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Low calcium ground fly ash and metakaolin were activated with a sodium-silicate solution and cured
under ambient and heat conditions. The resulting mature aluminosilicate composites were indented
by several series of grids consisting of approximately 100 indents in each. The effective material volume
affected by an indent was ~1 um?>, Statistical histogram plots of elastic properties of the main reaction

product (N-A-S-H gel) as well as of other material phases were constructed. The deconvolution of histo-

Keywords:
Nanoindentation
N-A-S-H gel
Geopolymer
Aluminosilicates
Fly ash
Metakaolin

fly ash or metakaolin.

grams via four Gaussian distributions testified that the mature N-A-S-H gel has almost the constant
intrinsic Young's modulus ~17-18 GPa, irrespective of the curing procedure and activated material, i.e.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activation of slag, metakaolin, fly ash and other alumino-
silicate materials have been intensively investigated during the last
decades; see [1-3] for comprehensive reviews. In comparison with
conventional Portland cement-based composites these materials
offer excellent durability in chemically aggressive environment
[4], extended fire-resistance [3], lower basic creep [5], or environ-
mental benefits [3]. On the other hand, they may suffer from efflo-
rescense [6], high shrinkage under ambient curing [5,7], or from
variations in chemical and physical properties at the level of acti-
vated aluminosilicate material [7].

In the past, various raw materials (slag, fly-ash, metakaolin,
clay) were intermixed with strong alkaline solutions to synthesize
a poorly crystallized inorganic gel binder [8]. Coined nomencla-
tures such as ‘soil cement’ [9], ‘geopolymer’ [10] or ‘inorganic
polymer’ [2] have characterized more or less similar dissolution-
precipitation processes taking place in a strong alkaline environ-
ment due to different starting materials. Here, the term N-A-S-H
gel (aluminosilicate gel) will describe a binding matrix phase,
embedding undissolved inclusions of remaining raw material.

In the past, alkali-activated materials were characterized by a
variety of experimental techniques including FTIR, ESEM, MAS-
NMR, XRD, DTA or calorimetry [8,11]. The majority of experimental
data were linked directly to the atomic scale and nanostructure of
N-A-S-H gel. However, all the above mentioned techniques suffer
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from data down-scaling by several orders of magnitude to the
nanostructure of N-A-S-H gel. With this respect, nanoindentation
sensing technique enables direct characterization of intrinsic
mechanical properties on the micrometer and submicrometer res-
olution. The response is obtained directly from the close vicinity of
a small indent without the interaction of distant material.

The objective of this paper aims at the quantification of intrinsic
elastic properties of alkali-activated materials. A comprehensive
study has never been performed in this field, although a few at-
tempts can be found [12].

To shed light on different origins of N-A-S-H gel, both fly ash
and metakaolin were activated under different curing tempera-
tures. N-A-S-H gel appears as the main binding phase in both alka-
li-activated fly ash (AAFA) [13] and metakaolin (AAMK) [14], but
mutual nanomechanical comparison has never been performed.
The NMR and SEM analysis revealed that reaction products are
structurally analogous in both materials [2]. Nanoindentation sup-
ports this hypothesis; intrinsic elastic properties of mature N-A-S-
H gels were found to be independent of the curing temperature
and activated materials as will be shown later in the paper.

2. Experimental part and evaluation methods
2.1. Materials, activation and curing of samples

Low calcium fly ash, class F, was obtained from the brown coal
power plant Chvaletice, the Czech Republic. The Blaine specific sur-

face was 210 m? kg™, The fly ash was ground in a small-scale ball
mill to crush hollow cenospheres and to facilitate the reduction in
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Table 1
The chemical composition of ground fly ash and metakaolin (wt.%).

SiO, Al,03 Fe,03 Ca0 TiO, K0
Ground fly ash 51.9 32.8 6.3 2.7 1.89 2.12
Metakaolin 48.66 47.41 1.33 0.03 1.99 0.15

porosity. The XRD Rietveld analysis found the composition consist-
ing of 70 vol.% amorphous phases, 24 vol.% mullite and 6 vol.%
quartz.

Metakaolin originated from Ceské lupkové zivody a.s., Nové
Straseci, the Czech Republic. Chemical compositions of both mate-
rials are given in Table 1 and particle size distributions in Fig. 1.

The alkali-activator was previously optimized to yield a high
compressive strength while maintaining workability [11]. The acti-
vator was prepared by dissolving NaOH pellets in tap water and
adding sodium silicate (water glass). Table 2 summarizes the com-
positions of the mixtures. The final properties of the mixture can be
controlled by three independent parameters (Table 2). Metakaolin
requires significantly more activator due to its higher surface area.

Fly ash or metakaolin was intermixed with the activator for
5 min, cast in plastic ampoules 26 mm in diameter and 45 mm in
height, gently vibrated for 5 min and sealed. Heat-cured fly ash
or metakaolin samples were exposed to 80 °C for 12 h. Ambient-
cured fly ash experienced a laboratory temperature ~22 °C for
the duration of six months prior to testing. Both materials are con-
sidered to be mature, although further polymerization and stiffen-
ing will continue forever. This is analogous to C-S-H aging known
from the cement chemistry [15]. After a half-year from casting,
the mean compressive strength of AAFA samples exceeds 70 MPa
and that of AAMK 50 MPa, as determined on 100 mm cubes accord-
ing to EN 12390.

2.2. Nanoindentation

Samples were cut to parallel slices of ~10 mm in thickness, pol-
ished on fine emery papers and polishing cloth, and cleaned in an
ultrasonic bath. Due to their varying heterogeneous composition,
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Fig. 1. Particle size distribution of ground fly ash and metakaolin.

Table 2
Mixture composition. Mass oxide ratii for activators and activator-to-solid mass ratii.

Activator to solid
ratio (wt.%)

Activator ratii

Na,0/Si0; (-) H,0/Nay0 (-)
Ground fly ash 0.881 3.925 0.531
Metakaolin 1.669 2.743 1.416

three representative areas were selected from each sample. Nano-
indentation was carried out in a series of grids of 10 x 10 = 100 im-
prints in each area. The distance between individual indents varied
in measurements in order to cover the heterogeneity of the sample.
It was prescribed in the range of 10-50 pum. All together, around
700 imprints were carried out for each AAFA sample and around
500 imprints for AAMK sample.

Nanoindentation measurements were performed in a load con-
trol regime using the CSM Nanohardness tester equipped with a
Berkovich tip. The trapezoidal loading diagram was prescribed
for all tests (Fig. 2). Linear loading of 4 mN/min and lasting for
30 s produced a maximum load of 2 mN for all indents. The holding
period (30 s) under the constant force followed, allowing material
to creep. This stage is important for unbiasing the unloading stage
[16]. The following unloading branch of 4 mN/min lasted for 30 s.
The applied peak load of 2 mN led to maximum penetration depths
ranging from 100 nm to 400 nm (average 260 nm) depending on
the hardness of the indented material phase (Fig. 3). The effective
depth captured by the tip of the nanoindenter can be roughly esti-
mated as three to four times of the penetration depth for the Ber-
kovich indentor [17]. It yields the effective depth of around 1 um
for this particular case.

Elastic properties were evaluated from nanoindentation tests
according to the Oliver-Pharr methodology [18]. In this method,
the unloading portion of the experimental load-penetration (P-h)
curve is supposed to be elastic. Then, the analysis is based on an
analytical solution known for rotational bodies punched into the
elastic isotropic half-space. The indentation (reduced) modulus is
then defined as follows:
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Fig. 2. Prescribed loading diagram in indentation experiments.
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Fig. 3. Example of load-penetration curves obtained for distinct phases on AAFA
samples by nanoindentation.
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E = i (1)
28+/Ac(hinar)

where S is the contact stiffness evaluated as the initial slope of the
unloading curve at the peak load and maximum depth hy,, i.e.
S= %{h:hm, A, is the projected contact area at the peak load, and
B is the correction factor used for non-symmetrical indenters
(1.034 for the Berkovich tip). The effect of non-rigid indenter can
be accounted for by the following equation for the reduced modulus
E,:

1 1-v2 1-v?

et 2)
E, E E;

where E and v are the tested material elastic modulus and Poisson’s
ratio, respectively. E; and v; are indenter’s parameters (for diamond:

E;=1141 GPa and v;=0.07). In our case, Poisson’s ratio v was as-
sumed to be 0.2 for all measurements.

2.3. Deconvolution procedure

Individual AAFA and AAMK phase properties were determined
by the statistical deconvolution applied to histograms of the E
modulus. The deconvolution procedure was adopted from [17]
but different minimizing criteria and a different generation of ran-
dom sets of probability functions were used as will be demon-
strated in the following.

Experimental histograms are constructed from all measure-
ments whose number is NP, using equally spaced N bins of
the size b. Each bin is assigned with a frequency of occurrence
f? that can be normalized with respect to the overall number of
measurements as f* /N®?. From that, we can compute the exper-
imental probability density function (PDF) as a set of discrete
values:

exp iexp 1 . bins
PP =fapp i=1...N (3)
The task of deconvolution into M phases represents findingr=1, ...,
M individual PDFs related to single material phases. If we assume
normal (Gauss) distributions, the PDF for a single phase can be writ-
ten as:

1 —(x—pu)?
) = e )

in which g, and s, are the mean value and standard deviation of the
r-th phase computed from n, values as:

1 1 %
P = doxe st= P D xe— )’ (5)
r k=1

T k=1

and x is the approximated quantity, i.e. the E modulus in our case.
The overall PDF covering all M phases is then:

M
Clx) =Y _fipr(®) (6)
r=1
where f; is the volume fraction of a single phase:
ny
fr=17o 7)

Individual distributions can be found by minimizing the following
error function:

Nbins

min Y_ [(P# — C(x;))P2)? (8)
i=1

in which we compute quadratic deviations between experimental
and theoretical PDFs in a set of discrete points that is further

weighted by the experimental probability in order to put emphasis
on the measurements with a higher occurrence.

For our particular case, the bin size was chosen to be b =1 GPa
which provided sufficient resolution in all analyzed histograms.
The number of mechanically distinct phases M was fixed in advance
based on compositional analysis in ESEM and analysis of significant
peaks in overall nanoindentation histograms. The M was set 4 for
AAFA and 2 for AAMK samples, respectively. More specific argu-
ments on the number of the phases M are given in the Section 3.

The minimization in Eq. (8) was based on the random Monte
Carlo generation of M probability density functions satisfying the
condition:

M
Soh=1 9)
r=1

In order to guarantee the convergence of the algorithm and to min-
imize the computational effort, the set of M PDFs in Eq. (4) was gen-
erated using the experimental dataset of all E moduli and separating
it into M randomly spaced successive intervals. Mean values, stan-
dard deviations in Eq. (5) and volume fractions in Eq. (7) were com-
puted in these intervals from corresponding E moduli and used in
Eq. (6).

2.4. ESEM/EDX characterization

Samples from nanoindentation were repolished and scanned
with secondary (SE) and backscattered electrons (BSE) in the elec-
tron microscope (Phillips XL30ESEM). The observations were com-
plemented with the EDX microanalysis.

2.5. Porosity characterization

AAFA and AAMK samples were crushed to the size of a few mil-
limeters, dried at 105 °C for 6 h and intruded by mercury (MIP,
Autopore III Micromeritics) or measured by He-pycnometry
(Micromeritics AccuPyc 1330). The combination of MIP and He
pycnometry allows estimating the ‘total’ porosity from bulk and
skeletal densities:

skeletal bulk
= %. (10)
e
Both methods have their resolution limits; the size of a helium atom
(d ~ 0.062 nm) from the bottom range and the limit of MIP from the
top (d ~ 120 pum). Nevertheless, pore sizes of AAFA and AAMK sam-
ples fit well within both limits. The pore size distribution obtained
from MIP is depicted in Fig. 4.
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Fig. 4. Cummulative pore volume measured by MIP. Asterisk denotes total pore
volume determined from Eq. (10).
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3. Results and discussion
3.1. AAFA and AAMK porosity

Fig. 4 testifies that a different curing temperature changes the
distribution of pores but preserves the total porosity in AAFA sam-
ples. These results seem to imply the same reaction stoichiome-
tries, but with different reaction kinetics. Under an ambient
curing temperature, AAFA remains in a quasi-liquid state for sev-
eral days. During this period, N-A-S-H gel experiences slow poly-
condensation and syneresis with negligible mechanical restraint.
Released water from polycondensation is expelled from the gel
while forming larger pores [5,19]. From a series of observations,
ambient-cured samples generally exhibit much larger autogeneous
shrinkage as opposed to heat-cured specimens [5].

The indentation depth lies above the maximum pore size, Fig. 4.
This is partially contradicted by ESEM images in Figs. 5, 10 which
show porosity on a micrometer range. Such a discrepancy is ex-
plained as the bottle-neck effect which is controlled by fine-pore
N-A-S-H gel. Careful avoidance of areas with large pores is a prere-
quisite for successful nanoindentation. Then, porosity occupies
dominantly the scale below the indentation depth hence nanoin-
dentation tests characterize mainly phases including their charac-
teristic porosity from a lower scale. Especially for the AAMK, a part
of porosity becomes comparable in size with the imprint which im-
plies a slight reduction in an indentation moduli and an increase in
the scatter. A series of nanoindentation tests (not shown here) per-
formed with varying maximum depths ranging from 300 nm to
1500 nm showed that the mean modulus for N-A-S-H gel drops
by ~9% which is considered to be irrelevant.

3.2. ESEM and nanoindentation of heat-cured AAFA

Fig. 5 presents a characteristic structure of heat-cured AAFA
formed from relicts of bullets of iron and/or iron oxides and com-
pact Si-Al glass. It is estimated that roughly a half of fly ash was
transformed to N-A-S-H gel [20].

Other ESEM observations led us to the conclusion that the AAFA
heterogeneity occurs not only on a micrometer range but also on
the scale of hundreds of pm, far exceeding the size of fly ash par-
ticles. This hypothesis was confirmed experimentally by nanoin-
dentation. Three different representative regions were indented
in three grids with different indent spacing. Fig. 6 shows that grids
#1 and #2 lay in the areas rich in soft N-A-S-H gel while grid #3
hits the area of less activated fly ash with higher moduli.

Overall nanoindentation results from heat-cured AAFA samples
(~700 indents) are merged and plotted in Fig. 7. The histogram
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Fig. 6. Histogram of elastic moduli for three different indentation grids on a heat-
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Fig. 7. Overall experimental and theoretical probability density functions with
segmented four phases in heat-cured AAFA samples.

covers all phases, namely reaction products (N-A-S-H gel, partly-
activated slags), including intrinsic porosity and unreacted fly ash
(unreacted slags and glass particles). Based on thorough argumen-
tation, four peaks in Fig. 7 were denoted and abbreviated as:

A. N-A-S-H gel — Pure N-A-S-H gel.

B. Partly-activated slag - N-A-S-H gel intermixed with slag-like
particles.

C. Nonactivated slag - Porous nonactivated slag-like particles.

D. Nonactivated compact glass - Solid nonactivated glass
spheres or their relicts after grinding.

Fig. 5. AAFA heat-cured polished samples in SE (left) and BSE (right). In BSE image appear white iron and/or iron oxides bullets (intact), and compact Si-Al glass. The spotted
light grey particles are the remnants of alkali-activated Si-Al-Na-K fly ash. The original slag particles were dissolved and transformed to dark grey compact matter of N-A-S-

H gel. The black spots are capillary pores.
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The alkaline activation of fly ash is essentially a selective pro-
cess caused by a significant heterogeneity in the composition of
raw fly ash [20]. The ability and kinetics of the reaction depends
not only on the chemical and/or mineralogical composition of fly
ash but predominantly also on the internal structure of the parti-
cle, and especially on the specific surface area. The observations
show that preferential and rapid activation takes place in the
slag-like, large size, Si-Al [Na, K, Mg, Fe, Mn] particles with a rich
hollow structure on the micro level, and Fe-Mg [Si-Al] large slag
particles [11]. The last two particles are easily dissolved and trans-
formed to N-A-S-H gel.

The ESEM/EDX elementary simultaneous mapping in Fig. 8 does
not provide a clue how to segment the indentation histogram into

K-
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four phases, Fig. 7. Except for iron and calcium, the spatial distribu-
tions of measured elements are very homogeneous.

In order to support the proposed phase assignment, nanoin-
dentation focused on partly-activated slag and compact glass par-
ticle. Indents were located in a row coming from the outbound
particle rim towards the unreacted core as shown in Fig. 9. The
resulting elastic modulus is increasing as approaching towards
the compact unreacted core. The outward particle rim has a stiff-
ness corresponding to the N-A-S-H gel in the reacted matrix
(~17-18 GPa) whereas the hard particle core is bounded by a
zone with approximately doubled stiffness. This finding led
us to the conclusion that indentation hits all four segmented
phases.
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Fig. 8. Multiple elementary EDX mapping of the polished section of heat-cured AAFA taken for six elements (Na, Al Si, K, Ca and Fe).
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Fig. 9. Partly-activated slag particle in the heat-cured AAFA sample with marked locations of indents (left) and measured moduli (right).
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3.3. ESEM and nanoindentation of ambient-cured AAFA

Fig. 10 shows a typical morphology for ambient-cured AAFA.
The comparison with heat-cured AAFA in Fig. 5 shows more capil-
lary pores and darker N-A-S-H gel. This supports the ongoing slow
process of N-A-S-H gel syneresis.

Ambient curing produces more homogeneous AAFA on the scale
of hundreds of micrometers. In this particular case, three grids
from different locations give mutually comparable results, Fig. 11.

When compared to heat-cured AAFA, ambient-cured specimens
have a much smaller peak associated with partly-activated slag.
Such a result points to the higher extent of an activation under
low temperatures. Also, the third and fourth peaks of nonactivated
particles are smaller (Fig. 12).

3.4. ESEM and nanoindentation of heat-cured AAMK

The microstructure of heat-cured metakaolin is very homoge-
neous (Fig. 13). The reason lies in a very monotonous chemical
and mineralogical composition of a metakaoline precursor. The
dissolving process of the metakaoline matrix is homogeneous
and the majority of metakaolin reacts under a strong alkaline acti-
vator [21].

Nanoindentation was again performed as a series of five grids of
100 indents each with mutual distances of 10-20 um (Fig. 14). It
follows that, from the micromechanical perspective, activated
metakaolin is homogeneous, i.e. raw nonactivated metakaolin is
embedded in N-A-S-H gel under the resolution of indentation
(~1 um). Raw metakaolin is present in the quantity of less than
11.2% by mass. This statement is based on the HCI attacked sam-
ples with a weaker 12 M NaOH activator [21].

Statistical deconvolution testifies that N-A-S-H gel is the only
dominant phase as can be seen in Fig. 15. Therefore, the number
of mechanically distinct phases M was set to 2 in the deconvolution
algorithm. The mean value of the dominant phase (17.72 GPa) well
corresponds to the N-A-S-H gel from heat- and ambient-cured
AAFA samples.

3.5. Summarized result for AAFA and AAMK samples and comparison
with similar materials

Table 3 summarizes the results from nanoindentation decon-
voluted into distinct phases and showing their intrinsic E moduli
and frequencies of occurrence. As obvious, N-A-S-H gel was iden-
tified with a very similar intrinsic modulus (~17-18 GPa) regard-
less of the precursor material. It is worthy to mention that the

L
t WD Exp F—— 20um
95 0 GP_1_06

b :

Grid #1, spacing 10 pum ——
Grid #2, spacing 20 um ------
Grid #3, spacing 50 um -------

Frequency density (%)

0 10 20 30 40 70 80 90 100

50 60
Elastic modulus (GPa)

Fig. 11. Histogram of elastic moduli for three different indentation grids on an
ambient-cured AAFA sample.
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Fig. 12. Overall experimental and theoretical probability density functions with
segmented four phases in ambient-cured AAFA samples.

elastic modulus of N-A-S-H gel is similar to low-density C-S-H
gel formed in cement paste (17.8 +4.2 GPa, [22]). Composite
materials such as concrete will yield very similar elasticity when
cement binder is replaced with AAFA or AAMK. Another material,
fused silica, has a typical modulus 72 +2 GPa and this value
roughly corresponds to compact glass found in fly ash. Mullite
(aluminosilicate mineral consisting of 72% Al,O3 and 28% SiO,),
that is partly present in the raw AAFA material, has
E=223.8+4.65GPa, [23]. Such a high value of the E modulus

Fig. 10. AAFA ambient-cured polished samples in SE (left) and BSE (right). BSE image shows white iron and/or iron oxides bullets (intact), and compact Si-Al glass. The
spotted light grey particles are partly alkali-activated Si-Al-Na-K fly ash. The original slag particles are dissolved and transformed to dark grey compact matter of N-A-S-H

gel. The black spots are capillary pores.
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Fig. 13. AAMK heat-cured polished samples in SE (left) and BSE (right). A few microcracks and pores are distinguishable.
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Fig. 16. Histograms of EDX line analyses demonstrating similar Si-Al distribution
in studied three activated materials.

has never been observed in measurements, either on AAFA or
AAMK samples. From nanoindentation virtually no values higher
than ~100 GPa were obtained. The reason lies in compliant sur-
rounding matrix which does not allow measuring the intrinsic
properties of such hard particles. True intrinsic values obtained
by nanoindentation can be achieved if the stiffness contrast be-
tween matrix and inclusion is less than five [17,24].

The indispensable role of nanoindentation in assessing intrinsic
elastic properties is again demonstrated in Fig. 16 from a chemical
perspective. The histograms in Fig. 16 were obtained by the EDX
line analyses, performed on all three activated materials, in the
amount 2000 points each. The heat-cured AAMK could be deconvo-
luted into metakaolin remnants and N-A-S-H gel with Si-Al mean
mass ratio 2.16. While alkali-activated materials exhibit very sim-
ilar Si-Al distribution in Fig. 16, the oxide arrangement leads to
tremendously different elastic behavior as already demonstrated
in Figs. 7, 12, and 15.

-l{:?a':lt?:moduli (GPa) of individual material phases in heat- and ambient-cured AAFA and heat-cured AAMK. The values in parentheses denote frequency.
Phase/precursor and curing AAFA AAMK
Heat-cured Ambient-cured Heat-cured
A. N-A-S-H gel 17.03 +3.48 (50.7%) 17.72 £3.75 (77.5%) 17.72 + 4.43 (97.2%)

B. Partly-activated slag

C. Nonactivated slag

D. Nonactivated compact glass
Unreacted metakaolin

29.95 + 3.66 (26.6%)
46.90 +7.76 (17.6%)
79.15 +14.34 (5.1%)

26.06+ 0.18 (1.1%)
3827 + 10.13 (17.5%)
79.65 +16.99 (3.9%)
43.91 + 8.69 (2.8%)
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4. Conclusions

The extensive nanoindentation testing and ESEM analysis of al-
kali-activated fly ash and metakaolin samples led to the
conclusions:

1. The intrinsic E modulus of the main reaction product, the N-A-
S-H gel, lies in the range of 17-18 GPa and seems to be indepen-
dent of the precursor material (fly-ash or metakaolin) and the
temperature curing regime (ambient or heat cured) for a given
mixture composition. Such a modulus is very close to a typical
value of low-density C-S-H gel, 17.8 GPa, found in cement paste
[22]. From an elastic perspective, potential coexistence of C-S-H
and N-A-S-H gels is excellent [13].

2. Further deconvolution of indentation histograms identified
other elastically distinct phases. Based on thorough argumenta-
tion and SEM images, three other morphologically distinct
phases were found in AAFA and one in AAMK. The same finding
was found on the indenting slag-like activated porous particle.

3. Statistical EDX line analysis provided no evident correlation
between chemical composition and the E modulus. Found mean
Si—Al mass ratio of N-A-S-H gel is 2.16, corresponding exactly to
the value for mature N-A-S-H gel in the form of probably zeolite
crystals [8].

4. The slow process of ambient-curing produces a more homoge-
neous microstructure where no heterogeneity appears on the
scale above 10 x 50 ~ 500 um as evident from Fig. 11. In con-
trast, three indentation grids of heat-cured AAFA in Fig. 6 show
the significant heterogeneity occuring above the scale
10 x 10 ~ 100 pum. This emphasizes the ion transport and equil-
ibration of the oligomer concentration during the activation
process.

5. Although the study covered typical and mature alkali-activated
materials, it is not meant to be exhaustive. Several issues and
their effect on elasticity remained open, especially the composi-
tion of the mixture and the activator, early age, aging, or ongo-
ing N-A-S-H syneresis.

6. Understanding intrinsic constituent properties in a complex
material allows addressing and modeling distinct mechanisms
on multiscales in terms of material evolution, performance,
optimization and durability. Over history, upscaling of elasticity
[25,26], viscoelasticity [27], or shrinkage [28] has proven to be a
simple, yet powerful method of conjunction between microme-
chanics and material engineering.
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