issues
was the robustness of the normally used LSE method for deconvolution
[13]: the global optimum is hard to be found and significantly different
results would be generated from different local optimum; the fewer
number of phases of 2 and 3 are even found to better fit the frequency
distribution histogram than 4 in Portland cement paste. There is an-
other kind of deconvolution technique, the MLE method (Ex-
pectation–Maximization algorithm), to the best of knowledge, applied

in cement paste for the first time by Ulm et al. [14]. The MLE method
gains much less attention than the LSE method. Only limited studies
used this method which can be typically found in reference [14–17].
Besides, based on the MLE method, one study found that the results
obtained were not a pure phase but a mixture of phases, particularly
calcium silicate hydrate (C-S-H) and (calcium hydroxide) CH [15].
Currently, the LSE method is still the mainstream approach for the
deconvolution of nanoindentation data.

Alkali-activated materials are well known for their benefits of re-
using industrial by-products and reduced carbon dioxide emission,
which are promising supplement or even substitute of Portland cement
paste and have attracted extensive relevant studies [18–25]. Although
there is great progress in the understanding of alkali-activated mate-
rials, resorting micro and nanoscale new model as well as advanced
characterization techniques such as Fourier transform infrared (FTIR),
nuclear magnetic resonance (NMR) spectroscopy and X-ray micro-
tomography [26,27], there is still no sufficient research to investigate
the nano/micromechanical properties of them. Fly ash based geopo-
lymer is one of the most representative alkali-activated materials. The
micromechanical properties of alkali-activated fly ash (AAFA) were
investigated by previous studies [28–36]. However, inconsistent results
were presented by different studies. Typically, the modulus of N-A-S-H
gels vary from 4.44 to 16.78 GPa (28 days of curing) in [30], 11 GPa to
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25 GPa (28 days of curing) in [31], and achieve the similar value of
about 17–18 GPa (6 months of curing) in [28], presenting significantly
different results. It should be noticed that different testing and analysis
methods and parameters were adopted in the above studies. For the
statistical analysis of AAFA, the LSE method is still normally adopted
with different bin sizes such as 1.0 GPa [28,29] and 2.0 GPa [31] and
different phase numbers of 3 [31] or 4 [28,30] were used. This again
raised questions regarding the influence of the different choice of
parameters in the deconvolution process on the final deconvolution
results and also the accuracy and reliability of the LSE method itself.

Based on the AAFA sample, via investigating the effect of bin size,
number of phases and grid number on the results, the validity of the LSE
method and the MLE method are examined in this study. The MLE
method is found to have great advantages over the LSE method.
Besides, the gel phase with significant inclusions removed is obtained
by MLE in this study by increasing the number of phases for deconvo-
lution. The advantages of the MLE method can be displayed based on a
premise that the “compromise approach” is adopted.

2. Experimental and analysis methods

2.1. Materials and sample preparation

Fly ash used was low calcium fly ash with the chemical composition
shown in Table 1. Sodium hydroxide pellets were dissolved in water
and cooled down. Then, it was mixed with sodium silicate to adjust
silica modulus. The original modulus of the commercial sodium silicate
is 2.07 with 14.7% of Na2O and 29.4% of SiO2. Different samples with
Na2O to fly ash weight ratio of 6%, 8%, and 10% were prepared. For
these samples, constant silica modulus of 1.0 in alkali solution, as well
as constant water to solid ratio of 0.338 were adopted to keep other
factors similar for each kind of sample. Fly ash was mixed with corre-
sponding alkali solution for 5 min and cast into cubic plastic moulds
with the size of 50 mm × 50 mm × 50 mm. The samples were vibrated
for 3 min and sealed by plastic film. Then, they were put into oven with
heat treatment of 70 °C for 24 h. After that, samples were taken out of
the oven and put into a standard curing cabinet for further curing
(temperature of 20 °C and RH of 95%).

2.2. Nanoindentation

The centre part of cubic specimens was taken out and cut into slices
with the size of around 10 mm × 10 mm × 5 mm. Then, these samples
were embedded in cold-mounting epoxy resin with one surface exposed
to air. After the epoxy solidified, these samples were successively
ground on 320, 600 and 1200 grits abrasive papers with each grade
lasted for 10 min and then polished with a small force for 40 min by
0.3 μm alumina and 40 min by 0.05 μm cerium oxide slurry to obtain a
smooth surface. After each grade of polishing, samples were cleaned in
an ultrasonic bath with isopropanol for 3 min to remove particles on
their surface. Samples were put in a vacuum oven with the temperature
of 50 °C for 12 h to dry and then stored in a vacuum desiccator until
testing at 28 days.

After 28 days, Agilent G200 Nano Indenter with a Berkovich tip in
The Sydney Centre in Gemechanics and Mining Materials (SciGEM)
within The University of Sydney was used to conduct nanoindentation
to investigate the micromechanical properties of AAFA. Nine 10 × 10
grid nanoindentation were performed with a grid spacing of 15 μm. The
nanoindentation depth can be determined by satisfying both the scale

separability condition and roughly one-tenth rule of thumb as the
below Eq. (1) [37], where d is the largest heterogeneity of geopolymer
phases and D is the characteristic size of microstructure. Besides, en-
ough depth is also necessary to avoid interference from surface
roughness [38,39]. For the investigation of N-A-S-H gel, it was reported
that the N-A-S-H gel consists of particles with the diameter of about
5 nm [40]. As for characteristic microstructure size, more than about
4 μm can be found even just 7% Na2O (Ms = 1) is used [41]. After
several attempts, trapezoid loading with the peak force of 2 mN was
adopted as shown in Fig. 1, with an average penetration depth of
228.21 nm. The loading procedure adopted in this test would be sui-
table for achieving balance to satisfy the scale separability condition
and avoid the effect of surface roughness and multiple phases' re-
sponses. Similar loading procedures have also been adopted by other
studies for Portland cement paste and AAFA [16,33,34,38,42], making
it easy for comparison.

In this study, the constant Poisson's ratio of 0.2 was set for testing.

Table 1
Chemical composition of fly ash for geopolymer.

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

Fig. 1. Nanoindentation testing on geopolymer.
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According to nanoindentation load-penetration curves and some basic
parameters, nanoindentation modulus E and hardness H for material at
each testing point can be calculated by Eqs. (2) to (4), based on the
initial unloading stage and peak load of the load-depth curve, respec-
tively [1,43]. All testing points with abnormal load-penetration curves
were deleted before the subsequent deconvolution analysis. The fol-
lowing equations summarise the fundaments of nanoindentation tests
used in this study:
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where P and h are the indentation load and indentation depth, re-
spectively; S is the initial unloading stiffness; Er is the reduced elastic
modulus, which contains the elastic response of both indenter tip and
tested material; Ei and vi are the elastic modulus and Poisson's ratio of
the indenter, respectively; E and v are the corresponding parameters for
sample; the A is the projected contact area.

2.3. Deconvolution

Maximum likelihood estimation [44] was adopted for the result
analysis. The micromechanical properties distribution of AAFA was
assumed as a Gaussian mixture model (GMM) as in Eq. (5). Each phase
was treated as two-dimensional Gaussian distribution with probability
density function shown as in Eq. (7), where x = (M,H)T is a column
vector.
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where πk, μk and Σk are the corresponding weighting coefficient, mean
value and covariance of the kth component, respectively.

The log-likelihood function is given by Eq. (8) and the mean value
(μ), weighting coefficient (π) and covariance matrix (Σ) that make the
likelihood function achieve the maximum value for the data set of
observations are the estimated parameter values.
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EM algorithm was used to achieve this purpose. The E step is shown
in Eq. (9) and M step shown in Eqs. (10) to (12), where xn = (Mn,Hn) is
a row vector with the modulus and hardness data from the nth na-
noindentation point. In the E step, γ(znk) is a posterior probability that
can be regarded as the responsibility that component k takes for ‘ex-
plaining’ the observation xn [44], or understood as the probability of
the given nth nanoindentation point belongs to the kth component in this
case. In the M step, the parameters were re-estimated by the current
responsibilities. Iteration calculation of E and M steps was made until
the convergence of the log-likelihood. K-means algorithm was com-
bined used to find the suitable initial values for parameters to decrease
the time for iteration calculation. At least 1000 times of repeated cal-
culation with random initial input values were made to find global
maximum log-likelihood function value. Then the final estimated
parameter values and GMM model were determined.
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where πk, μk and ∑k are the corresponding weighting coefficient, mean
value and covariance of the kth component, respectively. N is the total
number of observed data, corresponding to nanoindentaion testing data
here.

In theory, GMM model can fit any type of probability distribution
and higher order of model tends to fit given distribution better. In order
to penalize the overfitting errors, Bayesian Information Criterion (BIC)
was adopted [44,45], which is known for more heavily penalizing the
model complexity than the Akaike Information Criterion especially
when the amount of data N is huge. The model with minimum BIC
value is the target model that has a suitable number of components.
After the above calculation, the raw testing data was clustered, which
was based on the estimated parameters and model by MLE. For a given
nanoindentation data point, which belongs to the component where
achieves the maximum posterior probability. Confidence ellipses under
different confidence levels of 95%, 80% and 75% for each estimated
component model were also plotted.

Table 2
Deconvolution results for AAFA-10% (clustered blue points for K = 2, 4, 5 and
12).

k M [GPa] H [GPa] f BIC C

2 20.80 1.26 44.64% 9033.55 53.86 3.33
3.33 0.27

3 20.26 1.20 40.29% 8825.91 49.13 3.01
3.01 0.23

4 19.83 1.16 38.04% 8762.12 46.91 2.85
2.85 0.22

5 15.63 0.77 10.30% 8733.89 12.13 0.72
0.72 0.06

6 15.73 0.77 10.41% 8715.35 12.29 0.73
0.73 0.06

7 15.46 0.73 8.67% 8704.53 11.62 0.67
0.67 0.05

8 15.53 0.74 8.77% 8690.73 11.77 0.68
0.68 0.05

9 15.39 0.71 8.95% 8683.30 12.49 0.72
0.72 0.05

10 15.43 0.74 9.06% 8679.30 11.72 0.68
0.68 0.05

11 15.32 0.70 7.38% 8671.01 12.71 0.71
0.71 0.05

12 15.21 0.70 7.57% 8662.68 11.44 0.66
0.66 0.05

Ave-grid5–12 15.46 0.73 8.89% – 12.02 0.70
0.70 0.05
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3. Deconvolution results

3.1. Deconvolution for AAFA-10%

The deconvolution results for AAFA-10% were summarized in
Table 2. In Fig. 2, some critical deconvolution processes were presented
to reveal the variation of phases and corresponding micromechanical
properties with the increase of components. It is clear that there is a
good consistency between clustered data and the GMM model de-
termined by the EM algorithm. The tilt of the axis of the confidence
ellipses means that the covariance of modulus and hardness for phases
are not zero, namely the corresponding correlation coefficients are not
zero and there is a linear relationship between these two properties.

As a gel phase, N-A-S-H would have lower elastic modulus and
hardness than unreacted fly ash particles. This feature acted as a

criterion in the initial stage to judge whether a new phase presented in
the deconvolution process is the possible N-A-S-H phase. When the
number of components in the GMM model was set as 2, there is a
component with the modulus of 20.80 GPa and hardness of 1.26 GPa
(clustered blue points). The properties of this phase change just slightly
when the number of components increases from 2 to 4. However, a new
phase (clustered blue points) with a lower modulus of 15.63 GPa and
hardness of 0.77 GPa emerges when the number of components in the
model reaches 5. More details can be found by the magnified area in
Fig. 2(d). The new phase even presents when the number of compo-
nents for the GMM model increased to 12 as shown in Fig. 2(f) and
Table 2. For this study, nine 10 × 10 grids were set for AAFA-10%. The
total number of test points here is more than those usually used in the
nanoindentation test for Portland cement paste, AAFA and alkali-acti-
vated slag paste. However, it should be noted that the BIC still has not

(a) K=2 (b) K=4

(c) K=5 (d) Local details for K=5 (only partial ellipses)

(e) K=12 (f) Local details for K=12 (only partial ellipses)

Fig. 2. Deconvolution of nanoindentation data for AAFA-10%.
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reached the optimum value even 12 phases were assumed in the reacted
AAFA system (for K = 13, BIC is 8647.16). Further calculation with
more components becomes more and more difficult because it takes a
longer time and hard to be calculated successfully for many random
initial input values. It leads to more difficult to find the real global
optimal solution. What more important is when increasing the number
of components, the insufficient test data for some phases leads to
greater error for estimated results. Therefore, the calculation was
stopped at 12 components. For the constant phase existing from 5
components to 12 components, the average modulus and hardness are
15.46 GPa and 0.73 GPa, and the corresponding standard deviation of
them are 3.47 and 0.22, respectively, which are all close to the prop-
erties of low-density (LD) C-S-H reported [2,42]. It is therefore em-
pirically regarded as the possible N-A-S-H gel phase, and subjected to

further discuss in the next section for whether it is a pure phase, why it
should be an individual phase instead of spurious phase, and the pos-
sible reasons of the small proportion of this phase.

3.2. Deconvolution for AAFA-6%

The deconvolution results of AAFA-6% are summarized in Table 3.
For this sample, the deconvolution process is similar to AAFA-10% and
the possible N-A-S-H phase appears when K is 3 earlier than that of
AAFA-10%. It becomes a stable phase when K is 4 and shows almost the
same value even K reaches 12. This stable phase has average modulus,
hardness and fraction of (12.70, 0.62, and 10.67%). The average
standard deviation for modulus and hardness are 4.06 and 0.24, re-
spectively, which are similar to that of AAFA-10%.

3.3. Deconvolution for AAFA-8%

For the deconvolution of AAFA-8%, the results are different from
those of AAFA-10% and AAFA-6%. As shown in Table 4 and Fig. 4(a) to
(d), with the increase of the number of components, a phase presents
when K is 3 and shows as a stable phase in the GMM model with 8
components to the model with 12 components. However, based on the
tested results for AAFA-6% and AAFA-10%, this phase is not accepted
as a possible N-A-S-H gel phase. The modulus and hardness of this
phase are more than normal properties found for the possible gel phase
in this study. Besides, the high variance of 61.96 and 0.27 for modulus
and hardness also indicate that this phase may not be a pure N-A-S-H
gel phase. Typically, when comparing with the deconvolution results
for AAFA-10%, there is a phase with very similar properties. This si-
milar phase can be seen in Table 2 and Fig. 2(a) and (b) (clustered blue
points) when K is 2, 3 and 4. Actually, as can be seen from Figs. 2(b) to
(f), the possible N-A-S-H phase is separated from this phase. In order to
acquire the corresponding N-A-S-H phase as AAFA-10%, further de-
convolution for AAFA-8% is necessary. However, further increase of
components in this model is not efficient to deal with this problem as
illustrated previously, and attempts for the GMM models with 13, 14
and 15 components also failed to separate the possible N-A-S-H gel
phase.

In theory, upper-level data would be better to be used as the original
data of the second deconvolution. Namely, choosing the clustered data
of the phase which corresponds to the lowest modulus and hardness in
the GMM model with 1 ≤ K < m. m is the number of components
where the stable phase with the average modulus of 22.90 GPa and
hardness of 1.31 GPa is observed for the first time. This would reduce
the risk of information loss of meaningful data but didn't achieve effi-
cient results in this case. In order to simplify the deconvolution process,
the nanoindentation data that have been clustered to the phase with the
average modulus of 22.90 GPa and hardness of 1.31 GPa were used as
the data directly and subjected to the second deconvolution. The clus-
tered data obtained at 12 components are adopted for this deconvolu-
tion process.

The results from the second deconvolution display in Fig. 4(e) to (g)
and Table 5. Fig. 4(e) shows the clustered data that belong to the stable
phase when K is 12 in the first deconvolution, and subjected to the
second deconvolution with one component. As the results listed in
Table 4 (K = 12) and Table 5 (K = 12–1), there is a good agreement
between the previous Gaussian model for this stable phase and the
second time's Gaussian model estimated based on the clustered data.
This means it is reasonable to use this data to represent the original
stable phase. Similar to the first deconvolution, there is also a stable
phase in the second deconvolution that starts at the model with 3
components and lasts until model with 7 components. When comparing
with the results of AAFA-10% and AAFA-6%, this phase was regarded as
the possible N-A-S-H phase as they show similar modulus, hardness and
covariance matrix value. When K is higher than 7, although smaller BIC
value still can be obtained, there will be no more stable phase, and

Table 3
Deconvolution results for AAFA-6% (clustered blue points for K = 2 and 4).

k M [GPa] H [GPa] f BIC C

2 31.74 3.55 65.78% 7315.92 234.90 31.32
31.32 5.98

3 13.42 0.68 11.66% 7158.23 21.23 1.17
1.17 0.09

4 12.75 0.63 10.83% 7086.09 16.98 0.87
0.87 0.06

5 12.74 0.63 10.83% 7052.31 16.95 0.87
0.87 0.06

6 12.71 0.62 10.76% 7035.45 16.77 0.86
0.86 0.06

7 12.73 0.62 10.81% 7014.24 16.85 0.86
0.86 0.06

8 12.55 0.62 10.14% 7001.98 15.88 0.82
0.82 0.06

9 12.71 0.62 10.20% 6993.97 15.95 0.84
0.84 0.06

10 12.72 0.63 10.54% 6984.93 15.59 0.84
0.84 0.06

11 12.54 0.61 10.60% 6979.63 15.93 0.80
0.80 0.06

12 12.88 0.63 10.97% 6938.78 17.43 0.92
0.92 0.07

Ave-grid 4-12 12.70 0.62 10.67% – 16.48 0.85
0.85 0.06

Table 4
Deconvolution results for AAFA-8% (clustered blue points for K = 8 and 12).

k M [GPa] H [GPa] f BIC C

2 31.66 2.94 72.15% 11,191.64 178.21 17.28
17.28 3.03

3 23.39 1.66 45.36% 11,004.61 65.51 3.66
3.66 0.54

4 24.73 1.45 37.08% 10,930.86 85.58 4.82
4.82 0.39

5 24.62 1.44 36.82% 10,893.79 84.00 4.72
4.72 0.38

6 23.95 1.39 36.83% 10,870.81 71.05 3.80
3.80 0.33

7 24.09 1.40 37.34% 10,864.59 73.57 3.95
3.95 0.34

8 22.95 1.31 30.71% 10,850.75 61.36 3.32
3.32 0.27

9 23.20 1.33 33.42% 10,831.49 67.43 3.53
3.53 0.29

10 22.73 1.30 30.57% 10,823.63 60.10 3.22
3.22 0.27

11 22.96 1.31 30.84% 10,819.10 60.60 3.16
3.16 0.26

12 22.69 1.29 30.25% 10,811.48 60.32 3.27
3.27 0.27

Ave-grid 8-12 22.90 1.31 31.16% – 61.96 3.30
3.30 0.27
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phases with smaller modulus, hardness and very low percentage occur.
As the limited number of data here, more components for deconvolu-
tion were regarded as an excessive division.

4. Results analysis and discussion

4.1. Pure N-A-S-H phase properties

When conducting the nanoindentation test for C-S-H or N-A-S-H in
cement paste material, there are several critical issues that determine
whether the micromechanical properties of gel detected are based on
pure individual phase [1]. Typically, intermix pores or other small
phases in the gel phase are suspected to influence the accurate mea-
surement of modulus and hardness of the gel phase. Choosing the sui-
table indentation depth and deleting the abnormal indentation test
points help partially avoid these problems but may not be all.

In order to verify these issues, Davydov et al. [15] conducted
comparative research and pointed that part of the CH is mixed with C-S-
H because the percentage of CH detected by nanoindentation is lower
than that by Back-scattered Electron Detector (BSE) and X-ray powder
diffraction (XRD). Besides, even test points precisely conducted on the
same target phase C-S-HHD, big scatter properties results were obtained
and the peak corresponding to CH can even sometimes be observed
directly on the frequency densify figure. The number of component K
was set as 4 to keep it the same as the K usually used in the na-
noindentation test [15]. The total proportion of low-density (LD) C-S-H
and high-density (HD) C-S-H reached a high level of 85% with only
10% CH. This proportion is not reasonable and means the existence of
mixed phase as put forward by Davydov et al. [15]. Actually, these facts
also hint that when the nanoindentation data is sufficient, increasing
the number of components may be able to separate purer gel phase
since there is a difference between the micromechanical properties of
gel and gel with significant inclusions. At the same time, it should be
noted that the modulus and hardness of low-density (LD) C-S-H and
high-density C-S-H reached a high value of (30.10, 1.25) and (36.23,
1.55), respectively in that study [15]. For the other studies [42,46] that
also identified and verified a mixed phase, that phase also has high
modulus and hardness and is called ultra-high density (UHD) phase.
The UHD phase is considered to be an intimate nanocomposite where
nanoscale CH reinforces C–S–H by partially filling the latter's gel pores.
The modulus and hardness of this phase achieved a high value of
47.2 GPa and 1.6 GPa, respectively. Therefore, mixed phase is

characterized by high mechanical properties (e.g. H reflects strength) as
the reinforcing effect by inclusions. As typically shown in Fig. 2, the
clustered sandy brown points span a very large range of modulus and
hardness value. Some of the points reach high modulus and hardness of
almost 40 GPa and 2 GPa, respectively. Besides, the similar phase does
not exist in AAFA-6%. These features indicate that the phase shows high
average modulus and hardness of (22.90, 1.31) in AAFA-8% as shown
in Table 4 and exists in AAFA-10% when K is 2, 3 or 4 as shown in
Table 2 is one of the mixed phases instead of a single gel phase. The
final stable phases separated from mixed phase with small modulus,
hardness and proportion in the range of 12.7 to 15.46 GPa, 0.59 to
0.73 GPa and 6.28% to 10.67% in this study were therefore regarded as
the purer gel phases. The separation process can be seen in Figs. 2 to 4,
and the variation of modulus and hardness in key separation steps is
given in Fig. 5.

In order to verify if the possible pure phase obtained can be further
divided into purer N-A-S-H phase, deconvolution analysis was con-
ducted on the clustered data that belongs to the ‘possible N-A-S-H
phase’, as typically for AAFA-10% with 12 components shown in Fig. 6
and Table 6. This process is conducted for a maximum of 5 components
and this number is considered as more than necessary. For 2 and 3

Table 5
Deconvolution for clustered data belong to stable phase when K is 12 (AAFA-
8%, clustered yellow points for K = 12–3 and 12–7).

k M [GPa] H [GPa] f BIC C

12-1 22.71 1.29 100.00%
(30.25%)

1473.28 58.54 3.14
3.14 0.25

12-2 22.20 1.24 93.54%
(28.30%)

1460.87 58.45 2.96
2.96 0.22

12-3 14.03 0.56 19.90%
(6.02%)

1446.38 16.84 0.75
0.75 0.04

12-4 14.19 0.58 21.06%
(6.37%)

1435.05 16.90 0.79
0.79 0.05

12-5 14.67 0.58 20.17%
(6.10%)

1425.61 19.83 0.84
0.84 0.04

12-6 15.26 0.63 19.99%
(6.05%)

1419.11 19.36 0.81
0.81 0.04

12-7 14.79 0.60 22.74% 1416.02 19.68 0.91
(6.88%) 0.91 0.05

Ave-grid 3-7 14.59 0.59 20.77% (6.28%) – 18.53 0.82
0.82 0.05

Note: the fraction without brackets is the proportion of the component to all
components in the second deconvolution, and the fraction within brackets is the
proportion of the component to all components in original AAFA reaction
system.

(a) K=2

(b) K=4

Fig. 3. Deconvolution of nanoindentation data for AAFA-6%.
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(a) K=8 (b) Local magnification for K=8

(c) K=12 (d) Local magnification for K=12

(e) 2th deconvolution with K=1 (12-1) (f) 2th deconvolution with K=3 (12-3)

(g) 2th deconvolution with K=7 (12-7)

Fig. 4. Deconvolution of nanoindentation data for AAFA-8%.
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components, the ‘possible N-A-S-H phase’ (K = 1) is divided into a
major phase and one or two phases with a small proportion. The major
phases still show similar modulus and hardness as ‘possible N-A-S-H
phase’. When K reached 4 and 5, different results present and there are
two phases with considerable proportion, the clustered blue points and
the clustered sandy brown points.

For this study here, even if up to nine 10 × 10 nanoindentation
grids were tested, due to the small proportion of the ‘possible N-A-S-H
phase’, nanoindentation testing points for this deconvolution are still
relatively sparse, especially when points away from the centre of the
Normal model. The sparse data would undoubtedly influence the
clustered results and result in unreliable new phases. Besides, in the
deconvolution process, some new phases are generated based on only 3
tested points (e.g. K = 2) or 2 tested points (e.g. K = 3, 4, 5). That
would not be able to be identified as a phase in a test that has near 800
valid tested points due to the negligible proportion. These phases
consist of 2 or 3 points also cannot be regarded as testing errors as they
are at varied locations shown in Fig. 6 in the deconvolution process.
Although there is a phase with modulus and hardness similar to the
average results in AAFA-6% when K is 4 or 5, this phase does not show
as a stable phase, and the fraction even increased with K. Besides, this
phase shows much smaller proportion and variance than that in AAFA-
6%. When conducting deconvolution for ‘possible N-A-S-H phase’ in
AAFA-6%, the phase with the average modulus of 12.70 GPa and
hardness of 0.62 GPa no more exists when reaching similar small pro-
portion and variance, and also no stable phase appears. Therefore, the
further deconvolution for the ‘possible N-A-S-H phase’ is regarded as an
excessive division of this phase, at least for the number of available data
here.

The second round of verification is conducted by deconvolution of
clustered data that belongs to mixed phase for AAFA-10% with 3
components. The clustered data contain all possible data for N-A-S-H
but do not have lots of data that belong to unreacted fly ash, which are
upper-level data for N-A-S-H gel and treated as a mixed phase. This
deconvolution process can more strictly separate the N-A-S-H than
deconvolution of all tested data, but less strict than the deconvolution
of ‘possible N-A-S-H phase’ directly. The results in Fig. 6(f) show that
the ‘possible N-A-S-H phase’ presents when K is 2 and is always there
even the number of components set as 10, although some data within
the ellipses of the ‘possible N-A-S-H phase’ are divided into individual
phases when K is 8, 9 and 10 due to excessive division. This process still
proved that the N-A-S-H phase is still a stable phase at a relatively
stricter extent and verified the feasibility of the way of separating N-A-
S-H phase from the mixed phase for AAFA-8%.

In summary, there is a clear separation of the ‘possible N-A-S-H

phase’ from the mixed phase. This phase behaves as a relatively stable
phase in the deconvolution process and is not suitable to be separated
anymore based on the available data. Therefore, it is accepted as the
pure N-A-S-H phase in this study. However, this is the pure phase that
can be obtained by the deconvolution technique, not necessarily the
real pure phase defined by the chemical composition. For the N-A-S-H
phases obtained, they show similar modulus, hardness and standard
deviation as previous research for the LD C-S-H gel phase in Portland
cement paste.

4.2. Number of phases, bin size and feasibility of PDF by MLE

For the deconvolution of nanoindentation data, the number of
phases is usually determined by empirical estimation or features of
frequency distribution histogram. In this study, Bayesian Information
Criterion is used for choosing the number of phases. It should be noted
that the Bayesian Information Criterion aims at the whole model, thus it
is not always ideal for the investigation of the micromechanical prop-
erties of pure N-A-S-H, and it can just be used for the preliminary es-
timation of the number of phases.

For alkali-activated fly ash, the raw material fly ash is a highly
heterogeneous material composed of amorphous phases SiO2 glass,
SieAl glass, SieAl [Na, K, Ca] glass, etc. and also many crystalline
phases such as mullite, quartz, and iron oxides hematite, with size
ranges from 0.5 μm to 300 μm [47–49]. It makes the activated system
more complex than the Portland cement paste. Besides, there are a
considerable number of pores on the surface of fly ash particles and new
pores can be generated in the dissolution process, which further in-
creases the divergence when testing micromechanical properties. This
can be observed directly from Figs. 2 to 4 for the unreacted fly ash
phases, the biggest ellipse means the biggest deviation of data. All these
factors make the investigation of nanomechanical properties of pure N-
A-S-H more difficult due to the presence of more kinds of partly-acti-
vated and unreacted particles and mixed phases.

For most of the cases, the number of components set for current
research of modulus of Portland cement paste and AAFA is 3 or 4 and
bin size is 1 or sometimes 2.0 GPa, based on the LSE method for de-
convolution. In this study, when adopting the MLE method, the number
of phases for AAFA-8% and AAFA-10% are more than the typically used
number. Besides, The LSE method obtains the mechanical properties of
different phases by fitting the probability density functions (PDF), or
sometimes the cumulative distribution function (CDF). The former is
the most commonly used one. It can display the distribution of modulus
and hardness of different phases intuitively based on frequency dis-
tribution histogram, but is also questioned for the artificial choice of the
bin size. In order to make some comparisons, the PDF obtained in this
study by MLE is plotted with frequency distribution histograms as
shown in Figs. 7 and 8.

PDF of GMMmodels obtained based on a different number of phases
is given in Figs. 7 and 8. As listed in Table 2, the N-A-S-H gel appears
when K is 5, which can also be observed by modulus frequency density
histogram in Figs. 7(a) to 7(c) for the necessity of treating this phase as
an individual phase. When K is 3 or 4, the model failed to include an
evident phase (gel phase) displayed by ‘green’ colour in Fig. 7(c), which
leads to worse matching between the two models and histograms in the
adjacent area of this phase than that for 5 components. When increased
the number of components in the GMM model to 12, the corresponding
PDF in Fig. 7(d) can reflect information in the modulus histogram better
than the GMM model with 5 components. For hardness frequency
density histogram, as revealed in Figs. 7(e) and (f), the GMM model
with 12 components is even less match histogram than the GMM model
with 5 components. For this phenomenon, before questioning the esti-
mated model, the more important concerns should be the different bin
sizes needed for modulus histogram and hardness histogram.

The effect of bin size was studied. Firstly, the normally used bin size
of 1.0 or 2.0 GPa in deconvolution of modulus data was investigated as
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shown in Figs. 7(d) and 8(a). When the number of bin size only in-
creased to 2.0 GPa, there is no distinct difference for the frequency
distribution histogram. In order to reveal more information from the
histogram, bin size was decreased to 0.7 GPa. Due to the large range of
modulus value and corresponding low frequency density and especially
the limited number of test points, the decrease of bin size leads to more
discrete data instead of detailed frequency density information in
Fig. 8(b). Due to the significantly smaller distribution range and higher
frequency density, the change of bin size in hardness frequency histo-
gram leads to a different phenomenon. For large bin size of 2.0 GPa, as
shown in Fig. 8(c), it is difficult to identify hardness distribution in-
formation of individual phases from the histogram, and the peaks of the
histogram clearly deviate from the peaks in the histogram with a bin
size of 1 as shown in Fig. 7(f). When decreased the bin size from 1 to
0.7 GPa as shown in Fig. 8(d), the histogram is also markedly changed,

which means the bin size adopted would influence the LSE results for
hardness. Further decrease of bin size to 0.4 and 0.3 GPa is accom-
panied by a better match of the PDFs estimated by the MLE method
with histograms. It is clear that some extra information (peaks) didn't
show in the histogram in Fig. 7(f) has appeared. Namely, for the model
that can match modulus histogram with the bin size of 1, it matches the
hardness histogram well only when the bin size decreased to at least
0.4. For a given test data set, it is very difficult to specify the bin size
reasonably for the LSE analysis. The needed bin size is at least de-
termined by factors such as the nature of samples, the types of the
histogram and the number of the test data. The inappropriate bin size
may either lose the real information or lead to spurious peaks and ir-
regular histogram.

When using the LSE method, enough test points are needed to allow
reasonably small bin size to show the details of distribution and avoid

(a) K=1 (12-1) (b) K=2 (12-2)

(c) K=3 (12-3) (d) K=4 (12-4)
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the spurious peaks and irregular histogram. This point can be observed
by the histograms from 5 grids in Fig. 9, where 5 grids-1st means 5 grids
randomly chosen from 9 grids and 5 grids-2nd consists of the remaining
4 grids and 1 random grid from the 5 grids-1st. It is obvious that when
the bin size is 1, the shape of the histogram of 5 grids-1st and especially
the 5 grids-2nd is more discrete and irregular than the corresponding
histogram of 9 grids in Fig. 7(c), increasing the difficulty of fitting by
LSE. Besides, as shown in Fig. 10(a) and (b) and Table 7, the decon-
volution results of the 5 grids-1st based on 5 components are quite close
to the results from 9 grids. It means that the PDF determined by the
MLE method from 5 grids-1st still can reflect the micromechanical
properties distribution of AAFA and is reliable. The mismatch of PDF
and histogram in Fig. 9(a) implies that when the test data are not en-
ough, specifying of small bin size forcibly for a histogram and then
fitting it by the LSE method would cause deviation in results. In
Fig. 9(b), in the result of 5 grids-2nd, the corresponding deconvolution
result with 5 components doesn't generate the gel phase. However, the
gel phase occurs when the number of components specified for de-
convolution is raised to 6 as can be observed in Fig. 10(c) and (d) and
Table 7. Decrease of grid number from 9 to 5 significant increases the
difficulty for LSE method as it is dependent on the histogram, while the
MLE method helps to reveal the properties of gel phase and other key
phases from all the three kinds of data sources and the results from 9
grids, 5 grids-1st, and 5 grids-2nd are similar to each other. It clearly
displays the reliability and stability of the MLE method. In addition, the
deconvolution process again indicates that the number of components
needed to generate the gel phase in the model should not be a constant
value of 3 or 4 and would change with both sample and test factors.

In fact, even the suitable bin size based on enough tested points is
specified, it is still difficult to identify the N-A-S-H phase from a his-
togram. It may be ignored or be combined into a big peak becoming
properties of a mixed phase when using the LSE method. Typically, as
shown in Figs. 7(c), (d) and 8(b), the ‘green’ Gaussian distribution is the
N-A-S-H phase, but it does not correspond to any recognizable peaks in
histogram or PDF of GMM model. At the same time, the ‘blue’ Gaussian
distribution in Figs. 7(d) and 8(b) under a prominent peak is easy to be
considered as the gel phase. In this study, a two-dimensional GMM
model is adopted, which can reveal both modulus and hardness of each
phase at the same time. The ‘blue’ Gaussian distribution phase corre-
sponds to clustered purple points in Fig. 2(f) and has modulus and
hardness of 12.62 GPa and 1.48 GPa, respectively. This phase shows
high hardness, small proportion (2.06%) and negative correlation
coefficient between modulus and hardness. Therefore, it is not accepted
as a gel phase. As for hardness histogram, even the bin size decreased to
0.4 or 0.3 GPa, in Fig. 8(e) and (f), it is still easy to include the N-A-S-H
(‘green’ Gaussian distribution) into the big peak in the dotted ellipses
rather than a single phase especially when a small number of phases is

set. The results indicate that there are challenges for using the LSE
method to investigate the N-A-S-H phase.

For this study, it is highly suspected that the BIC cannot reach op-
timal value even for a model with 12 components is caused by dis-
turbance from limited and discrete data. However, what undoubtedly is
that at least 5 components (for AAFA-10%) are needed to obtain the
pure N-A-S-H phase and more components are needed when describing
the micromechanical distribution of the whole model. These are caused
by the highly heterogeneous components of fly ash and the complex
reacted system, and also the limited data. It should be mentioned that
for the estimation method itself, better fitting of the model from the
mathematical perspective should be at the cost of introducing spurious
phases even if the BIC is used. Part of the analysis based on 12 com-
ponents presented above aims to illustrate that the model estimated by
MLE and BIC can reflect the overall micromechanical distribution of
AAFA but does not mean that 12 components conform to the real si-
tuation in AAFA. The most reasonable model that can both reflect the
real nano/micromechanical distribution and also conforms to the real
number of components in AAFA may have the number of compo-
nents> 5 and<12, but that is not the focus of this study.

4.3. Small proportion of N-A-S-H gel

The deconvolution results for AAFA with different alkali con-
centrations are listed in Table 8 and shown in Fig. 11. All the fraction,
average modulus and hardness vary in a small range. For the fraction of
N-A-S-H gel, it is in the range of 6.28% to 10.67%. Even for AAFA-6%,
which achieved the maximum value, the proportion of N-A-S-H gel of it
is still far less than the normally reported range for C-S-H gel. Easy to
mix or interact of the gel phase with other phases is considered as the
main reason that largely decreases the proportion of pure N-A-S-H gel
detected. The “other phases” include partly-activated or un-activated
small particles in the highly heterogeneous AAFA system. Besides,
mixing of C-S-H gel with nanoscale CH crystal is the most common form
of the mixed phase detected in the research of Portland cement paste
[15,46]. CH crystal does not exist in the AAFA and nanoscale crystal is
not considered in any current nanoindentation investigation of AAFA.
However, the AAFA has crystal phases and some micron-sized crystals
can be observed directly by SEM as in Fig. 12.

Some of those crystals would also exit in smaller sizes like nano and
sub-micron scale. In addition, based on an analysis of extensive existing
results, Provis et al. [40] proposed that the geopolymer binders are
formed by agglomerating of nanocrystalline zeolites and amorphous gel
phase, and the nanocrystalline zeolites phase cannot be detected by
XRD due to the small size. The nanoindentation results in this study
agree well with the phenomenon of coexistence of crystal and amor-
phous gel phase in binders. As given in Tables 2 and 4, the upper-level
mixed phases before generating the gel phase shows average modulus
and hardness of (22.90, 1.31) in AAFA-8% and (19.83, 1.16) in AAFA-
10% may be the mixture of crystal and gel phase, as the mechanical
properties of it is similar and slightly lower than the phase mixed by
low-density (LD) C-S-H with nanoscale CH crystal [15]. Due to the low
concentration of AAFA-6%, it may be difficult to form the super-
saturation solution and the mixed phases mainly exist in this sample are
the mixture of gel and partly-activated or un-activated small particles,
thus no similar mixed phase with low mechanical properties
(1 < H < 2) as in AAFA-8% and AAFA-10% can be found. Therefore,
for AAFA-8% and AAFA-10%, the nutrition consumed for forming of
crystals and especially the interaction of gel with crystals in na-
noindentation test are possibly important factors leading to the low
proportion of pure gel detected, which are even lower than that in
AAFA-6% where the fly ash may be harder to be activated due to the
low alkali concertation.

The presence of crystals can then help to more reasonably explain
why the N-A-S-H gel detected in this study is less than results from other
techniques. Typically, when segmenting of phases based on grey value

Table 6
Deconvolution for clustered data belong to possible N-A-S-H phase (AAFA-10%,
K = 12).

k M [GPa] H [GPa] f BIC C

12-1 15.21 0.71 100.00% 288.04 10.19 0.60
0.60 0.04

12-2 15.41 0.72 96.88% 280.26 8.76 0.47
0.47 0.03

12-3 15.80 0.75 90.38% 218.08 7.40 0.39
0.39 0.03

12-4-1 17.16 0.84 56.75% 209.82 4.66 0.22
0.22 0.02

12-4-2 12.33 0.52 37.65% 209.82 6.01 0.29
0.29 0.02

12-5-1 13.38 0.60 58.26% 178.59 7.65 0.46
0.46 0.03

12-5-2 18.74 0.87 24.59% 178.59 1.70 0.13
0.13 0.01
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[16,50,51] as shown in Fig. 13, the statistical amount of reacted pro-
ducts in AAFA-8% is 50.38%. In fact, when referring to Table 4, for the
upper-level mixed phases starting from 2 components identified by
statistical nanoindentation, they all have relatively large proportions.
When considering factors such as different resolutions between tech-
niques and easy to encounter others phases (particles & crystals) in
interaction zone even if the surface is identified as N-A-S-H by BSE, the
final small proportion of pure N-A-S-H obtained by statistical na-
noindentation is reasonable.

For micromechanical properties results in this study, when the al-
kali concertation increased from 6% to 10%, the results show that there
is a trend of a slight increase of modulus and hardness. The micro-
mechanical properties probability distribution of N-A-S-H was plotted
in Fig. 11 for more intuitive observation. It shows that although there is
an increasing trend it is in a small range and distributions are similar for

AAFA with different concentrations. For the study of Portland cement
paste with different water to cement ratios, regarding the modulus and
hardness as intrinsic material properties is also not based on fully
consistent results, but on a small range of variation, such as smaller
mean properties difference than the standard deviation, and so on [42].
This is a reasonable consideration as errors are unavoidable in any real
experiments, but it also cannot eliminate the possibility that the mi-
cromechanical properties themselves just change in a very small range
and the increase trend also seems plausible. Therefore, further studies
are needed for understanding whether the modulus and hardness are
intrinsic material properties of N-A-S-H.

4.4. Classical questions on statistical nanoindentation

As mentioned in the introduction, the LSE method has been

(a) Modulus K=3 (Bin=1 GPa) (b) Modulus K=4 (Bin=1 GPa)

(c) Modulus K=5 (Bin=1 GPa) (d) Modulus K=12 (Bin=1 GPa)

(e) Hardness K=5 (Bin=1 GPa) (f) Hardness K=12 (Bin=1 GPa)

Extra information 

in model (peaks)

Fig. 7. Comparison on PDF obtained by MEL with frequency histogram: effect of number of components.
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questioned for several aspects [13]. For the research of AAFA in this
paper by MLE and BIC, the notion of MLE itself includes the method of
searching global optimum. The constant gel properties in a model with
a different number of components and varied grid numbers indicate the
robustness of the results for gel phase. Besides, the statistic process does
not depend on the distribution histogram, while the model obtained by
the MLE method is expected to be able to match the histograms very
well if there are infinite test data and then infinitely small bin size.
These points indicate the reliability of the MLE method, which can
avoid aspects that are questioned for the LSE method. Another key
point for the validity of the statistical nanoindentation is the interaction
volumes. The interaction volume of about 1 μm3 was thought to be too
large for Portland cement paste because the collected test data are not
able to present a clear peak for all known phases [13]. The two aspects
of interaction volumes and statistical method constitute the main

questions for using statistical nanoindentation as an experimental ap-
proach to investigate the Portland cement paste, and combining of in-
dentation with microstructure investigation is considered as a pro-
mising alternative way for research [13].

Regarding the issues about interaction volumes as a restriction for
using statistical nanoindentation, in fact, in some aspects, this concern
is modestly exacerbated in the virtual nanoindentation. The amount of
clinker is just 13.8% [13]. The local sample adopted in the FIB-nt study
(14 μm3) contains much less linker than the real sample in the SNT test.
Besides, the involved range of clinker should be much<1 μm3 cube,
since it has larger mechanical properties and smaller indentation depth
than the gel phase. Moreover, the ternary plot in the virtual na-
noindentation is for different phases and not for mechanical properties
as in SNT. The significant mechanical properties differences would
magnify the peak. These factors would affect the appearance of the

(a) Modulus K=12 (Bin=2 GPa) (b) Modulus K=12 (Bin=0.7 GPa)

(c) Hardness K=12 (Bin=2 GPa) (d) Hardness K=12 (Bin=0.7 GPa)

(e) Hardness K=12 (Bin=0.4 GPa) (f) Hardness K=12 (Bin=0.3 GPa)

Fig. 8. Compare of PDF obtained by MLE with frequency histogram: effect of different bin size.
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peak for clinker. Even for the gel phase, the effective involved volume
of the gel phase would be smaller than the 1 μm3. The 1 μm3 homo-
geneous cubes used is based on 3–4 times of the indentation depth,
while the strain energy density field decreases with distance sig-
nificantly in this range [14]. Even so, it is still difficult to obtain the
mechanical properties of all phases by SNT in the complex AAFA system
with limited test points.

In this study, SNT is used in a compromise way, namely, focusing on
the gel phase only. The mechanical difference (combining of modulus
and hardness) between gel and other phases such as mixture phases and
unreacted phases is the foundation to separate them. It is a fact that the
data points are density in the location around the gel phase but sparse
in the locations with larger mechanical properties. Before reaching the
limit of mechanical property difference to separate the gel phase from
the mixture phase, spurious phases may sometimes be introduced from
discrete data location, sacrificing the accuracy of other phases. The

increase of number of components from 5 for 9 grids to 6 for 5 grids-
2nd is possible an evidence. However, it should be reminded that it is
the gel phase that most important and also most hard to be detected
while unreacted fly ash can be investigated by target indentation under
BSE or even microscope equipped for nanoindentation system with high
accuracy. This idea may also be used for the investigation of Portland
cement paste. Even if 1 μm3 is used, there is still a clear peak for the gel
phase in [13].

For the research of AAFA in this study, it is known that the Si/Al of
N-A-S-H gel itself is in a range of around 1–3 [40]. Then, considering
the chemical formula of mullite, quartz and possible zeolite, it is hard to
identify and exclude if there are such crystals or their combination in N-
A-S-H by EDS. Besides, the involved volume of EDS (Monte Carlo si-
mulation) and nanoindentation (finite element modelling) can be
matched approximately, but currently is just based on the pure phase. It
may be changed for different mixed phases. Considering the above
factors and possible test error, it is almost impossible to judge whether
the test points are on the real pure N-A-S-H gel. In fact, the pure phase
determined by deconvolution that based on mechanical properties'
differences may not be 100% pure in chemical composition. In a real
test, it is highly possible that, sometimes, there are small inclusions
within the 1 μm strain energy density field range of the gel phase, but
do not significantly change the mechanical properties detected by na-
noindentation and still clustered as the gel phase. However, the me-
chanical properties of the gel phases obtained by deconvolution in this
study would be close to the real pure gel phase for several reasons. The
content of the crystal phase is much less than the gel phase in ce-
mentitious materials and the involved volume is not too large. There
must be test points hitting on the area without or with just a very small
content of inclusions that not change the mechanical properties sig-
nificantly. When the test point is enough, this phase can be separated in
deconvolution. Similarly, pore is the phase with the smallest propor-
tion. Large pores can be removed according to the abnormal na-
noindentation curves. The very small proportion of remaining pores
would not change the properties of gel significantly, as the result ob-
tained is the average value of many test points.

Empirically, the very small values should also be close to the
properties of the pure phase. For Portland cement paste, even for 1 μm3

of involved volume, a very significant peak can still be found for the gel
phase in the virtual nanoindentation [13]. If there is a significant peak
with a large proportion in the micromechanical properties histogram,
the LSE method is also expected to be able to obtain the properties of
the pure LD C-S-H phase. There must be results close to the pure LD C-S-
H in the summary of exiting results [2]. The smaller micromechanical
properties of N-A-S-H than that of LD C-S-H [2] and the small propor-
tion of it also indicate it may be close to the pure N-A-S-H phase. Other
techniques are expected to be used in the future to obtain the me-
chanical properties of real pure N-A-S-H phase.

5. Conclusions

Based on the nano/micromechanical properties investigation of N-
A-S-H gel in AAFA using statistical nanoindentation, the application of
maximum likelihood estimation method for deconvolution of testing
data was proposed for discussing critical issues in current statistical
nanoindentation study. The related conclusions can be drawn as fol-
lows:

(1) When using the MLE method, the process of separating stable N-A-
S-H gel from mixed phases can be intuitively observed. Moreover,
nanoindentation data can be clustered to corresponding compo-
nents with a good match, which allows for further analysis. MLE
also shows the advantages in independent on distribution histo-
gram, more reasonable determination of component numbers, and
less sensitive to the number of test points than LSE.

(2) Bayesian Information Criterion is not necessary to achieve the

(a) 5 grids-1st (K=5, Bin=1 GPa)

(b) 5 grids-2nd (K=5, Bin=1 GPa)

Fig. 9. Compare of Modulus PDF obtained by MLE with frequency histogram: 5
grids data.
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optimum value when just focusing on the N-A-S-H phase in the
highly heterogeneous AAFA reaction system. When the number of
components is large, sparse data in some locations leads to mis-
identification of new phases, which may also affect reaching the
optimum value of BIC and increase the complexity of the model.

(3) The number of components needed to obtain the pure N-A-S-H

phase is usually more than the typically used value of 4, and even
the second deconvolution is sometimes needed. Although this is
partially caused by different deconvolution method used, it is still
necessary that the number of components should be enough to
avoid mixed phases.

(4) GMM model obtained by MLE can match histogram well when bin
size is reasonably small. A sufficiently small bin size is needed to
present the actual and detailed micromechanical properties dis-
tribution of AAFA which calls for enough testing points to construct
a regular and ordered histogram when using the LSE method. The
N-A-S-H phase does not always show as a distinct peak in the his-
togram and is easy to be mixed into identifiable large peaks, which
means that even if the bin size used is small enough it is still hard to
obtain the properties of N-A-S-H phase by the LSE method.

(5) The proportion, average modulus and average hardness of pure N-
A-S-H phase in AAFA with different alkali concentrations vary in
small ranges of 6.28% to 10.67%, 12.70 to 15.46 GPa and 0.59 to
0.73 GPa, respectively. The main reason for the small proportion is
supposed to be the presence of mixed phases, such as mixing of
crystals, partly-activated and un-activated small particles with the
gel phase in the highly heterogeneous AAFA system, which largely
decreases the volume of pure N-A-S-H gel detected by SNT.
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(a) Magnification of 2000 ×

(b) Magnification of 5000 ×

Fig. 12. Morphology of micron-sized crystals in AAFA.

(a) BSE image (500 ×)

(b) Binary image

Fig. 13. Microstructures and phase segments of AAFA based on BSE images.
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