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Abstract. The paper shows novel methodology for the assessment of fracture properties of alkali-
activated fly ash pastes. The method is based on bending of microbeams prepared by focused ion beam
milling. The microbeams are fabricated in N-A-S-H gel rich regions with micrometer dimensions
and loaded with the aid of nanoindenter. Young’s modulus was found as 25.5 4+4.2 GPa and tensile
strength as 340.8 4+ 124.1 MPa. A volumetric model for alkali-activated fly ash reconstructed three
relevant phases; skeleton of fly ash, solid gel particles and open porosity. Packing density of N-A-S-H
was found. A simple colloid model for strength evolution identified tensile strength of N-A-S-H solid
gel particle as 2500 MPa, falling essentially on the same curve as C-S-H. N-A-S-H and C-S-H gels
show similar values for Young’s modulus and tensile strength, being compatible reaction products of

cementitious binders.

1 INTRODUCTION

Portland clinker is as a primary binder in
many concretes used in engineering structures,
but industrial by-products such as fly ash, slag
and various mineral admixtures are increasingly
utilized as cement replacement as well. Among
others, fly ash is produced in high amounts in
many parts of the world as a product of coal
burning in power plants. Alkali-activated sys-
tems can substitute Portland clinker to large ex-
tent [[1,2].

Nowadays, alkali-activated fly ash (AAFA)
represents well-established binder with several
excellent properties like chemical stability, re-
duced reaction heat, good elastic and strength
properties similar to Portland clinker. However,

its chemical and micromechanical understand-
ing is far away from understanding of ordinary
Portland cement systems.

Atlower level (nm-pm scale), hydrated Port-
land cement forms a matrix composed mainly
of Calcium-Silica-Hydrates (C-S-H gels), port-
landite (CH), anhydrous clinker grains, capil-
lary pores and minor constituents such as ettrin-
gite and monosulfate [3,4]]. Due to the local nu-
cleation of hydrates from clinkers variable stoi-
chiometry and density develops in the hydrated
paste. Two characteristic packing densities of
the main hydration product (C-S-H gel) have
been differentiated in the past, high (HD C-S-H)
and low (LD C-S-H) [5]]. The average packing
density of the HD structure is 0.74 while it is
less than 0.64 for the LD structure [[SH7]]. Such
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findings were demonstrated also by nanoinden-
tation [8]].

In contrast, AAFA pastes are created by a
sol-gel process involving poly-condensation of
a solution as the main underlying chemical re-
action [I. The reaction product is sodium
aluminosilicate gel (N-A-S-H gel) which poses
no characteristic porosity [9]. The reaction of
AAFA in ambient conditions is much slower
compared to cement hydration under room tem-
perature. After 28 days, the degree of hydration
of usual cement paste with water to cement ra-
tios of 0.4-0.6 is about 0.6-0.8 while for AAFA
is only about 0.2 [9]. Therefore, the reaction
of AAFA is often accelerated by thermal treat-
ment.

Mechanical characterization of individual
phase constituents of cement paste or AAFA
at micrometer scale have been performed by
means of nanoindentation [10]. Many engineer-
ing properties such as elastic moduli, hardness,
short-term creep can be derived from standard
nanoindentation measurements that are per-
formed in prevailing compression stress states.
In contrast, tension properties or fracture energy
cannot be directly measured by nanoindenters.

A new technique combining nanoindentation
with fabrication of micromachined beams have
been developed a few years ago. The technique
employs focused ion beam milling (FIB) for
fabrication of cantilever microbeams that can be
subsequently bent by a nanoindenter. The tech-
nique have been tested previously on Portland
cement pastes . Here, we adopt the method-
ology for AAFA samples.

2 EXPERIMENTAL PART
2.1 Samples and preparation

As a raw material, fly ash (class F) origi-
nating from brown coal power plant Opatovice
(Czech Republic) was used. It has specific
Blaine surface 210 m?/kg. The XRD Rietveld
analysis yielded the composition of 70 vol.%
amorphous phases, 24 vol.% mullite, and 6
vol.% quartz. The chemical composition is
shown in Table[Il

Table 1: The chemical composition of fly ash

SiOQ AlQOg F6203 CaO TiOQ KQO
519 328 6.3 27 189 212

The fly ash was mixed with an alkali-
activator which was prepared by dissolving
NaOH pellets in tap water and by adding
sodium silicate (water glass). Resulting mix-
ture was characterized by mass oxide ratio of
an activator and activator-to-solid mass ratio
as: Na,0O/Si0=0.881, H,O/Na,0=3.068, acti-
vator/solid=0.456. After mixing, samples were
cured at 80°C for 12 h and then stored in lab-
oratory conditions (22°C) until testing. Prior
to further analyses, the samples were cut into
5 mm thick slices and prepared with a meteri-
alographic procedure to get a flat and
smooth surface with small roughness of several
tens of nm. Samples were tested at the age of 7
months.

Figure 1: AAFA microstructure (white box indicates lo-
cation of a future microbeam).

2.2 FIB and loading of microbeams

First, the samples were scanned in scanning
electron microscope (SEM) and locations of in-
dividual microstructural phases detected. An
example of sample microstructure is shown in
Figure[I] From the morphological observations,
locations with N-A-S-H gel were identified and
a dozen of small micro-beams was prepared
with FIB technology. FEI Quanta 3D FEG dual
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beam instrument combining SEM and FIB was
used for fabrication of all the samples. The FIB
technique uses finely focused beam of gallium
ions for precise milling of microscopic samples
with various geometries. Based on previous
studies [I1]], the sample geometry was chosen
to be a cantilever beam of 20 pm length and tri-
angular cross-section with approximate dimen-
sions of 3-4 pm in height and width. The final
milling step was done at an accelerating volt-
age of 30 kV and a current of 0.1 nA. After
FIB milling, the micro-beams were observed by
SEM to scan their actual dimensions and posi-
tions. An example of a milled beam is shown in

Figure 2]

Figure 2: Microbeam milled by FIB in N-A-S-H gel.

2.3 Nanoindentation and mechanical prop-
erties

Nanoindenter (Hysitron TI-700) equipped
with Berkovich tip and in-situ scanning capa-
bility was used to position the tip on the free
end of the cantilever microbeam. Then, the mi-
crobeam was bent in a few elastic cycles and
then deformed until fracture. The bending was
performed in the displacement control regime.
The nanoindeter provided records of deflection
and load over the whole test. Using beam the-
ory, Young’s modulus of the beam can be as-
sessed as

FL?
E = 1
3wl, M

where [’ and w are the force and deflection
reached in the elastic regime, respectively, L is

the micro-beam length, /, the second moment

of inertia of the cross section. Tensile strength
was calculated from the ultimate cycle as

FmaxL

= 2

Ji W 2)

where F),,, is the maximum measured force,

W), is the section modulus. Fracture energy was

calculated according to the methodology used

in as
1 Wmazx
G = — / Fdw 3)
! Af 0

where w,,q, is the peak deflection and Ay is the
nominal fracture area (measured by SEM af-
ter the break). It should be noted that the sta-
bility of the measurement in the displacement
controlled regime depends on the system stiff-
ness and on the sampling frequency of the feed-
back control. For fast events of a brittle fail-
ure it puts high requirements to the system that
is not capable to capture descending (softening)
branch in majority of the cases. The system is
also not capable to capture snap-back behav-
ior. Thus, the fracture energy was, in accor-
dance with assessed as supremum energy
assuming that micro-beam behavior shows nei-
ther snap-back nor softening.

2.4 Experimental results and discussion

Load-deflection curves were obtained on a
dozen of microbeams prepared in N-A-S-H gel.
Behavior of the beams was close to linear up
to the break with sudden descending branch (in
case of control instability) or a slightly soften-
ing branch (in case of stable softening measure-
ment). Examples of loading diagrams that are
normalized with respect to the beam length are
depicted in Figure 3] Mechanical parameters
obtained from the testing of microbeams are
summarized in Table |Z|; for comparison, outer
C-S-H gel is reported as well [11]].

Elastic moduli of microbeams calculated
from Equation (]I[), 25.5 4.2 GPa, are in
good agreement with literature data of N-A-S-H
based, e.g. from nanoindentation [[10]. Also,
the value corresponds well with outer product of
cement pastes (Eeem—op=24.941.3 MPa, [11])).
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Tensile strengths of N-A-S-H, 340.8 +
124.1 MPa, are much higher than macroscale
strength, which attains up to 10 MPa on
milimeter sized samples. The discrepancy be-
tween the scales can be explained by a mul-
tiscale model that takes into account other
phases and defects (see Section [3). N-A-S-H
gel strength and supremum fracture energy
are also comparable to outer product of Port-
land cement paste (f; cem—op=264.1£73.4 MPa,

N oy =44E19, ).
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Figure 3: Examples of loading diagrams of microbeams
in N-A-S-H gel.

Table 2: Results from microbeams’ bending. N-A-S-H
gel and outer C-S-H gel

FE (GPa) f+ (MPa) Gj}“p (J/m?)
N-A-S-H
gel 255442 340.8 +124.1 45+ 1.8
Outer
C-S-H gel 24.9+£1.3 264.1£73.4 444+1.9

3 MICROMECHANICAL MODEL

Micromechanical model for strength scaling
stems from volumetric fraction of three relevant

phases [9]]:
Skel

Skeleton of fly ash denoted as fp’;*.
sponds to unreacted fly ash.

Corre-

Solid gel particles denoted as fsgp. N-A-S-H
gel is treated as a agglomeration of solid
gel particles in the sense of a colloid
model.

Open porosity is initially filled with an activa-
tor and also by pores closed inside unre-
acted fly ash. Open porosity decreases
slowly over time with advancing degree
of reaction.

Thermal curing 12 h at 80°C speeds up re-
action time 225x with regards to 25°C cur-
ing temperature (based on Arrhenius energy of
86.2 kJ/mol [9]), reaching equivalent time 112.5
days and degree of reaction DoRR = 0.46. Be-
fore the testing at 7 months, the samples were
stored sealed at 20°C, reaching equivalent time
of 229 days and DoR = 0.574. Those equiv-
alent times lead to volumetric model of the

phases [9] as:

kel = 0,581+ (1 —0.574) = 0.248  (4)
fsap = (0.581 +0.224) - 0.574 = 0.462  (5)
for =0.290 (6)

}/zids =0 (7)

which are showed graphically in Figure [
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Degree of reaction [-]

Figure 4: Volumetric model of alkali-activated fly ash [9].

Open porosity contains all pore ranges; from
air-entrapped pores up to sub-nm pores acces-
sible by n-octane. Total value of open poros-
ity corresponds well with He-pycnometry and
gives slightly higher values than results from
MIP porosimetry [9]. Since N-A-S-H gel has
no characteristic porosity (it is not a precipi-
tate like C-S-H), the average packing density
of N-A-S-H gel is evaluated as fsqgp/(fsap +
fop) =0.462/(0.462 + 0.290) = 0.614.
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3.1 Material model for compressive and
tensile failure

Material model describing compressive or
tensile failure at each level is based on frac-
ture/damage mechanics. Damage mechanics
uses the concept of an equivalent strain, €, as
a descriptor of damage evolution. Damage be-
comes initiated when the equivalent strain, &,
exceeds strain at the onset of cracking, ¢y =
fi/E, where E is the elastic modulus. The
Rankine criterion for tensile failure defines ¢ as

01

e = 45 >0 ®)

where o; is the maximum positive effective
principal stress of undamaged-like material.
Figure [5|elucidates the mechanism.

Tensile stress O, Compressive stress -0/

Oidvvvvvi]
~ N vl
/ﬂ 0 5, / b o,
\v x kim'o',1
— / —
R
Tensile stress O, Compressive stress -0/
a) b)

Figure 5: Crack evolution during (a) uniaxial tensile
stress and (b) compressive stresses. The material contains
randomly oriented elliptical voids with negligible area.

Under uniaxial compressive stress, crack ini-
tiation occurs under a different mechanism. A
homogeneous material experiences only one
negative principal stress and deviatoric stresses.
Cracking in diagonal, shear band zone, is often
encountered on cementitious specimens, how-
ever, the physical mechanism is again tensile
microcracking in voids and defects in the under-
lying microstructure [12, pp.297]. Such a be-
havior has already been described in the work of
Griffith [13]], and McClintock and Walsh [14]],
and we briefly review this theory and extend
it with an equivalent strain to be used in the
framework of damage mechanics.

It is assumed that a material contains ran-
domly oriented 2D elliptical flat voids with var-
ious aspect ratios m = b/a. The voids have

a negligible area and only represent stress con-
centrators and internal defects in a material.
Under macroscopic biaxial stress, the maxi-
mum tensile stress among all voids, m - oy, ap-
pears on a critically inclined elliptical void un-
der a critical angle v

03 — 01 01 1
0 = ———L 1> _~ (9
oS 1/1 2(0’3"‘0’1)7 03 - 3 ( )
—(01 —03)°
. p— 1
m - oy, (o1 F 03) (10)

Crack formation occurs when the tangen-
tial tensile stress, m - 0, equals to the tensile
strength of the matrix. Since o, and the crack
geometry, m, cannot be measured directly, it is
reasonable to relate their product to the uniaxial
macroscopic tensile stress, oy, as proposed by
Griffith [13]

. m-oy,

1= (11)
The material starts to crack when o7 equals
to the uniaxial macroscopic tensile strength f;.
Note that the tensile strength of the homoge-
neous matrix (intrinsic strength) and the crack
geometry remain unknown separately and we
can assess only apparent macroscopic tensile
strength f;.

Plugging Equation (I0) into Equation (TT)
and further into Equation (8) leads to the
definition of the equivalent strain, £, under
compression-dominant loading
1 —(oy—03)?

E=—.
E 8(01+03)

(12)

An interesting feature of the Griffith model
is that the ratio of the uniaxial compressive-to-
tensile strength equals to 8

|[fel = 8 (13)

This can be verified when plugging o, = f;
into Equation (8) which leads to ¢ = f;/F.
Plugging o1 = 0, 03 = —8f; into Equation
leads to the same equivalent strain.

Since the equivalent strain may arise from
the Rankine or Griffith criterion, it is necessary
to compare both Equations () and (I2) and to
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select the higher equivalent strain. Linear soft-
ening is assumed in the simulations and damage
evolution law has a small effect on the com-
puted macroscopic strength. The linear cohe-
sive law takes the form

o=f, (1 - 1) (14)
wy

where w is a crack opening and wy is the maxi-
mum crack opening at zero stress. According to
the formulation of the isotropic damage model,
the uniaxial tensile stress obeys the law

o=(1—w)E: (15)

Let us consider the fracture energy in mode
I, G¢, and the effective thickness of a crack
band h, which corresponds to the finite element
size in the direction of the maximum principal
strain [12]. This ensures objective results, in-
dependent on finite element size [15]. Notice
that w = hwé and wy = 2G¢/ f;. The evolution
of isotropic damage is obtained by combining

Equations (T4) and (I5)

3.2 Model for fracture properties of N-A-S-
H gel

N-A-S-H gel is treated as a colloid, com-
posed of solid gel particles with varying poros-
ity. Packing density describes conveniently vol-
ume fraction of solid gel particles in a unit cell.
Our model used 3D and 2D images for differ-
ent packing densities, 7); Figure 6] shows two 3D
examples used for n = 0.63 and = 0.76, cor-
responding to C-S-Hy p and C-S-Hyp [7]].

Unit cell representing 100 x 100 x 200 nm
uses periodic boundary conditions on horizon-
tal surfaces and uniform static boundary con-
ditions with zero normal stress on vertical sur-
faces. Vertical eigenstrain loads the unit cell
and uniaxial macroscopic tensile stress is ob-
tained by spatial averaging.

Figure 6: Unit cells for two packing densities, 20 x 20 x
40 brick elements, representing 100 x 100 x 200 nm.

Figure displays the evolution of the
N-A-S-H gel strength with regards to its pack-
ing density. Fracture energy 2 J/m? was as-
signed to the globule and the simulation used
simplified 2D microstructure of 200x200 nm.
Analytical approximation reads

1.293(n"* 01 — 1
fonasm = 2500 exp ( (n ; >)(17>

where intrinsic tensile strength of a solid
gel particle was found as 2500 MPa. The
same value was used previously for assessing
C-S-Hyp and C-S-Hyp tensile strength, falling
essentially on the same curve [16].

2500
FEM simulations 200x200 nm
_ = = Fit 2500-exp[1.293:(n13-011.1)/n)]
® i Micro-bending N-A-S-H !
S 20004 Micro-bending C-S-H !
= ]

(3]
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Figure 7: Scaling of tensile strength in N-A-S-H gel.

Tensile strength of N-A-S-H gel shows high
standard deviation, 340.8 &+ 124.1 MPa. This
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demonstrates high heterogeneity on the scale
on several pum, comparable with the size of
the bent beams. Such standard deviation leads
to different packing densities, in our particu-
lar case to 0.614 4+ 0.106 when comparing to
micromechanically-simulated data in Figure

The size of fracture process zone of
N-A-S-H gel can be obtained from different un-
derlying assumptions. Non-linear fracture pro-
cess zone’s size ahead of the crack tip falls in
the range from Irwin’s 1 /7 to 5 for concrete [12,
pp- 107] which yields

EGy _
f?

1 25.5-4.5
— + _ . ]_ =
(7? 5) 31052 100

0.31 +-4.9 ym

R. = k

(18)

3.3 Model for fracture properties of AAFA
paste

AAFA paste spans the range from approx-
imately 1 pym to 100 pm. Since all the open
porosity has been already assigned to underly-
ing N-A-S-H level, paste level can reduce ten-
sile or compressive strength by

e strength variation of N-A-S-H gels, or
e crack formation in the binder

Spatial strength variation of N-A-S-H gel
points to weaker regions with lower packing
density of solid gel particles. This mimic situa-
tion of outer C-S-H mixed with capillary poros-
ity. Weaker spots in the microstructure leads to
strain localization and crack initiation. Up to
date, spatial variation with corresponding fluc-
tuation length has not been quantified and waits
for further experimental tests.

It has been showed previously that a single
crack of 1.5 mm length reduces tensile strength
of cement paste to approximately 20% [17].
Experimental data are missing on this topic
as well, especially on sub-mm samples where
bending strength can be easily accessed.

4 CONCLUSIONS

The paper shows novel methodology based
on nanoindentation and FIB for the assess-
ment of small scale fracture properties of alkali-
activated fly ash pastes. It provides tensile
strength and fracture energy of N-A-S-H gel at
the level of micrometers. It was found that ten-
sile strength on this scale is 340.8 + 124.1 MPa
and the specific fracture energy lies in the range
of units of J/m?. N-A-S-H gel mechanical re-
sponse was found to be similar to outer product
in cement paste in terms of elasticity and ten-
sile strength, showing nice compatibility with
C-S-H.

Micromechanical models showed that
N-A-S-H gel can be treated as a colloid with
packing density of solid gel particles. Ten-
sile strength falls essentially on the same curve
as for C-S-H gels, supporting the idea that
N-A-S-H gels have the same strength origin
of C-S-H.
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