JOURNAL OF MATERIALS SCIENCE 39 (2004) 6221 - 6226

Contributions of the environmental scanning
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aggregate attacked by alkali-silica reaction
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The structural changes of a flint aggregate attacked by alkali-silica reaction (ASR) were
investigated using an environmental scanning electron microscope (ESEM) equipped with
a X-ray microanalysis system. Compared to the conventional SEM, the ESEM enables the
direct imaging of the samples in their natural state. The results obtained are compared to
those acquired using X-ray diffraction (XRD). It appears that when calcium is present in the
aggregate, the attack takes place from outside and progresses towards the inside of the
aggregate. It has also been shown that calcium has an influence in slowing down the
reaction by preventing the fast degradation of the aggregate. In addition, it supports the
formation of new internal phases in the aggregate. The ESEM and XRD data were found to
be consistent with each other. © 2004 Kluwer Academic Publishers

1. Introduction

Most of the current advanced investigations concerning
about the Alkali-Silica Reaction (ASR) effects within
concrete use indirect methods and are limited to the
study of the concrete regardless of the aggregate which
is one of the main components in the concrete [1-3].
Observation of the ASR effects using Scanning Elec-
tron Microscope (SEM) is important because the attack
of the aggregate is heterogeneous on the microscopic
scale. One of the main problems in using the conven-
tional SEM for the study of a concrete sample, is the re-
quirement of sample preparation prior to imaging which
may lead to an alteration of the true surface morphol-
ogy or even the creation of artifacts. The ESEM solves
these problems by permitting the direct imaging of the
samples in their natural state [4-9].

ASR is a physicochemical process involving various
components of concrete, including the siliceous phases
containing Si0;, the Ca%t cations, and some alkaline
K* and/or Na™. The effects of ASR on the structure of
concrete are detrimental. Several assumptions are usu-
ally made to explain the origins and the mechanisms
of this reaction and its role in the degradation of con-
crete [10, 11]. In recent studies we evaluated the dam-
age caused by ASR in a flint aggregate [12, 13], which
enabled us determine some of the steps in the evolu-
tion of the crystal structure of the flint aggregate during
the reaction. However, for an accurate explanation of
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the mechanism of degradation of concrete induced by
ASR, it is necessary to observe the formation of new
phases and their distribution inside or at the surface of
the aggregate. In this study the flint aggregate has been
analyzed in the ESEM in order to better understand
the influence of each cation during ASR. Samples of
this aggregate were subjected to the reaction: initially
with calcium and potassium cation additions, and then
with potassium additions only. X-ray diffraction was
also used to characterize the aggregate. The results ob-
tained from ESEM and X-ray diffraction are compared
and discussed.

2. Materials and methods

The starting aggregate is a natural flint from the north
of France. X-ray fluorescence analysis reveals a SiO;
content close to 99.1%. XRD shows that it consists
mainly of quartz with moganite traces. Sample prepa-
ration procedures and main steps of the ASR have been
previously described [13, 14] but are briefly summa-
rized here. The aggregate (1 g of crushed flint) was
subjected to accelerated ASR at 80°C with a mixture
of 0.5 g of portlandite Ca(OH), and 10 ml of potash
solution KOH at 0.79 mol/l (this system was labeled
CaK); then another part of the aggregate was subjected
to ASR with potash alone KOH (this system was iden-
tified K). The model reactor method used for the study
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Figure 1 Schematic diagram showing the rupture of the Si—O—Si bonds by ASR.

Figure 2 (a) ESEM micrograph of flint aggregate (GSED, 545.3 Pa) before ASR attack, (b) X-ray diffraction patterns of flint aggregate before ASR

attack (-) and a-quartz (—).
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was based on a section of the AFNOR P18-589
standard.

In the ASR mechanism, the hydroxyl, potassium and
calcium ions contained in the solution within the con-
crete pores, penetrate poorly crystallized parts of the
aggregate [15]. The attack is initiated by hydroxyl ions
as shown below:

28i0, + OH™ < Si05, + SiOs/H

inducing the rupture of Si—O—Si bonds between
two tetrahedrons called Q4 and producing negatively
charged SiOy, 1 species and SiOs,,H species called
silanols (see Fig. 1). The cations, which are abundant
in the pores, are attracted to the sites of negative charge
and participate in the reaction. The calcium cations are
likely to react with silica species to form calcium sili-
cate hydrate [15-17].

The observation was carried out on an ESEM Elec-
tro Scan 2020 equipped with an EDS Microanalysis
system “Oxford Linkisis”. The instrument has a tung-
sten filament and the accelerating voltage was 20 kV.
The principle of operation and a more details of the ex-
perimental apparatus were reported by Khouchaf et al.
[18]. The interest of the ESEM in many fields as well
as its characteristics were largely discussed elsewhere,
see for example Danilatos [4]. The use of the ESEM to
observe the behavior of the flint aggregate during ASR
is significant since our samples are insulating and any
coating would involve problems with interpreting the
images. In this study, the images were obtained using
either gaseous secondary electron detector (GSED) or
backscatterer electron detector (BSED).

X-ray diffraction data were obtained with a D8 Ad-
vance Bruker 6 /6 diffractometer with monochromatic
cobalt Co K,, radiation (A = 1.78897 10\). The powder
diffraction patterns were obtained between 10 and
100° (20) with a step size of 0.007° using a position
sensitive detector (PSD) with a counting time of 10 s
per step. The X-ray tube operated at 40 kV and 40 mA.
a-quartz from NIST was used as a reference in XRD
measurements.

3. Results and discussion

3.1. Flint aggregate

The image in Fig. 2a shows an area of the flint aggregate
before ASR attack. The presence of well-defined geo-
metrical grains which are characteristic of a polycrys-
talline material can be observed. Other images show
the presence of randomly distributed pores sometimes
reaching 3 to 5 um. These images show a crystalline
material with the presence of defects of structure. The
structural defects within the aggregate are favorable
sites for the ASR attack to start [15, 19]. For evalu-
ating the structural quality of the flint aggregate, its
XRD pattern was recorded and compared to that of -
quartz (Fig. 2b). The patterns reveal that all the peaks of
a-quartz are present with a decrease in intensity. This
feature confirms the observations by ESEM (Fig. 2a)
which show the presence of defects within the flint. In-
deed, the studies undertaken by Mehta and Monteiro

Figure 3 ESEM micrographs of (a) flint aggregate after 30 h of reaction
(GSED, 532 Pa) and (b) flint aggregate after 168 h of reaction (BSED,
252.7 Pa) in (CaK) system.

Figure 4 ESEM micrograph with zoom of flint aggregate after 168 h of
reaction (BSED, 252.7 Pa) in (CaK) system.

[20] show a close connection between the crystallinity
of a compound and its degree of reactivity. The pres-
ence of crystalline defects in the flint plays an important
part in its behavior during the ASR.
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Figure 5 X-ray diffraction patterns in (CaK) system of flint aggregate (flint), flint aggregate after 30 h of reaction (ck30h), flint aggregate after 168 h

of reaction (ck168 h).

3.2. (CaK) system

The flint was then subjected to attack by ASR. In (CaK)
system, we observed that the degradation of the aggre-
gate takes place both inside and at the surface of the
aggregate. After 30 h of attack (Fig. 3a), the internal
surfaces of the aggregate were heavily modified. First,
it is interesting to note that the reaction has not pro-
ceeded to completion particularly in the center of the
aggregate. The reaction begins at the outside regions
progressing towards the inside in agreement with the
work of Brouxel [1] and Rivard ez al. [21]. Erosion due
to the attack is observed on the surfaces as well as an
increasing number of the holes inside the aggregate.
Their size increases and varies between 20 and 38 pum.
Some zones are attacked whereas others resist and re-
main similar to the initial flint. Moreover, less attacked
zones have polygonal shapes. After 168 h of reaction
(Fig. 3b), grains with better and worse-defined geomet-
rical shapes appear. Even in this rather long term, the
aggregate has not been completely affected.

Some grains observed with higher magnification are
hexagonal (angle of 120°) (Fig. 4) with a diameter of
approximately 10 um. Areas with worse defined shapes
are also observed and are attributed to amorphous and
poorly crystallized silica in agreement with XRD re-
sults (Fig. 5) [13]. The hexagonal objects are thought
to be SiO, quartz phases. Indeed, as the attack pro-
ceeds, the XRD patterns indicate a decrease in the in-
tensities of the peaks and an increase in the vitreous
diffuse halo located between 20° and 37° in 26 (Fig. 5)
which may be attributed to an increase in the fraction
of the amorphous phase in the material [22, 23]. The
irregular shapes present in Fig. 4 could be at the ori-
gin of this phenomenon. A decrease in the full width
at half-maximum (FWHM) is also observed during the
reaction. It varies between 0.17° in flint to 0.15° after
168 h of attack (in a-quartz FWHM is close to 0.09°).
This reduction could be explained by the appearance of
zones in which the degree of crystallinity is improving
(Fig. 4). In addition, the formation and the evolution
of amorphous and poorly crystallized phases could in-
duce a variation of the volume of the aggregate and con-
sequently participate in its swelling, which causes the
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Figure 6 ESEM micrographs of (a) flint aggregate after 30 h of reaction
(GSED, 558.6 Pa) and (b) flint aggregate after 168 h of reaction (GSED,
545.3 Pa) in (K) system.

rise of internal stresses in the concrete. Indeed, Grattan-
Bellew et al. [3] have shown a correlation between the
expansion of the concrete and the inverse of the particle
size and surface area of quartz aggregate. To make such
a correlation, the rate of expansion of mortar contain-
ing quartz with varying particle size was determined.
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Figure 7 X-ray diffraction patterns of flint aggregate (flint), flint aggregate after almost 30 h of reaction (k30h), flint aggregate after 168 h of reaction

(k168h).

In Fig. 4, it is important to note that the size of grains
is very small compared to those observed at the begin-
ning of the ASR. This means that the surface area of
the aggregate increases and consequently the exposure
of more internal defects open to the attack by ASR.

3.3. (K) system

In (K) system, it is noted that the degradation of
the aggregate has been much faster (Fig. 6a). After
almost 30 h of reaction, the attack appeared to be more
advanced compared to the (CaK) system (Fig. 3a).
Moreover, this attack did not follow a well defined
direction as for the (CaK) system (Fig. 3a) where
the reaction proceeds from the outside towards the
inside of the aggregate. Other images with higher
magnification reveal grains with better defined shapes.
We point out that at this time, in the (CaK) system,
well defined grains were not observed. The appearance
of these crystalline shapes reveals an improvement of
the crystallinity of the aggregate.

After 168 h of reaction, an increasing amount of
zones with better geometric shapes can be seen, as well
as a decrease in poorly defined zones (Fig. 6b). These
features are in agreement with XRD results (Fig. 7).
An improvement of the XRD patterns with an increase
in the peaks intensities and a decrease in their FWHM
compared to the one of the flint aggregate before ASR
attack (the FWHM varies between 0.17° in flint to 0.11°
after 168 h of attack).

These zones have smaller dimensions than the ones
observed in the (CaK) system (Fig. 8). XRD patterns of
the (K) system do not exhibit vitreous halos. This ab-
sence of halation (Fig. 7) and poorly defined zones on
the images of Figs 6b and 8 show that in the (K) system
the attack of the aggregate does not clearly induce the
formation of amorphous phases which remain in the
solid state in the product of the reaction as it is the case
in the (CaK) system. Without calcium, the mechanism
of the reaction could be summarized mainly into the
dissolution of the aggregate, without the formation of
internal products as occurs in the (CaK) system where
the attack preferentially starts from the edge and pro-

Figure 8 ESEM micrograph with zoom of flint aggregate after 168 h of
reaction (GSED, 532 Pa) in (K) system.

gresses towards the inside of the aggregate as reported
by Chatterji et al. [24], Wang and Gillot [25] and Prince
and Perami [16]. After 168 hin (K) system, much better
defined objects appear (Fig. 8). Between these objects
remains no or less matter compared to (CaK) system.
Indeed, in (K) system, the amorphous phase is dissolved
into the liquid phase whereas in (CaK) system, this
amorphous phase remains inside the aggregate which
ensures the cohesion of the observed objects and the
precipitation of new phases.

4. Conclusions

This work provides an example of the usefulness of the
ESEM in that it allows the structural changes in a flint
aggregate affected by ASR to be followed directly. The
particle size decrease observed by ESEM provides a
good explanation of the observed reactivity increase
during ASR. The results show that calcium has an
influence in slowing down the reaction by preventing
the fast degradation of the aggregate. In addition,
it supports the suggestion that new phases form,
which precipitate in the aggregate. The mechanism of
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formation of the phases within the aggregate as well as
their degree of crystallinity may provide a better expla-
nation of the mode of expansion of concrete by the ASR
which leads to its destruction. The results of ESEM
and XRD were found to be consistent with each other.
Finally it should be noted that this study could be ex-
tended to other aggregates. A study of the relationship
between the obtained results and the local environment
of silicon in the aggregate by X-ray absorption is under
investigation.
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