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Abstract
Long, medium and short order changes induced by alkali silica reaction of amorphous SiO2
compounds were performed using controlled pressure scanning electron microscope (CP-SEM), x-ray
diffraction (XRD), x-ray absorption near edge structure (XANES), and nuclear magnetic resonance
29Si NMR-MAS. Micro absorption experiments have been carried out using x-ray micro beam from a
synchrotron radiation source with high brightness. Our study using synthetic amorphous SiO2 as the
starting material leads to the same results obtained in the natural alkali-silica gels. The reactivity of
amorphous SiO2 compounds induces mainly the formation of Q3 species and alkalis-rich domains.
The structure of SiO2 was affected and the correlation between structural changes and some
parameters characterizing the reactivity of SiO2 was done. Micro XANES spectra show the presence
of different environments of silicon: one with four oxygen atoms and the other with a number of
oxygen lower than four in agreement with previous studies.
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INTRODUCTION
The alkali silica reaction (ASR) is a deleterious chemical process that occurs between
amorphous or poorly crystallized SiO2, present in the mineral aggregates of concrete, and the alkali
and hydroxyl ions in the aqueous solution inside the concrete pores. The durability of concrete is
severely affected by the alkali silica reaction. Many studies were performed in order to explain the
mechanisms involved in the ASR [1,2]. They have shown that the efficiency of the ASR is strongly
dependent on the micro structural state of the starting material. As an illustration, the reactivity of
synthetic alpha quartz, with less structural disorder and impurities is very low [3,4,5]. The quartz is
thermodynamically more stable than the silica polymorphs tridymite, cristobalite and moganite.
Polymorphs react more than quartz under ASR process [4]. Previous studies on the ASR in the natural
flint [5,6,7] have shown that the reaction begins with the breaking of bridge siloxane Si-O-Si and
formation of amorphous and nanocrystalline phase. However the presence in the flints of different
structural areas, such as crystallized, poorly-crystallized and amorphous domains makes the study of
the mechanism of degradation and the kinetics of the reaction more complex. Thus, we used the
amorphous silica model as a starting material in order to obtain information about the mechanism that
is established during the responsiveness of the amorphous part in the natural flint aggregate submitted
to ASR.
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2.1

MATERIALS AND METHODS
Starting material
The starting material used in this study is a synthetic amorphous silica powder from Alpha
Aesar with high purity (99.9%). SiO2 has been checked by X-ray fluorescence analysis and the average
grain size showed two maxima, at 3 μm and 22 µm. a-SiO2 is used here to indicate amorphous silica
with a glassy, non-crystalline structure, as opposed to crystalline <alpha>-SiO2 (alpha-silica).
Amorphous silica has been submitted to ASR through a procedure which has been previously
described [8]. 1g of silica powder introduced in a closed stainless steel container with a mixture of 0.5
g of portlandite Ca(OH)2. After 30 minutes of preheating 10 ml of potash solution KOH at 0.79
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mol/L were added slowly to the mixed powder in a large beaker over a magnetic stirrer to produce a
homogeneous slurry and then autoclaved in an oven to develop ASR at 80°C for 312 hours. After a
reaction period, depolymerisation of silica gives new products studied below.
2.2
Methods
Controlled Pressure Scanning electron microscope (CP-SEM)
Observations (range order μm-nm) were carried out at accelerating voltage of 15 kV and a
probe current of 130 pA using a FEG controlled pressure scanning electron microscope (CP-SEM)
“Hitachi S4300 SE/N” equipped with EDS ultra dry thermo with silicon drift detector (SDD).
Observations were performed under vacuum pressure of 0.37 Torr. Low pressure gas (air) is
introduced inside the analysis chamber in order to avoid coating operation. The influence of the
interaction between electron beam and gas on imaging and microanalysis results was controlled
carefully [6,9,10]. EDS analyses were performed with internal standards and the LLDs is 0.1wt%.
X-ray powder diffraction (XRD)
XRD (range order 50-100 ) spectra were recorded for 2θ values between 10° and 100° with
steps of 0.007° and a counting time of 10s per step using a Bruker D8 Advance diffractometer
operating at 40kV and 40 mA with Co radiation (λ ≈ 1.78897Å). No specific preparation has been
performed before experiment. The original powder has been introduced in Al2O3 cup which was
maintained under rotation during experiment.
X-ray absorption near edge structure (XANES)
Micro XANES (range order ≤20 Å) experiments were carried out on the LUCIA beam line at
the Swiss light source (SLS). The high brightness of synchrotron radiation leads to obtain data with
good quality from micro zones of heterogeneous materials. Micro XANES spectra at Si K-edge, were
recorded using InSb(111) monochromators. Spectra were recorded, at room temperature, under high
vacuum (10-5 Torr) in total electron yield (TEY) mode on a grain embedded in epoxy resin. Microzones have been studied with 6x12 µm2 beam sizes.
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Si magic-angle spinning (MAS) NMR
29Si MAS NMR (range order ≤5 Å) spectra were recorded at room temperature using a
Brucker Avance 100 NMR spectrometer with field of 2.34 Tesla. 29 Si MAS experiments operating at
19.89 MHz were performed with a 7mm MAS probe with ZrO2 rotor at a spinning rate of 4 kHz.
Tetra methyl silane (TMS) was used as a reference for chemical shifts measurements. Spectra were
recorded with a pulse angle of π/5 and a recycle delay of 80s, which enable relaxation. The number of
scans was 256 for each sample.
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RESULTS
Figure 1a shows an image obtained by CP-SEM using back scatter imaging of a grain of silica
after the reaction. A second micrograph (Figure 1b) shows random oriented needles of nanometre size
(~ 100 nm). In order to visualize the distribution of different cations within the silica, element maps
have been made using EDS (Figure 2). They show a heterogeneous aspect of the attack. X-ray
elemental maps of silicon Si, calcium Ca, and potassium K show that Ca and K are present in all parts
of the grain.
Figure 3 shows diffractograms of silica submitted to ASR, compared with pristine amorphous
silica for reference. The reference sample (a) exhibits a broad peak typical for amorphous silica [11]
with a maximum located at 25 °2θ. Several changes are observed in the diffractograms of reacted silica
(b). The diffractogram is completely different, revealing structural changes at long range order (ie.50100 ). Strong reflections emerge, indicating the presence of new crystalline phases.
Using a micro beam (6X12 μm2) delivered by synchrotron radiation facility, absorption spectra
at Si K edge at different zones of the grain (from the inside to outside) absorption experiments were
performed. Figure 4 exhibits XANES spectra of the attacked silica at different points of the grain
compared to amorphous silica in Total Electron Yield mode. All spectra present a peak at 1846.8 eV.
However, a second peak around 1843 eV appears only in the degraded silica. The intensity of this
peak increases from the inside towards the outside of the grain.
The MAS solid-state 29Si NMR spectrum of the starting silica (Figure 4a) exhibits a signal
centred at -110 ppm, attributed unambiguously to Q4 units in the amorphous silica [12]. The width of
this resonance indicates a broad distribution of Si-O-Si angles, which is synonymous with a disordered
structure. These lines can be identified according to literature data with the different tetrahedral Qn

environments of Si in silicates [13], according to standard Qn nomenclature denoting the connectivity
of silicate tetrahedron, with n the number of associated bridging oxygens (Si-O-Si).
When reaction proceeds (Figure 4b), additional resonances appear at -90, -85 and -79 ppm and
attributed to Q3, Q2 and Q1 units, respectively [13,14], while the Q4 peak attributed to amorphous
silica has completely disappeared.
4

DISCUSSION
In a recent study [15], we have shown that the heterogeneity of the aggregate plays an
important role in the mechanism of the reaction. At the beginning of the reaction we have shown that,
only potassium diffuses inside the grain while the calcium remains outside the grain. In the present
work, the penetration of Ca and K in all parts of the grain indicates that the portlandite Ca(OH)2 is
totally consumed by the ASR, this was confirmed by XRD. The ratio C/S was quantified by
microanalysis X, we found that it is less than 0.6 for this sample depending on the zone analyzed. The
total consumption of portlandite by the reaction involves the formation of stable phases in our
samples. This makes more pertinent information obtained with analysis of the local order.
XRD results show the occurrence of a range of poorly crystalline compounds. The majority of
these reflections were attributed to a calcium silicate hydrate (C-S-H). The C-S-H compounds are
highly complex, and with widely varying composition. The peaks largely match the ICDD card file
numbers 83-1520, 34-0002, and 06-0453. C-S-H morphology is illustrated in Figure 2b, showing
disordered needles of nanometere size (~ 100 nm). The identification was made by comparing our
spectra with those found in the literature [16,17].
The broad peak located at 25 °2θ in our reference samples has lost most intensity which leads
us to assume that the amorphous starting silica SiO2 network had almost disappeared during the
reaction. No traces of portlandite phase were detected showing that all the portlandite is consumed by
the reaction. This is interesting for our study in short and medium scale because the product of the
reaction analyzed consists of stable phases.
In order to obtain information about the medium range order (≤20 Å), we carried out an
experiment by X-ray absorption near edge structure (XANES). This analytical technique, unlike X-ray
diffraction, can be used both for crystalline and amorphous materials and gives information on
medium-range order. It has been established that the various energy resonances above the edge are a
signature of the presence of environment with a different degree of coordination for silicon atoms
[7,18,19]. XANES spectra of the attacked silica at different points of the grain compared to
amorphous silica. All spectra present a peak at 1846.8 eV, which is associated with the electronic
transitions of the 1s to 3p state and attributed to tetrahedral environment around the silicon [7].
However, a second peak around 1843 eV appears in the degraded silica only. The intensity of this
peak increases from the inside to outside of the grain. At present, the origin of this peak may be
explained by the presence of silicon atoms surrounded by a number of oxygen lower than four [20,21].
Because the reaction affects the Si-O-Si bonds [5,15] complementary information about the
evolution of the short-range order (≤5 Å), around silicon atoms is obtained from 29Si NMR. Several
broad peaks can be observed, typical of a distribution of isotopic chemical shift values caused by
structural disorder. The reaction induces depolymerisation of the SiO2 framework, creating Q3 species
similar to the sheet silicate structure, Q2 species (SiO4 tetrahedra within silicate chains) and Q1
(tetrahedra at the end of silicate chain).
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CONCLUSIONS
SEM, XRD, XANES, and NMR were used to follow long, medium and short range order of
amorphous silica submitted to alkali-silica reaction. The results allowed us to identify the calcium
silicates hydrate phases formed after the reaction, and showed that portlandite is totally consumed by
the reaction after this attack time. SiO2 tetrahedrons, which form the structure of our starting silica are
most affected following the attack by the ASR. These results are confirmed by XANES and NMR
analysis. Micro XANES spectra show the presence of different environments of silicon with either
four oxygen atoms or with a number of oxygen lower than four. NMR results show that the
predominantly Q4 species present in the starting amorphous SiO2 depolymerisation give way to
principally Q3 and Q2. More investigations are under consideration in order to correlate with extended
X-ray absorption fine structure (EXAFS) results.
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Figure 1a: CPSEM backscattered electrons (BSE) image of the reacted silica.

Figure 1b: CPSEM backscattered electrons (BSE) of the needles in the silica after reaction.

Figure 2: Elemental maps of Si, O, K and Ca.

Figure 3: X-ray diffraction spectra of the starting silica (a) and reacted silica (b).

Figure 4: XANES spectra at Si K-edge of the silica reference and the silica submitted to ASR at
different zones in the grain.

Figure 5: 29Si MAS NMR spectra of silica reference (a) and reacted silica (b).

