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Abstract: In this study, nano-structural and nano-con-
straints behavior of two silica aggregate mortars are
investigated. The first silica aggregate (A) is almost pure
silica and the second one (B) contains silica, calcite and
dolomite phases. The relationship between the durability
and nano-structural changes is evidenced using Transmission
Electron Microscope, X-ray diffraction (XRD) and TGA/DTA.
The nano-structural results show that the macroscopic proper-
ties of mortars greatly depend on physico-chemical propetrties
of aggregates. Higher the water absorption, higher the con-
sumption of the Portlandite; the consumption of Portlandite,
after 28 days of curing, is more in Bm sample than in Am
sample. A relationship between the Portlandite content and
the water absorption is evidenced. The relationship between
reactivity and nano-constraints deduced from XRD modeling
is highlighted.

Keywords: durability, natural silica aggregates, Portlandite,
nano constraints, TEM

1 Introduction

Recently, a range of modification methods have been
proposed to improve the properties of recycled aggregate

* Corresponding author: Elhassan El Bahraoui, Department of
Chemistry, Laboratory of Materials Science and Process Optimization,
Cadi Ayyad University, Semlalia Faculty of Science, Marrakech, Morocco,
e-mail: h.elbahraoui@gmail.com

Lahcen Khouchaf: Research Center, IMT Nord Europe, Lille
University, Cité Scientifique, Rue Guglielmo Marconi, BP 20145,
59653 Villeneuve D’Ascq Cedex, France

Abdelhamid Oufakir, Mohammed Elaatmani,

Abdelouahed Zegzouti: Department of Chemistry, Laboratory of
Materials Science and Process Optimization, Cadi Ayyad University,
Semlalia Faculty of Science, Marrakech, Morocco

Amor Ben Fraj: Dima Team, Cerema Research Team DIMA, 120 Rue
de Paris — BP 216, Sourdun, 77487 Provins Cedex, France

concrete (RAC). Zeng et al. showed that nano-silica (NS)
improved the microstructure properties and enhanced
the mechanical strength of RAC [1].

Seifan et al. investigated the influence of NS and
micro-silica (MS) on the properties of fly ash-based geo-
polymer mortar. However the presence of 5% NS aids in
the strength development over 28 days [2].

Other recent studies have shown interest in SiO, com-
pounds and the impact of steel fibers and silica fume (SF)
on the mechanical properties of RACs made of two dif-
ferent types of recycled coarse aggregates sourced from
both low-and high-strength concretes were evaluated
[3,4]. In addition, silica compounds have several applica-
tions in different areas [5,6]. Natural SiO, aggregates and
Pozzolanic materials are frequently used in the construc-
tion industry because of their low production cost and
their significant reduction in CO, emissions. Their use
improves the durability because of the low permeability
[7,8]. These materials improve both strength and dur-
ability of mortars and concrete by their reaction with
calcium hydroxide and production of calcium silicate
hydrate in the pore structure [9-11]. It can affect the dur-
ability of concrete structures, and lead to expansion,
cracking and deterioration of concrete [12,13]. Recycled
coarse aggregate are also used in cement and in concrete
[14,15]. The durability of concrete has been a matter of
interest for researchers in the past decades, and throughout
their numerous research works [16—18]. Some studies have
shown that the addition of SiO, nanoparticles allows an
improvement in the mechanical properties of the material
[19]. On the other hand, the addition of the nanoparticles
will have negative consequences on the environment
during the wear of the material and the release of those
nanoparticles in nature. The addition of natural silica
to cement matrix can improve the electrical resistivity
of concrete not only by refinement of pore structure, but
also by consuming of Portlandite Ca(OH), and causing a
reduction in OH content in pore solution, which decreases
the conductivity of the specimens [19].

To improve the durability of the material, a study is
underway based on heat treatments [20] without addition
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of new compounds. However, in order to optimize the
choice of the aggregates to use, it is important to under-
stand the relationship between chemical composition,
the microstructure of incorporated aggregates and the
reactivity.

Two main properties, crystallite size and lattice strain,
would affect Bragg peak width, intensity of peak and shift
of the 20 peak position accordingly [12]. Therefore, the
crystallite size and lattice strain can be deduced by ana-
lyzing the peak width. Crystallite size is a measure of the
size coherent to diffracting domain. The crystallite size of
the particle is not generally the same as the particle size
due to the presence of polycrystalline aggregates [6]. Lat-
tice strain is a measure of the distribution of lattice con-
stants arising from crystal imperfections, such as lattice
dislocation. The other sources of strain are grain boundary
triple junction, contract or sintered stresses, stacking faults
and coherency stresses [9].

It should be noted that apart from the evident fact
that elastic properties are key mechanical properties of
their own, they determine the maximum strength and hard-
ness of the materials and significantly affect the thermal
shock behavior of the materials. There are many analytical
techniques to evaluate the microstructure properties of the
materials [13,21]. To our knowledge, they do not resolve
many physical issues leading to the change in the structural
properties of SiO, materials. In this regard, this article inves-
tigates the effect of heat treatment on microstructure mor-
phology of SiO, flint by Williamson—Hall plots methods
namely Williamson—Hall-isotropic strain model (W-H-ISM).

In this study, two silica aggregates with different ori-
gins are studied. It is also essential to monitor the effect of
the chemical composition of the aggregate on its reac-
tivity. The chemical compositions are different, one is
practically a pure SiO, and the second has a predomi-
nantly SiO, phase with the presence of calcite and dolo-
mite. The novelty of this research work is to investigate
the relationship between the water absorption of aggregates
and the Portlandite content of the mortar. In addition, the
relationship between reactivity and micro constraints is
explored.

2 Experimental program

2.1 Theoretical background of W-H-ISM

In order to understand the contributions of lattice strain
and crystalline size to the X-ray diffraction (XRD) peaks,

DE GRUYTER

the Williamson-Hall method is used. The lattice strain
and crystallite size were estimated by W-H-ISM, based
on Williamson—-Hall (W-H) plot from powder XRD data.

Equation (1) gives an estimate of lattice isotropic
strain and crystallite size (Dw_y) by W-H-ISM:

0.91

W-H

B- cosf= + 4¢ - sin 0. 1)
Here equation (1) stands where it is assumed that strain is
uniform in all crystallographic directions. The strain (&)
present in the materials and the crystallite size (Dw_g)
are, respectively, determined from the slope and y-inter-
cept of the fitted line.

The conventional W-H-ISM model is an appropriate
approach for the estimate of lattice strain due to less
scatter of data points from the linear fit. The better fit of
the experimental data points confirms the uniformity of
the lattice strain.

In many cases, the materials cannot have identical
values of a property in all directions. Stress and strain
relations with elastic behavior are described by Hooke’s
law, which is valid only up to the proportionality limit of
a material. Beyond this limit, Hooke’s law no longer
applies. There exists linear proportionality relation between
stress and strain and is given by ¢ = ¢E, where E is the
constant of proportionality being the modulus of elasticity
or Young’s modulus. Williamson—Hall equation (2) could be
written in another way:

B cos = 0.91 +4a-sm9’ 2
W-H-ASM En

where ¢ is the uniform stress and Ej is the Young’s
modulus in the direction perpendicular to the set of
crystal lattice planes (h k I). The crystallographic direc-
tion dependent on Young’s modulus in hexagonal crys-
tals [22] is given by equation (3):
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where the Young’s modulus Ejj; can be determined along
any orientation, from the elastic constants (S;). Here Sy,
Ss33, S,44 and S;3 are the elastic compliances and their
standard hand book values are 7.49 x 1072, 10.9 x 1072,
15.1 x 107? and —4.0 x 1072, respectively [23-25].

A scatter plot with a regression line of Scos6 vs
4 sin 0/Eyy gives o in the slope of the line, and Dyw_y.asm
is calculated from the S cos 8-intercept.



DE GRUYTER

Aggregate A Aggregate B

Washing =

Drvlng

“\

Jb

\@
»

Figure 1: Photographs and the preparation setup of the aggregates
A and B.
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2.2 Materials

In this research, two siliceous natural aggregates (called
aggregate A and aggregate B) are used. The aggregate A is
a rock type and the aggregate B is an alluvial type. In
Figure 1, the photographs of the aggregates before and
after grinding are presented. These aggregates are hetero-
geneous in appearance and the crystalline structure is
based on quartz phase for aggregate A, and quartz as
major component with calcite and dolomite phase for
aggregate B. Both aggregates were first crushed using
jaw crusher and sieved, before constituting the same
granular skeleton of standardized sand (S). The physical
properties of the tested sand are summarized in Table 1.
For standardized mortar (water-to-cement ratio [w/c]
of 0.5) manufacturing, cement type CEM I 52.5 is used.

2.3 Methods

For their valorization in a cementitious material, standar-
dized mortars are prepared according to NF (EN 196-1, 1995)
[26]. In order to make effective water-to-cement ratio (w/c)
constant, water for sands saturation is added in the mixer.
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The samples were analyzed by means of different
techniques.

XRD measurements were performed in the reflection
mode using a Bruker D8 Advance diffractometer (Cu-K A
radiation = 1.5418 A), which operates at 40 kV and 40 mA.
Data were collected in the range of 5-75° in the 26 scale with
a step size of 0.02° and a counting time of 0.5 s per step.

Nanostructure of samples were compared using a
Transmission Electron Microscope (TEM). The investigation
was performed with a FEI Tecnai G2-20 instrument with an
accelerating voltage of 200 kV. This microscope is equipped
with a filament of lanthanum hexaboride LaB6, a double
holder, an energy dispersive X-ray spectroscopy analysis
and Gatan digital camera CCD ORIUS.

To quantify the different phases, particularly calcite,
quartz and Portlandite, thermogravimetric analysis/dif-
ferential thermal analysis (TGA/DTA) tests are carried
out on 250-300mg samples. As for XRD, aggregates
and mortars are powdered and sieved using 315 pm sieve,
before testing. Then, each sample is placed in Al,O5 cru-
cible and a range of temperature 35-1,200°C is applied.

3 Results and discussion

3.1 Physical properties of studied sands

Figure 2 shows that the grains’ size is between 0.1 mm
and 2 mm as for a standardized sand.

In addition, parameters of the aggregates such as the
density and water absorption are determined [27]. As
shown in Table 1, sand B has a higher water absorption
in comparison with sand A and the standardized one.

The water absorption property shows that the aggre-
gate B is very porous compared to the aggregate A.

3.2 Nano-structural characterization of
starting aggregates

3.2.1 TEM study

Figure 3 shows the TEM micrographs of sands A (Figure 3a)
and B (Figure 3b). For both sands, the images show different

Table 1: Physical properties of the aggregates A, B and the sand S used as reference

Type

Water absorption (%) Density (g-cm™3)

Aggregate A
Aggregate B
Sand S

Natural aggregate
Natural aggregate
Standardized Sand

1.61 2.56
2.28 2.75
0.9 2.65
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Figure 2: Size distribution of the aggregates used.

sizes of SiO, grains ranging from ten nanometers to a few
micrometers, with angular sides characterizing angles of
quartz phase. Moreover, for sample B, other areas of a rather
disordered or amorphous appearance are observed. In addi-
tion, sand B seems to be more heterogeneous compared to
aggregate A.

The distribution and the shape of the particles are
different in the two samples. Thus, it stands out that
sample A exhibited more hexagonal shape particles.
While the sample B consisted of spherical particles com-
pared with the sample A particles. It is clear that the
external nano and microstructure part of sample B can
indicate about its behavior in mortar as it will be stated
below. While the nano and microstructure part of the
sample A is quite similar among the core and the external
surface.

3.2.2 XRD study of studied aggregates

XRD patterns of the aggregates A, B and the standardized
sand are shown in Figure 4. The aggregates A and B have

1 10
Diameter (mm)

different structures. The structure of the aggregate A is
quite similar compared to the standardized sand (S). The
aggregate A contains almost only the quartz phase, while
aggregate B contains three phases: quartz (Q), calcite (C)
and dolomite (D).

According to the XRD patterns, the quartz phase is
the main component of the framework of aggregates A
and B. The dolomite and calcite in aggregate B are pre-
sent in minor phases but could influence its behavior.

3.3 Nano-structural characterization of
manufactured mortars

Figure 5 shows the XRD patterns of the mortars based on
aggregates A, B and Standardized Sand, respectively,
named Am, Bm and Sm. Important differences were
noticed in the sample Bm compared to the sample Am.
The XRD patterns show that Bm presents the same phases
as that of Am and Sm, but the peak of calcite phase is
more pronounced. In addition, the Portlandite phase in

Figure 3: TEM micrographs of aggregates A (a) and B (b).
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Figure 4: XRD of the aggregates A, B and standardized sand (S).
Figure 5: XRD of mortars Am, Bm and Sm samples.
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the Bm is lower compared to the Am and the Sm samples.
This result can be partially explained by the water absorp-
tion values as indicated in Table 1, since the water absorp-
tion is greater in Bm than in Am and in Sm. The fact that
less Portlandite was detected in the Bm sample is also
representative of the more advanced interaction process
in this sample.

Figure 6 shows the TGA/DTA diagrams corresponding
to the aggregates A and B. It is noted that a mass loss in the
temperature range [100-450°C] is due to dehydration of
water contained in the aggregates. The weight loss is low
for both the aggregates but is higher for aggregate B. This

Mortar Am
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fact is in agreement with the water absorption rate of the
aggregates as seen in Table 1.

In addition, a sharp reduction in mass occurs in the
temperature range [450—-700°C]. The mass loss is 0.5%
for aggregate A, unlike aggregate B which has no change
in mass in this range of temperature. On the other hand,
in the temperature range [700-900°C], there is a sudden
change in the mass loss of aggregate B corresponding to a
weight loss of 11% compared to a weight loss of 0.2% in
aggregate A. This loss is linked to the decarbonation of
calcite CaCO; present in aggregate B and is in agreement
with the XRD results as shown above.

DTG /(mg/min)

TG /mg ATD /pV
Var. masse: -1.45 mg T exo 1.0
04l p
| ¥ 50
: [
La0  [05
5l
| Var. masse: -13.85 mg
| F 30
~——— L
L\\ I X 0.0
-10 1 N r20
e
N
\ e
Var. masse: -5.54 mg - 10 -0.5
-15 1 o
' Pic:4§5;1 N ' ' ' [ 10 -1.0
200 400 600 800 1000
Température /°C
Mortar Bm DTG /(mg/min)
TG /Img ATD /pV
Var. masse: -2.56 mg Var. masse: -18.74 mg 1 exo 6o
04 - Var. m§§se, -6.77 mg 05
‘ 50
—————— r0.0
-10 4 v N —
N L 40
r-0.5
-20 30
-1.0
Pic: 507.5 °C 20
-30 -1.5
r10
‘ F-2.0
-40 Vai. masse: -28.36 mg )
‘ F-2.5
v
-50 oo -10
Pic: 869.8 °C [-3.0

200 400 600

800 1000

Température /°C

Figure 7: TGA/DTA of the mortars Am and Bm.
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Figure 8: Relationship between the percentage of Portlandite in Am,
Bm and Sm vs the water absorption.

In fact, at the temperature of 1,200°C, there is a loss
of overall weight of 0.85% for aggregate A compared to
15% in aggregate B. This significant difference may explain
the difference in terms of the reactivity and the durability
between the two aggregates A and B (Figure 6).

Figure 7 shows TGA/DTA diagrams of Am and Bm. It
is noted that there is a weight mass loss in the tempera-
ture range [100-450°C], that is related to the dehydration
of water contained in the mortars. The mass loss is 4.5%
in the Am compared to a mass loss of 5.5% in the Bm.
It can be seen that there is more water with Bm than
Am, which is in agreement with the results of water
absorption of aggregates. The 2nd temperature interval
is [400-520°C], that is related to the dehydration of the
Portlandite Ca(OH),. A mass loss is about 2.5% for the
Am compared to a mass loss of 1.5% for the Bm. Indeed,
the Am contains more Portlandite than the Bm, which is
in good agreement with the XRD results. The 3rd tem-
perature interval is [700-900°C], which is relative to
the decarbonation of the calcite CaCO3; where the peak
intensity is important on the DTA curve of the Bm mortar.
The mass loss is about 0.2% in the Am compared to 10%
in the Bm. This result is confirmed by XRD.
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Table 3: Sizes of crystallites and micromechanical constraints for
the starting aggregates and mortars

Methods Parameters A B Am Bm
W-H-ASM Dasm (nm) 90 90 95 97
o (MPa) 138.6 135.1 176.6 190.5

3.4 Relationship between Portlandite and
water absorption

Figure 8 presents the decrease in Portlandite content (%)
of different mortars with the increase in water absorption
(%). As demonstrated previously by XRD (Figure 5) and
TGA/DTA (Figure 7), the Portlandite content of Bm mortar
is less than that of Am, while the water absorption in
aggregate B is higher than that in aggregate A.

The results show that the presence of calcite in the
starting aggregate B is associated with the water absorp-
tion increase in the samples. Calcite that cannot connect
with concrete contribute to fill the spaces but they lead
to a rise in permeability [8]. Thereby, the interaction
between the solution and the aggregate increases which
increase the consumption of the Portlandite in Bm com-
pared to the Am.

3.5 Nano-constraints and crystal lattice
parameters

Based on diffraction spectra, modeling was carried out to
determine certain nano-structural and nano-mechanical prop-
erties of two natural aggregates and in mortars (Table 2) such
as the volume of the unit cell, the size of the crystallites and
the micro-stresses. It can be noted that the volume of the unit
cell increases mainly for the Bm sample, which proves the
swelling of its structure. This result could be linked to the value
of higher water absorption in the aggregate that facilitates its
reactivity by introducing species more easily through the
pores. Likewise, Table 2 shows the value of the sizes of the

Table 2: FWHM, atomic parameters and the volume of the unit cell for the starting aggregates A and B, and Am and Bm mortars

Parameters of lattice Lattice volume (A%)

a=b @A)

c (B

Samples Structure FWHM of principal pic (101)
A Hexagonal 0.1378
B 0.1181
Am 0.1378

Bm 0.1338

5.1166 + 0.0001
5.1121 + 0.0001
5.1126 + 0.0001
5.1142 + 0.0001

5.4979 + 0.0002
5.5031 + 0.0002
5.4965 + 0.0002
5.5012 + 0.0002

124.6493 + 0.005
124.5493 + 0.005
125.4227 + 0.005
125.6066 + 0.005
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crystallites in both the aggregates (A and B) and in their
respective mortars. The most important result is that this
value is more important in the mortar. This result could be
explained by the SiO, reaction in the mortar and only the
well-crystallized areas resisted the reaction, which gives
larger crystallite sizes. In the same way, the constraints are
determined in the two starting aggregates and in mortar,
Table 3. It can be seen that the stress values are greater in
the mortar. Likewise, in mortar, the value of the constraint
in the Bm mortar is greater compared to the Am mortar.
This result can be linked to the greater value of the unit
cell volume of this sample and to its reactivity that seems
greater compared to that of aggregate A.

Indeed, the following table clearly shows the volume
increase in the crystal unit cell of starting aggregate B
compared to the starting aggregate A, which can be con-
sidered as a parameter of the reactivity of the starting
aggregate B.

Table 3 shows that Bm mortar is more stressed than
Am mortar in agreement with the fact that the aggregate
B is more reactive than the aggregate A.

The magnitude of the constraint value (o) is found
around 176.6 MPa in Am mortar and 190.5 MPa in Bm mortar.

4 Conclusion

In this study, two natural silica aggregate mortars with

different chemical composition are studied. We demon-

strated that the Portlandite phase evolution is a good para-

meter to follow the aggregate behavior. A relationship

between the Portlandite content and the water absorption

is evidenced. In addition, conclusions from the experi-

mental and analytical results are drawn as follows:

¢ Higher the water absorption, higher is the consumption
of the Portlandite.

¢ The chemical composition of the two aggregates has a
great effect on their reactivity.

o After 28 days, the Portlandite content is more important
for Am than for Bm.

¢ Unlike the other phases, the dolomite phase completely
disappeared from Bm mortar.

¢ There is a good agreement between macro and micro-
mechanical strains and the reactivity.
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