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ARTICLE INFO ABSTRACT

Keywords: As an important inorganic material, geopolymer has been widely used for ceramics and sustainable cement in
Alkali-activated fly ash geopolymer concrete. Sodium aluminosilicate hydrate (N-A-S-H) gel known as the zeolite precursor gel has the most critical
Nanoindentation

impact on the performance of geopolymer. The nano/micromechanical properties of N-A-S-H have been inves-
tigated in several studies, but the resutls are always inconsistent. A novel “compromise approach” using
Maximum Likelihood Estimation (MLE) for deconvolution of nanoindentation data is introduced to fundamen-
tally further understand this issue in this study. Correlation and difference of different statistical techniques are
compared to clarify the rationality of this method. Multiple characterization techniques including microstructure
observation at micro -and nano-scale, element analysis, and crystal identification are applied to reveal the
mechanisms. The results indicate that the elastic modulus and hardness of the N-A-S-H gel in geopolymer under
different silica modulus and curing conditions vary in a small range from 10.50 to 14.30 GPa and from 0.40 to
0.57 GPa, respectively. When applying statistical nanoindentation in geopolymer, two kinds of spurious phases,
mixed phases and sub-phases are unavoidable. For the MLE method adopted, the errors generated from analytical

Maximum likelihood estimation (MLE)
Nano/micromechanical properties
Sodium aluminosilicate hydrate (N-A-S-H)

technique were estimated to be only 0.68 and 0.13 GPa for elastic modulus and hardness, respectively.

1. Introduction

Fly ash is an industrial waste generated from coal-fired power plants.
A considerable amount of fly ash has not been effectively treated every
year, resulting in increasing concern about the consequent environ-
mental pollution. Benefit from the alumina and silica rich nature, fly ash
can be activated by alkali solution for varied applications. For instance,
alkali activation of fly ash under heat curing or high temperature is
applied for synthesizing sintered ceramic tiles [1], inorganic foams [2]
and inorganic geopolymer cement [3-5]. Since the Portland cement
industry contributes about 5-8% of manmade global carbon dioxide
emissions [6], developing fly-ash based geopolymer cement is of great
environmental significance [7-10].

Nanomechanical test techniques such as nanoindentation, modulus
mapping, PeakForce quantitative nanomechanical mapping (PeakForce
QNM), and nanoscratch are powerful tools for material analysis [11-15]
and contribute a lot for the understanding of cement-based materials

[11,16-21]. As the most typical test technique, the nanoindentation
technique has been widely used to test various properties of calcium
silicate hydrate (C-S-H) gel in Portland cement paste including elastic
modulus, hardness, creep, strength, fracture performance, etc [11,
22-26]. For the counterpart sodium aluminosilicate hydrate (N-A-S-H)
gel in alkali-activated fly ash (AAFA), although there are nano-
indentation studies for the investigation of elastic modulus, hardness
and creep properties [27-31], the related studies are far less than that of
C-S-H. The insufficient studies not only leave a gap in research but also
lead to inconsistent results. Typically, based on the investigation on
heat-cured AAFA, ambient cured AAFA and heat-cured alkali-activated
metakaolin, Némecek et al. [27] found that the mature N-A-S-H gels (6
months) show almost the constant intrinsic Young’s modulus of 17-18
GPa, which is independent of the precursor material and the tempera-
ture curing regime. However, the studies by others indicate that the
elastic modulus of N-A-S-H gel is not a constant value. The elastic
modulus of N-A-S-H gel is 16.3 GPa in the study by Das et al. [28],
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4.44-16.78 GPa in the study by Lee et al. (after 28-day) [29] and 11-25
GPa in the study by Ma et al. (at 28 days) [30]. For the counterpart
C-S-H gel in Portland cement paste, lots of studies indicate that the
elastic modulus of it is an intrinsic material invariance property, in
which, some of them are tested at 28 days [32] and also some found that
the elastic modulus at 28 days is similar to results at the longer time of
curing of 0.5 year or 1 year [33].

For the nanomechanical studies of AAFA mentioned above, the least-
square estimation (LSE) method is normally adopted to fit the frequency
density histogram and obtain nano/micromechanical properties of each
phase correspondingly in the deconvolution process. One thing to note is
different bin sizes such as 2 GPa [30] and 1 GPa [27,28] and different
phase number of 3 [30] or 4 [27,29] were chosen in different studies. It
has been realized that the deconvolution results would depend on the
bin size used when adopting the LSE method [34]. The number of phases
set should also be an important factor. It is questionable that if the
normally used phase number of 4 in the deconvolution of Portland
cement paste is still feasible to generate a pure gel phase in the decon-
volution of AAFA. Therefore, the correct understanding of the elastic
modulus of N-A-S-H should be based on a premise that the test and data
deconvolution analysis method should be consistent and reliable to
eliminate errors of the result caused by deconvolution method itself.

Maximum likelihood estimation (MLE) is another technique used for
the deconvolution of nanoindentation data. This technique has the
benefit of independent on bin size but is rare to be used. These limited
studies typically include the research for Portland cement paste [35,36],
calcium sulfoaluminate cement paste [37], and magnesium oxychloride
cement paste [38]. However, there is no detailed introduction for this
method, and the gel phase obtained by MLE is found to be a mixture of
gel and crystals in research of [36]. Coupling of Energy Dispersive X-Ray
Spectroscopy (EDS) with statistical nanoindentation is a strategy to
identify and then obtain the properties of the gel phase [35,39]. How-
ever, the properties of gel would be accurate only when sufficient test
data is collected for it (average value), which leads to very
time-consuming element analysis on points. Errors are easy to be
accumulated in the manual matching of the EDS detector with faint
nanoindentation marks. In addition, the involved volume of EDS and
nanoindentation is matched based on the gel phase, which may not
match on mixed phases. Importantly, the element ratio of N-A-S-H is in a
variable range [40]. It is impossible to identify if there are crystals such
as mullite and quartz in N-A-S-H by element analysis. In this study, a
two-dimensional Gaussian mixture model (GMM) including both elastic
modulus and hardness information was used to describe the micro-
mechanical distribution of AAFA with different silica modulus and
under different curing conditions. Then, a “compromise approach” using
MLE was proposed for deconvolution to investigate the nano/-
micromechanical properties of N-A-S-H gel. Error estimation, compar-
ative analysis of different deconvolution techniques and microstructure
characterizations were conducted to provide more sights for the un-
derstanding of the results obtained and the deconvolution technique
adopted.

2. Experimental program
2.1. Sample preparation

Low calcium fly ash was used as the raw material with chemical
composition given in Table 1. Alkali solution is sodium hydroxide or

sodium silicate with different silica modulus of 1 or 1.5. Sodium hy-
droxide solution was prepared by dissolving sodium hydroxide pellets
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into water. The sodium silicate was purchased from PQ Corporation
with an original modulus of 2.07 (14.7% of NayO and 29.4% of SiOy).
Cooled sodium hydroxide solution was incorporated into sodium silicate
solution to adjust the silica modulus of the solution to the designed value
of 1 or 1.5. The mixture ratios for samples are shown in Table 2, where
the same water to solid ratio is applied to keep the water content in the
bind of each sample similar. Fly ash and alkali solution were mixed by
Hobart mixer for 5 min and cast into 50 mm x 50 mm x 50 mm cubic
plastic mould. The fresh paste was vibrated for 3 min on a vibration table
and then sealed by plastic film. For heat cured samples, they were put
into an oven with heat treatment of 70 °C for 24 hr. After that, samples
were removed from the oven and put into a standard curing cabinet
(temperature of 22 °C, relative humidity of 95%) for further curing. The
standard cured sample was always stored in the standard curing cabinet
once finished casting and vibration of the sample.

Microstructure observation was conducted on small pieces of
crushed samples while BSE imaging and nanoindentation test were
operated on polished samples. Cutting machine was used to take out the
core part of the cubic samples, which was then cast in epoxy resin and
subjected to grind and polish. Abrasive papers with grits of 320, 600 and
1200 were used to grind the samples with each grade lasted for 10 min.
0.3 pm alumina and 0.05 pm cerium oxide slurry were used for further
polishing samples with each grade lasted for 40 min. Residual particles
present on the surface of samples after each polish procedure were
removed by ultrasonic cleaning of samples in isopropanol for 3 min.
After finishing the sample preparation, samples were dried by vacuum
oven under 50 °C for 72 hr, and then stored in a vacuum desiccator.

2.2. SEM and XRD characterization

Zeiss EVO SEM equipped with an EDS detector was used for the
microstructure observation and element analysis of AAFA samples under
the voltage of 15 kV [41,42]. Bruker D8 Discover diffractometer was
adopted to detect crystals in raw material fly ash and reacted AAFA
samples.

2.3. Statistical nanoindentation

Nano/micromechanical properties of samples were tested by Agilent
G200 Nano Indenter after 28 days of curing. Nine 10 x 10 grid nano-
indentations were conducted for each sample with a grid spacing of 15
pm. For an individual nanoindentation test procedure, Berkovich tip is
pressed into the sample with a constant speed of 0.2 mN/s until it

Table 2
Mixture design and curing condition of geopolymer.

Samples Si02/Na,0 (silica NaO/fly w/s Curing condition
modulus) ash

AAFA-M1- 1 8% 0.338  Standard curing
S

AAFA-MO- 0 (NaOH) 8% 0.338  Heat curing at 70 °C
H for 24 h

AAFA-M1- 1 8% 0.338 Heat curing at 70 °C
H for 24 h

AAFA- 1.5 8% 0.338  Heat curing at 70 °C
M1.5-H for 24 h

Note: w/s is water to solid ratio. ‘M0’, ‘M1’ or “M1.5” behind AAFA means the
silica modulus of alkali solution to make AAFA is 0, 1 or 1.5. ‘H’ or ‘S’ behind
AAFA denotes the corresponding curing condition is heat curing or always
standard curing.

Table 1

Chemical composition of fly ash.
Oxide Al;03 CaO SiO4 Fe,03 K0 MgO NaO MnO P,0s 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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reaches the predetermined maximum force of 2 mN. The maximum force
is sustained for 5 s and then it is unloaded to 10% of the maximum force
with a speed of 0.18 mN/s. Based on this loading procedure, the average
penetration depth in nanoindentation tests is normally slightly more
than 200 nm, which is thought to be a suitable depth to satisfy scale
separability condition, avoid multiple phase response as shown in Eq.
(1), and also avoid interference from surface roughness [43,44].

d << hpx < D/10 (@D)]

where d is the largest heterogeneity of geopolymer phases which is re-
ported to be about 5 nm [40], D is the characteristic size of micro-
structure, more than about 4 pm can be found even just 7% NapO (Ms =
1) is used [45].

The reduced modulus and hardness of materials are determined by
Egs. (2) and (3). According to the load-depth curves, the abnormal
nanoindentation test points that violate the self-similarity of continuum
nanoindentation analysis were removed before analysis.

PmﬂX
H=— ()
dpP 2
=7 [N =Nmax = —=Lf A
8= 1= Vﬁgzx/‘ (3)

where P and h are the indentation load and indentation depth, respec-
tively; The S is the initial unloading stiffness; E, is the reduced elastic
modulus, which contains the elastic response of both indenter tip and
tested material; A is the projected contact area at the maximum depth.
The elastic modulus of the tested sample can be calculated based on
the relation between elastic modulus and reduced modulus as given in
Eq. (4). The elastic modulus was combined with hardness for
deconvolution.
1 1-22 1-12

EE | E @

E; and v; are the elastic modulus and Poisson’s ratio of the indenter,
respectively; E and v are the corresponding parameters for sample.

2.4. Deconvolution technique

The micromechanical distribution of each phase is assumed to be a
Gauss distribution as shown in Eq. (5). Two-dimensional Gauss is
adopted to include both elastic modulus and hardness information,
where x = (M,H)” is a column vector, which is considered to be more
reasonable for further analysis than the model just reflects a single
property. Gaussian mixture model (GMM) is used to describe the nano/
micromechanical properties distribution of the multiple phases AAFA
system as given in Egs. (6) and (7).

(1Y) —Ww( - mTZl(xm) ®)

p(x)= Z N <x

H Z) 6)
k

K
Y m=1 )
k=1

where 7y, pt; and )~ are the corresponding weighting coefficient, mean
value and covariance of the kth component, respectively.

The parameters of the GMM are estimated by the Maximum Likeli-
hood Estimation (MLE) method, with the log-likelihood function given
by Eq. (8). Expectation-Maximization (EM) algorithm [46] with the E
step given by Eq. (9) and M step given by Egs. (10)-(12) was used to find
the mean value, covariance and weighting coefficient of each
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component that make the log-likelihood function achieves the maximum
value and then obtain the nano/micromechanical properties of each
phase. K-means algorithm was combined used to find suitable initial
values for parameters to reduce the time needed for iteration calcula-
tion. At least 1000 times of repeated calculation with random initial
input values were made to find the global optimum value.

InL= iln{ ink,//’ (x,Z My, Z) } (8)
n=1 =1 X

ﬂk“’i/’ ()C,, |)uk ) Zk)

Y(zmk) = I3 9
/; N (x,, His > j>
1 N

Hi :17‘\ ZY(an)x;x (10)
¢ n=1
1 & T

Z :ﬁk Zy(znk)(xn _ﬂk)(xn - ”k) (€R)

k n=1

= 12)
N

Ne= vizw) a3

where y(z) is the posterior probability. m, y and >~ are the weighting
coefficient, mean value and covariance of the kth component, respec-
tively. N is the total number of observed data, corresponding to nano-
indentation testing data here.

Bayesian Information Criterion (BIC) shown in Eq. (14) was adopted
[46,47] to penalize the overfitting errors of the GMM to help find the
suitable number of components to describe the nano/micromechanical
properties distribution of AAFA. After calculation, the raw nano-
indentation test data are clustered to the corresponding component ac-
cording to the maximum posterior probability where achieved 95%,
80% and 70% confidence ellipses for each estimated component model
are plotted correspondingly.

BIC=klnn—2InL a4
3. Characterization of AAFA

The typical microstructure of AAFA is presented in Fig. 1, which
mainly consists of unreacted fly ash, partially reacted fly ash, matrix (N-
A-S-H) surrounding fly ash particles, crystals, and defects (pores,
microcracks). From the appearance of the partially reacted particles A
and B in Fig. 1(b), it is easy to realize that there are different kinds of fly
ash particles in raw materials. Microscale crystals can be clearly found in
Fig. 1(c). Besides, the SE image in Fig. 1(d) reveals that the appearance
of the matrix is still very dense even under 8000 times of magnification.
In fact, the microstructure observation of AAFA can’t fully show the
heterogeneous nature of AAFA. The uneven distribution of elements is
shown in Fig. 2 to provide a further understanding of this issue. Diverse
fly ash with different chemical compositions can be found in the second
figure, which is one of the main reasons for the highly heterogeneous
characteristics of AAFA. Typically, the brightest fly ash particle is rich in
Fe, while other particles are normally rich in Al and Si. Even if a dense
matrix is observed by SE, it may still have different chemical composi-
tions and varied nano/micromechanical properties in different locations
due to the mix of N-A-S-H with other phases (e.g. crystals and tiny
unreacted particles).
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(c) 8000 x (d) 8000 x

Fig. 1. Microstructure of alkali-activated fly ash geopolyner.

Fig. 2. EDS element maps of alkali-activated fly ash geopolymer.
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4. Deconvolution analysis and results

4.1. Compromise approach for the mismatch between real components
and micromechanical peaks

Normally, the number of phases set for the deconvolution of statis-
tical nanoindentation data is the real number of components in the
sample [34,48]. However, this kind of match is not always reasonable.
For this study, different kinds of fly ash particles composed of different
elements would have different nano/micromechanical properties. The
micromechanical distribution of fly ash may vary in a large range and
overlap other phases such as crystal and mixed phase. The involved
range of gel is known as 3-4 times of the nanoindentation depth [49].
Crystals and unreacted particles at the submicron and nano-scale would
be mixed with N-A-S-H gel to be identified as mixed phases. For crystal
and unreacted particles at a larger scale, the interaction of the different
phases (e.g. gel and unreacted FA) at the region around interface would
also lead to the identification of mixed phases. Another factor that
cannot be ignored is the limited test number in any real test, which
would be not able to fully present the real information of micro-
mechanical distribution. Because of very few data acquired, some real
phases with a very small proportion may be mixed into other phases
instead of identifying as an individual peak in the deconvolution pro-
cess. In the meantime, due to discrete data, some phases with large
proportion and broad distribution are possibly breakdown into several
sub-phases in deconvolution. Both the mixed phases and sub-phases are
spurious phases and can appear simultaneously. When increasing the
number of components for deconvolution, the difference is the
sub-phases would increase while the mixed phases would decrease.

Both the nature of the sample, the test factors and the deconvolution
parameters (number of components for MLE) would be responsible for
the generation of mixed phases and sub-phases. It is virtually impossible
to reconcile these two kinds of spurious phases to obtain the accurate
nano/micromechanical properties of each real component in geo-
polymer by statistical nanoindentation. The strategy of this study is
using a “compromise approach”, focusing on the most crucial phase N-A-
S-H gel merely. The nano/micromechanical properties of some phases
like crystals are not able to be obtained by statistical nanoindentation
since there are intrinsic limitations from the size and proportion of the
phase (nature of the sample), and the involved volume (test factors) as
well. However, as a gel phase, N-A-S-H has a large proportion, suitable
characterization size. In addition, the nano/micromechanical properties
(elastic modulus and hardness) of it would be significantly smaller than
the unreacted fly ash particles, crystal, and significant mixed phases.
Those factors ensure that the micromechanical peak of the N-A-S-H gel
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can be separated from mixed phases by increasing the number of com-
ponents in the deconvolution. In this process, the individual phase N-A-
S-H is sometimes obtained by sacrificing the accuracy of other phases as
spurious phases (sub-phases) may be introduced.

4.2. Deconvolution results for AAFA-M1-S

For AAFA cured under standard curing condition, the deconvolution
results of the phase (k < 9) or the two phases (k > 9) which show the
minimum nano/micromechanical properties are listed in Table 3. Some
key deconvolution results are revealed in Fig. 3. These results indicate
that when k (the number of phases) is 2 or 3 or 4, the corresponding
phase has high variance values. For instance, for the model with 4
components, the elastic modulus of the “blue phase” ranges from very
small values to almost 50 GPa, while the hardness of it ranges from
around 0 GPa to more than 2 GPa. Besides, high average elastic modulus
and hardness values are observed. When the number of components
reaches 5, a new phase, phase 2 in Fig. 3(d) with small nano/micro-
mechanical properties and variances is separated from the phase 1 in the
model with 4 components. For this new phase, the elastic modulus and
hardness standard deviation of it are 3.61 and 0.25, respectively, which
are similar to the value reported for the C-S-H gel in cement pastes [22].
In addition, the elastic modulus of 11.20 GPa and hardness of 0.41 GPa
of this phase are also close to lots of results reported for low-density
C-S-H [22], although a bit low. Therefore, the big phase, phase 1, in
the model with 4 components should be a phase mixed by gel and other
inclusions, while the phase 2 separated from it in the model with 5
components should be the gel phase. The reinforcing effect of the in-
clusions enhances the nano/micromechanical properties of the mixed
phase. The presence of multiple phases induces a large range of variation
for both elastic modulus and hardness.

As revealed in Table 3, there is a slight decrease in the elastic
modulus and hardness of the gel phase when the number of components
in the model increases from 5 to 9. A more significant change occurs
when the number of components reaches 10, where the phase 3 in the
model with 9 components is decomposed into two small phases, phase A
and phase B shown in Fig. 3 (h). The properties of the phase A and phase
B remain stable even the number of components increases to 12.
Increasing the number of components further makes the calculation
difficult to converge with lots of random initial input values and hard to
find the real global optimal solution. Therefore, the calculation is
stopped after the model reaches 12 components even if it does not reach
the optimal Bayesian value (minimum value).

Table 3

Deconvolution result for AAFA-M1-S (clustered blue points and red points).
k M [GPa] H [GPa] f BIC C

Cl11 Cl2=cC21 C22

2 32.96 2.95 65.30% 16050.70 296.21 32.10 5.26
3 22.32 1.13 29.73% 15568.81 116.77 5.87 0.42
4 23.56 1.18 30.09% 15466.12 126.07 6.66 0.48
5 11.20 0.41 7.27% 15403.81 13.03 0.62 0.06
6 11.18 0.41 7.28% 15363.51 13.01 0.61 0.06
7 10.76 0.36 7.16% 15326.70 11.85 0.49 0.05
8 10.76 0.36 7.16% 15298.94 11.87 0.49 0.05
9 10.76 0.36 7.23% 15278.04 11.92 0.49 0.05
10-phase A 11.08 0.45 5.15% 15255.38 14.24 0.62 0.04
10-phase B 9.87 0.13 1.86% 15255.38 5.66 0.12 0.003
11-phase A 11.37 0.46 5.57% 15243.42 14.93 0.66 0.04
11-phase B 9.89 0.13 1.86% 15243.42 5.70 0.12 0.003
12-phase A 11.10 0.45 5.10% 15233.15 14.19 0.63 0.04
12-phase B 9.86 0.13 1.86% 15233.15 5.63 0.12 0.003
Ave 5-7 11.05 0.40 7.24% - 12.63 0.57 0.06

Note: k is the number of phases. The numbers in the column of “M” and “H” refer to mean value of elastic modulus and hardness, respectively. f is the proportion of the
phase. C is covariance matrix, where 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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Fig. 3. Deconvolution of nanoindentation data (elastic modulus and hardness) for AAFA-M1-S.
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4.3. Deconvolution results for AAFA-M0-H

Table 4 and Fig. 4 present the deconvolution results for the NaOH
activated fly ash sample. For this sample, a phase with nano/micro-
mechanical properties conforming to the empirical knowledge (LD
C-S-H and N-A-S-H identified in AAFA-M1-S) of the gel phase presents
when k is 3. Then, the properties of the phase decrease slightly with the
increase in the number of components until 6 components are given to
the model. For the models with 3-6 components, the properties of the
phase listed in Table 4 are similar to some results for standard cured
sample AAFA-M1-S in Table 3. However, this phase is decomposed into
two smaller phases when k is 7, which can be observed from Fig. 4(b),
(d) and (f). These two phases persist even if there are 12 components in
the model as shown in Table 4.

4.4. Deconvolution results for AAFA-M1-H

For the AAFA-M1-H sample, the deconvolution results are revealed
in Fig. 5. The results indicate that the properties of AAFA-M1-H start to
vary in a small range when the number of components reaches 3, and the
final stable phase is generated from the model with 8 components to the
model with 12 components. However, even for the model with 12
components the variance of elastic modulus and hardness of this phase
are still large values, which are 60.32 and 0.27, respectively. Besides,
the elastic modulus, hardness, and proportion of the phase in the model

Table 4
Deconvolution results for AAFA-MO-H (clustered blue points and brown points).
k M H f BIC C
[GPa]  [GPa] c11 clz=  c22
Cc21
2 20.74 1.33 65.81% 10247.74 91.06 6.07 0.64
3 11.49 0.48 17.77% 10054.60 19.84 1.04 0.07
4 10.22 0.39 14.11% 9961.75 14.01 0.67 0.05
5 9.78 0.36 12.10% 9930.88 12.40 0.57 0.04
6 9.78 0.36 12.13% 9911.21 12.41 0.57 0.04
7-phase 7.84 0.25 8.23% 9893.07 6.26 0.24 0.02
A
7-phase 13.28 0.60 8.24% 9893.07 5.58 0.01 0.03
B
8-phase 7.81 0.25 8.13% 9882.40 6.32 0.24 0.02
A
8-phase 13.40 0.61 9.71% 9882.40 7.11 0.08 0.04
B
9-phase 7.76 0.25 7.98% 9880.84 6.14 0.23 0.02
A
9-phase 13.29 0.60 8.26% 9880.84 5.77 0.05 0.03
B
10- 7.83 0.25 8.23% 9874.01 6.25 0.24 0.02
phase
A
10- 13.24 0.60 8.19% 9874.01 5.59 0.01 0.03
phase
B
11- 7.21 0.20 5.78% 9865.82 6.17 0.19 0.01
phase
A
11- 12.80 0.56 10.10% 9865.82 7.46 0.11 0.03
phase
B
12- 7.78 0.25 8.10% 9857.43 6.14 0.23 0.02
phase
A
12- 13.23 0.60 8.60% 9857.43 6.05 0.03 0.03
phase
B
Ave_3-5 10.50 0.41 14.66% - 15.42 0.76 0.05

Note: k is the number of phases. The numbers in the column of “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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with 12 components are 22.69 GPa, 1.29 GPa, and 30.25%, respectively,
which are similar to the mixed phase (blue phase, k = 4) in AAFA-M1-S.
Therefore, the final stable phase in models with 8-12 components is not
regarded as the possible N-A-S-H gel phase. The second deconvolution is
conducted for the final stable phase, based on the clustered data of the
phase (phase 1) in the model with 12 components as shown in Fig. 6(b).

The results for the second deconvolution are listed in Table 5 and
Fig. 6. Firstly, one component (12-1) is set for deconvolution, which
generates results very close to the estimated results for the final stable
phase in the model with 12 components in the first deconvolution. It
means that the clustered data is reliable to reflect the properties of the
estimated final stable phase in the first deconvolution and can be used
for the second deconvolution. For the second deconvolution, a stable
phase, phase 2 shown in Fig. 6(c) and (d) is separated from phase 1 in the
model with 3-7 components. The properties of it are in line with
empirical knowledge for the gel phase. Further deconvolution with an
increased number of components would lead to no more stable phase
with reasonable proportion due to the limited data. Therefore, a
maximum of 7 components is assigned to the model for deconvolution.

4.5. Deconvolution results for AAFA-M1.5-H

The deconvolution results for the AAFA-M1.5-H sample are shown in
Fig. 7 and Table 6. For this sample, the variation of the properties of
phases starts in a small range when the number of components reaches
3. The more stable phase presents from the model with 5 components.
Afterward, the properties of this phase do not change evidently even if
the number of components reaches 12.

5. Analysis and discussion
5.1. Determination of gel phases in geopolymer

For the deconvolution results given above, one crucial step is to
determine the gel phase correctly. Theoretically, the optimal Gaussian
mixture model can be determined by the Bayesian Information Criterion
(BIC). In this study, the BIC does not reach the optimum value, which
means more components are needed. Although the number of test points
in this study is even more than three times of some other studies, the
data is still sparse at some locations, which would lead to peaks for sub-
phases. The presence of phases with a very small proportion in models
indicates that some points are misidentified as an individual phase. In
fact, BIC evaluates the whole model. It is not necessary to achieve the
optimal as this study focuses on the gel phase only. The empirical
knowledge of the gel phase is used for determining the N-A-S-H gel.

As typically analyzed above for AAFA-M1-S, the phase in the model
with 4 components and has high elastic modulus and hardness of 23.56
GPa and 1.18 GPa should be the mixed phase, while the phase in 5
components model with elastic modulus and hardness of 11.20 GPa and
0.41 GPa, respectively, is consistent with the features of gel phase. It is
easy to find that there are similar mixed phase and gel phase in the other
three kinds of samples. When further increasing the number of compo-
nents, the nano/micromechanical properties and proportion of the gel
phase in AAFA-M1-S and especially AAFA-MO-H are decreased. In the
deconvolution process, few components for a model may make the phase
that has minimum nano/micromechanical properties a mixed phase as
mentioned. Actually, too many components may result in the excessive
separation of the gel phase, breaking the single gel phase into sub-
phases. The gel phase in 5-9 components models of AAFA-M1-S just
has a small proportion of slightly more than 7.27%, the breakdown of
the single phase into two phases with very small proportions (even
1.86%) should be more ascribed to the spurious phase generated when
too much phase number assigned to the model. For the results slightly
changed from the 5 components model to 9 components model, it is hard
to ascertain if it is a refinement of the result by removing more inclusion
or an excessive separation of the gel phase. In this study, if the possible
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gel phase lasts more than three models, then the final properties of the
gel phase are determined by the average value of the first three results to
reduce the impact of uncertainty (average all gel phases when less than
3). Considering the fact that geopolymer at least contains gel, mixed
phase, and unreacted fly ash, the possible gel phase should be selected
from the model by at least 3 components. For AAFA-M1-S, it is the
average result from 5 components model to 7 components model as
listed in the last row of Table 3. Correspondingly, it is the average result
of 3 components model to 5 components model for AAFA-MO-H, 12-3
components model to 12-5 components model for AAFA-M1-H and 4
components model to 6 components model for AAFA-M1.5-H. The phase
in the 3 components model of AAFA-M1.5-H is not accepted as the gel
phase as it has large variance and a large range of variation of both
elastic modulus and hardness.

5.2. Evaluation of deconvolution error

In order to compare the nano/micromechanical properties of N-A-S-
H in different geopolymers, one of the key issues is to evaluate the errors
generated from the analytical technique itself. The first error should be
the average method we adopted to represent the nano/micromechanical
properties of gels. Illustrated by the case of AAFA-M1-S, the possible
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elastic modulus of gel for itis 11.20, 11.18 or 10.76 GPa. For the average
value of 11.05 GPa adopted, the corresponding deviation is 0.15, 0.13 or
—0.29 GPa, as shown in Fig. 8. For all these samples, the maximum
possible deviations are 0.99 GPa for elastic modulus, 0.09 GPa for
hardness and 4.83% for proportion. The average value of all those de-
viations (absolute value) for elastic modulus, hardness, and proportion
are 0.44 GPa, 0.04 GPa, and 1.37%, respectively.

Another possible error can be ascribed to the test data, although the
number of points (Nine grids) we tested is more than conventional
research. The number of grids was increased to 18 for AAFA-MO-H to
check if there are significant different results for the properties obtained
from 9 grids and 18 grids. Since this study aims at the gel phase only, the
additional grids were intentionally put on the areas that very rich in gel
to provide more data for the analysis of gel. Some typical results for
AAFA-MO-H based on 18 grids are compared with the results from 9
grids and shown in Fig. 9. The micromechanical results from models are
(11.08, 0.57) for 3 components and (9.43, 0.42) for 4 components,
respectively. There are close to the corresponding values obtained from
the deconvolution of 9 grids as given in Table 4. When increasing the
number of components, there will be no more similar gel phase. Namely,
the average properties for N-A-S-H gel based on 18 grids are (10.26,
0.50).

One special phenomenon for AAFA-MO-H is the presence of two
phases when the number of components is more than 7, while both of
these two phases have a considerable proportion. For the sake of com-
parison, the 7 components model based on 18 grids is provided in Fig. 9
() and (h). Similar to that in Fig. 4, there are also two phases. The blue
phase and the brown phase have the properties of (6.99, 0.25) and
(11.27, 0.56), respectively. It indicates that the two phases are not
generated due to the limited test data. It is easy to track that these two
phases are mainly decomposed by the gel phase in models that have few
components, although some points are removed or included during this
process. The average properties of these two phases in the 7 component
model based on both 9 grids and 18 grids are obtained by the cluster of
data for each phase. As shown in Fig. 9, the nanoindentation data that
belong to the phases with nano/micromechanical properties of (6.99,
0.25) and (11.27, 0.56) are clustered into blue points and brown points
according to the maximum posterior probability. The blue points and
brown points are collected and plotted in Fig. 10(a) and (b), with their
average value denoted by the clustering center, which are (6.75, 0.23)
and (11.32, 0.55), respectively. Namely, the clustered data can well
represent the estimated phase in the deconvolution of AAFA-MO-H
based on 18 grids. Then, the blue points and brown points are com-
bined together. The average properties of all those points are (9.60,
0.43) as shown in Fig. 10(c). Similarly, the average properties of all
those points in AAFA-MO-H based on 9 grids are (10.66, 0.42). The
average properties of blue and brown phase are similar in models with
different grid numbers. Moreover, the average properties of these two
phases are very close to the properties of the gel phase. It is possible that
the blue phase is the gel with higher porosity than the brown phase.

The errors result from limited test data are summarized in Fig. 10(d).
For the elastic modulus and hardness of N-A-S-H we study, the deviation
of results is just —0.24 and 0.09 GPa, respectively. Taking into account
the above errors caused by the average method to determine the prop-
erties of gel phase, the approximate errors for elastic modulus and
hardness are 0.68 and 0.13 GPa. Meanwhile, the maximum deviations
are obtained as 1.23 GPa for elastic modulus and 0.18 GPa for hardness.
One thing to note is the results are based on the sum of the absolute
values that would enlarge the evaluation of the errors. Namely, the
positive and negative errors do not cancel each other out.

5.3. Correlation and difference of different statistical techniques
For the LSE method that generally used to fit the frequency density

histogram for deconvolution analysis, it is known to depend on the bin
size. The correlation and difference of the LSE and MLE methods are
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Table 5
Deconvolution result for clustered data belong to stable phase when k is 12
(AAFA-M1-H, clustered yellow points for k = 12-3 and 12-7).

K M H f BIC C
[GPa]  [GPa] c11 cl2 c22
c21
121 2271 129  100.00%  1473.28 5854 3.14  0.25
(30.25%)
12-2 2220 124 93.54% 1460.87 5845 296  0.22
(28.30%)
12-3 1403 056  19.90% 144638  16.84 075  0.04
(6.02%)
12-4 1419 058  21.06% 143505 16.90 079  0.05
(6.37%)
12-5 1467 058  20.17% 142561 19.83 0.84  0.04
(6.10%)
12-6 1526 063  19.99% 141911 19.36 0.81  0.04
(6.05%)
127 1479 060  22.74% 141602 1968 091  0.05
(6.88%)
Avel2. 1430 057  20.38% - 17.86 079  0.04
35 (6.16%)

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

discussed by the hardness histogram of AAFA-M1-S. The possible N-A-S-
H gel phase of AAFA-M1-S starts to appear in the model with 5 com-
ponents and decompose into two phases in the model with 10 compo-
nents. The possible gel would exist in models with 5-9 components.
However, as displayed in Fig. 11, any model could match the histogram
if suitable bin size is set for the histogram. If the bin size is more than
0.28, it is not possible to obtain the hardness of N-A-S-H gel, denoted by
the green peak in Fig. 11(b) and (c), as there is no corresponding peak in
the histogram. The large green peak in Fig. 11(a) would be misidentified
as the N-A-S-H. Generally, the bin size set in exiting studies is more than
0.28 and the number of components adopted is 4. In that case, the final
results should be from a mixed phase instead of N-A-S-H gel. When the
bin size is small to around 0.12, as can be clearly observed from Fig. 11
(c) and (d), the model with 10 components can even better match the
histogram than the model with 9 components. Consequently, the prop-
erties of N-A-S-H would be erroneously derived from the 10 components
model.

For the GMM estimated by the MLE method, reasonably increasing
the number of components enables the model to reflect more details of
the distribution of the collected data. Bin size plays a similar role in the
histogram. Smaller bin size contributes to revealing more information
on the collected data. Therefore, for the models with increased phases,
there are histograms with decreased bin sizes that can match them.
However, for both of the number of components and bin size, the
inappropriate parameters would lead to either mixed phase (k = 4) or
sub-phases (k = 10). For the MLE method adopted, the gel phase could
be determined by empirical knowledge of multiple parameters within a
few models with a different number of components. For LSE method, the
bin size is hard to set reasonably, since it is a continuous number with an
infinite range of values. Besides, the suitable bin size would be affected
by lots of factors, such as features of the sample and the number of test
data. For the same bin size, a small number of test data would be no
more able to form a neat and identifiable histogram for fitting.

5.4. Nano/micromechanical properties of N-A-S-H gel in geopolymer

The properties of the gel phases in this study are summarized in
Table 7. It is obvious that the AAFA-M1-H sample has the highest nano/
micromechanical properties while the AAFA-MO-H has the lowest one.
The properties of the AAFA-M1-S are just slightly higher than the AAFA-

11
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MO-H and modestly lower than the AAFA-M1.5-H. As estimated above,
the possible errors for elastic modulus and hardness are around 0.68 and
0.13 GPa, respectively. Even in the most unfavorable situation, where
the larger one has been overestimated and the smaller one has been
underestimated (deviation of 1.36 and 0.26 GPa), one still can point that
the elastic modulus of AAFA-M1-H is larger than the AAFA-MO-H and
AAFA-M1-S, and AAFA-M1.5-H is larger than AAFA-MO-H. In our other
research, higher elastic modulus and hardness of 15.46 and 0.73 GPa
than AAFA-M1-H were obtained for geopolymer with similar mix design
but higher alkali concentration of 10%. Thus, the statistical nano-
indentation results suggest that the nano/micromechanical properties of
N-A-S-H gel should vary with the samples, but just in a very small range.
The variation range of the elastic modulus obtained here is smaller than
that of other studies by the LSE method [29,30].

5.5. Mechanism of characteristics of nano/micromechanical properties

The nano/micromechanical properties of N-A-S-H gels obtained in
this study are similar but slightly lower than that of LD C-S-H gel [22].
Besides, the proportion of it is also lower than reported for both N-A-S-H
[27,28] and LD C-S-H [50]. In fact, there is an important factor that
would influence the test results but hasn’t been considered in existing
nanomechanical test research of N-A-S-H gel, namely, the presence of
crystals. Although the study by the XRD shown in Fig. 12 doesn’t detect
any new crystals when compared with raw material fly ash, it can’t
eliminate the possibility that the crystals significantly affect the results.
In the activation process, crystals are hard to react which would then be
surrounded by the generated gel. Evidence can be found by the micro to
nanoscale observation of N-A-S-H gel displayed in Fig. 13. Slender
crystals can be observed clearly in Fig. 13(a). Additionally, for the gel
near the clustered crystals, the magnified photo in Fig. 13(b) indicates
that there are also lots of crystals in the gel. Higher magnification ob-
servations were conducted at lots of other locations of the sample.
Although there is gel without recognizable crystal as shown in Fig. 13(c),
nano to sub-micron crystals can be found to embed in gel in some other
locations. The presence of crystals in the involved range of nano-
indentation would significantly enhance the mechanical properties and
then identified as the mixed phase in deconvolution analysis. It should
be the main reason responsible for the low proportion of the gel ob-
tained. For almost all of the samples, there is a phase with elastic
modulus slightly more than 20 GPa and hardness slightly more than 1
GPa. It can be typically found in Fig. 3(f) for AAFA-M1-S (yellow phase),
Fig. 4(b) for AAFA-MO-H (yellow phase), Fig. 6(b) for AAFA-M1-H (blue
phase), Fig. 7(b) for AAFA-M1.5-H (blue phase, 21.43 GPa, 1.52 GPa).
For AAFA-MO-H based on 18 grids, the majority of the new test points
from the additional nanoindentation grids are intentionally not put on
unreacted fly ash. Hence, the test data would concentrate on the region
with smaller nano/micromechanical properties. The part of this mixed
phase with large mechanical properties would be lost in the deconvo-
lution due to the small proportion, resulting in the slightly smaller of the
mechanical properties of it. The same consideration could possibly also
be applied for AAFA-M1.5-H. The maximum proportion of it may be
ascribed to the grids. Some of them happen to be in gel-rich areas. This
mixed phase also shows small properties when k is large.

The final N-A-S-H gel phase is separated from the part of this kind of
mixed phase where it has the lowest mechanical properties. This phase
may be mainly a mixture of crystals and gels, and have a small fraction of
other inclusions. Firstly, the “big phase” can be found in all samples with
similar properties which mean it may be a stable phase that exists in
AAFA rather than a mixture of gel phase with random inclusions. Be-
sides, the nano/micromechanical properties of this kind of mixed phase
are close and a bit lower than the agglomeration of C-S-H and CH
crystal identified in Portland cement paste [36], which is plausible to be
the mixture of N-A-S-H and crystals as the nano/micromechanical
properties of N-A-S-H is also a bit lower than the LD C-S-H. This kind of
mixed phase has lower mechanical properties than other phases. This
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Table 6

Deconvolution result for AAFA-M1.5-H (clustered blue points).
k M H f BIC C

[GPa]  [GPa] c11 cl2=  c22
C21
2 18.68 1.19 60.21% 9330.89 54.53 3.96 0.55
3 16.57 0.71 33.69% 9185.27 43.51 1.79 0.13
4 13.21 0.54 22.40% 9135.45 20.70 0.76 0.07
5 11.71 0.40 15.21% 9088.36 14.02 0.31 0.03
6 11.70 0.40 15.10% 9066.53 13.98 0.31 0.03
7 11.72 0.40 15.40% 9048.99 14.02 0.31 0.03
8 11.36 0.39 14.63% 9033.79 12.81 0.27 0.03
9 11.72 0.40 15.41% 9026.87 14.00 0.31 0.03
10 11.37 0.38 13.81% 9011.51 13.50 0.26 0.02
11 11.58 0.39 13.95% 8996.77 12.14 0.26 0.02
12 11.37 0.38 13.62% 8995.79 13.53 0.26 0.02
Ave 4 12.21 0.45 17.57% - 16.23 0.46 0.04
6

Note: The numbers in the column of “M” and “H” refer to mean value of elastic
modulus and hardness, respectively. f is the proportion of the phase. C is
covariance matrix, where C11 is the variance of elastic modulus, C22 is the
variance of hardness and C12 is the covariance of modulus and hardness.

may be caused by the small scale of the crystals and different mechanical
properties of it compared with other unreacted particles that come from
fly ash.
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As shown in Fig. 13, the microstructure of N-A-S-H is found to be
looser than that normally known for C-S-H gel, which may be the reason
for lower nano/micromechanical properties of N-A-S-H gel, and then the
generally lower macro performance of fly ash-based geopolymer. In
terms of the nano/micromechanical properties in different geopolymers,
the variation may be affected by both the nanomechanical properties of
the gel particles and the nanoscale pores. For the study of C-S-H in
Portland cement paste, Jennings [51] proposed a simplified model to
represent the microstructure of C-S-H. Basic spherical blocks with size
about 2 nm cluster together to form globules and then the globules pack
together to form LD and HD C-S-H structures. This model is further
modified using packing structure with around 5 nm globules as the basic
unit [32] to help the understanding of the microstructural changes
associated with drying and heat curing. The globules are considered to
have intrinsic parking density. The geopolymer gel is also formed by the
packing of primary globular polymeric entities of several nanometers
[52], which can’t be observed in Fig. 13 due to the limited resolution of
SEM. The globular polymeric entities form gel particles with the sizes of
dozens of nanometers, while the gel particles are not always tightly
integrated as shown in Fig. 13(c) and (d). The defects and pores between
gel particles would be a factor affecting the nano/micromechanical
properties detected. The gel particles are governed by the globular
polymeric entities and their parking density, while the stiffness of
polymeric entities may be affected at least by its maturity and chemical
structure.
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Fig. 8. Errors result from the average method to determine the nano/micromechanical properties of gel.
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The different maturity, and the different composition and chemical
structure of the N-A-S-H gel are considered by Ma et al. [30] as the main
reasons that account for the constant elastic’s modulus in the study by
Némecek et al. [27] but varied elastic modulus in the study by Ma et al.
[30]. The polymerization process of AAFA is very slow and heat curing is
usually used to accelerate it. For ambient cured AAFA and heat cured
AAFA with different curing temperature, the difference between their
28-day compressive strength and longer time compressive strength is
quite different [53-55] and larger than the difference in the Portland
cement paste, which means that at 28 days, the samples have signifi-
cantly different reaction degree under different curing conditions. The
different maturity would induce different stiffness of polymeric entities,
the gel particles and then the nano/micromechanical properties of the
N-A-S-H gel. This is considered as the dominant reason for the

significantly smaller properties of AAFA-M1-S than AAFA-M1-H. As for
the influence of the composition and chemical structure of the gel phase,
Georgios and Ulm [56] found that the C-S-H decalcification would
cause remarkable degradation of elastic modulus of C-S-H gel. Addi-
tionally, the indentation modulus and hardness of the synthetic C-S-H
would change with the Ca/Si molar ratio [57]. For geopolymer, within a
suitable range, the increase of silica content may result in the increase of
the fully condensed tetrahedral aluminosilicate network structures and
then the strength of the geopolymer due to the higher strength of
Si—0-Si bonds than the Si—-O-Al bonds [52]. These results or theoretical
basis indicate that the globular polymeric entities themselves may have
different stiffness when chemical structure changed significantly. NaOH
activated fly ash normally has lower macro strength than the
alkali-silicate activated fly ash with similar mixture and condition.
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Fig. 11. Compare of PDF with hardness frequency histogram for AAFA-M1-S.

Table 7

Properties of N-A-S-H in geopolymers with different silica modulus under different curing conditions.
Samples k M [GPa] H [GPa] f C

C11 C12=C21 Cc22

AAFA-M1-S Ave 5-7 11.05 0.40 7.24% 12.63 0.57 0.06
AAFA-MO-H Ave_3-5 10.50 0.41 14.66% 15.42 0.76 0.05
AAFA-M1-H Ave_ 12_3-5 14.30 0.57 6.16% 17.86 0.79 0.04
AAFA-M1.5-H Ave 4-6 12.21 0.45 17.57% 16.23 0.46 0.04

Provis et al. [40] proposed that larger crystals in NaOH activated fly ash
are hard to pack densely within the binder phase, which could be one of
the reasons for its low macro strength. The lowest nanoindentation re-
sults for AAFA-MO-H can provide another reason that the N-A-S-H gel in
NaOH activated fly ash would have lower micro-strength than others.
These two factors work together to make the lower macro strength of
NaOH activated fly ash.
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6. Conclusions

In this study, the nano/micromechanical properties of sodium
aluminosilicate hydrate (N-A-S-H) gel in alkali-activated fly ash (AAFA)
geopolymer under different silica modulus and curing conditions are
investigated by deconvolution of grid nanoindentation data with
maximum likelihood estimation method. The following conclusions can
be drawn up:
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Fig. 12. X-ray diffractogram of geopolymer pastes.

Mixed phases and sub-phases are typical spurious phases in
geopolymer. It is virtually impossible to reconcile these two kinds
of spurious phases to obtain the accurate nano/micromechanical
properties of each real component by statistical nanoindentation.
A compromise approach was proposed, which ensures the accu-
racy of the gel phase by intentionally introducing spurious phases
for other components.

The errors generated from the analytical technique itself were
estimated from the two aspects of the average method adopted,
and the number of the experimental data. The average deviation
of elastic modulus and hardness introduced by the average
method are 0.44 GPa, 0.04 GPa, respectively. Correspondingly,
the number of test data would bring the errors of —0.24 GPa and
0.09 GPa.

For the GMM estimated by MLE method, reasonably increasing
the number of components enables the model to reflect more
details of the distribution of the collected data. Bin size plays a
similar role in the histogram. When increasing the number of

Composites Part B 198 (2020) 108185

phases in the model, there are hardness histograms with
decreased bin sizes that can match them. Different from the MLE
method where multiple parameters could be referenced to
determine the gel in a few models, the appropriate bin size is
practically impossible to be determined from the infinite range of
values.

(4) The nano/micromechanical properties obtained for geopolymers
vary in a minor range of 10.50-14.30 GPa for elastic modulus and
0.40-0.57 GPa for hardness. The highest nano/micromechanical
properties were achieved by AAFA-M1-H. Both AAFA-MO0-H and
AAFA-M1-S show significantly lower properties. The variation
may be affected by both the nanomechanical properties of the gel
particles and the nanoscale pores between them. The formal one
would be determined at least by its maturity and chemical
structure.

(5) The intermixing of crystal gels was observed under high-
resolution SEM. The interaction of them in the involved range
results in a mixed phase in deconvolution, which largely
decreased the proportion of N-A-S-H gel obtained. Compared to
C-S-H, the looser structure of N-A-S-H should be one of the
reasons for its inferior nano/micromechanical properties.
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