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Spatially resolved analysis of complex multi-phase systems can be validated through different analytical
methods. This study compares investigations by scanning electron microscopy coupled with energy dis-
persive X-ray fluorescence analysis and high resolution X-ray diffraction. The studied sulfate attacked
cement paste containing fly ashes consists of different interacting crystalline and amorphous phases.
The complementary methods revealed in detail changes in phase composition due to the chemical attack.
The advantages and disadvantages of both methods are discussed and suggestions are given for combin-
ing them with additional methods to maximize the information content.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Spatially resolved investigations using electron or X-ray radia-
tion are often used to characterize complex multi-phase systems
such as cement pastes [2,3,8,12-14,16,18,22,23]. The obtained spa-
tial resolution differs strongly depending on the experimental
method applied and ranges between several um down to the
nm-scale. Examples for application of an electron beam are re-
ported by Richardson [20,21], who analyzed the microstructure
of cement paste by transmission electron microscopy. An example
for the application of spatially resolved X-ray diffraction analysis is
described by Paris et al. [19]. This setup allows the phase analysis
of the cement matrix in detail and the reconstruction of the change
of the phase composition induced by chemical attacks [4].

The cement matrix mainly consisted of portlandite (Ca(OH),),
monosulfate (CazAl;(SO4)(OH);,-6H,0) and C-S-H, whereas the in-
ner C-S-H phases are more influenced by the cement clinker. The
sulfate solution penetrated the sample and induced, among the
formation of gypsum, the crystallization of Ca**, A**, and SO%
bearing secondary phases. These phases are part of two groups of
phases, the alumina ferrite mono(sulfate) (AFm, [Cay(Al,Fe)(OH)s]-
Xx-yH,0, x = SO2~, COZ~, CI~, OH™) and alumina ferrite tri(sulfate)
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phases (AFt, [CasAl(OH)s 12H,0],-x-yH,0, x =3S0%", 3C0%")
[1,7,9,10,15,17]. The phases replace the original microstructure
and induce damaging processes such as volume expansion by the
crystallization process of the AFt phases. The resulting crystalliza-
tion pressure induces crack propagation which increases the pene-
tration depth of the solution.

Our study compares results of investigations of complex multi
phase systems by micro-X-ray fluorescence analysis (LXRF), scan-
ning electron microscopy coupled with energy dispersive X-ray
fluorescence analysis (SEM-EDX), and a high resolution X-ray dif-
fraction method based on synchrotron radiation (SyXRD). A ce-
ment paste containing fly ash, a common supplementary
cementitious material and mineral addition in concrete, was sub-
jected to a sulfate attack. The samples represent a system consist-
ing of interacting crystalline and amorphous phases. These
complex multi phase systems were analyzed on the pm scale.
The analyses were focused on reaction fronts moving from the out-
side to the inside of a cementitious material, changing its micro-
structure. Finally, both experimental methods were compared,
focused on applicability.

2. Sample preparation

The samples were prepared with a w/c ratio of 0.50, a dimen-
sion of 40 x 40 x 160 mm?> and consisted of ordinary portland ce-
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ment (OPC) with 30 wt.% of class F fly ash (Table 1). During the
hardening process, the samples were stored above water over a
time period of 28 d. Afterwards, the sulfate attack was simulated
under laboratory conditions by embedding the sample in an aque-
ous solution with a high concentration of Na;SO4 (30 g/L) over a
time period of 6 months. After the exposure the samples were
embedded in epoxy resin, cut and polished into thick sections with
a dimension of 20 x 40 x 0.2 mm. During the preparation process,
the samples were cooled with petroleum to avoid dissolution of
water soluble phases.

3. Experimental methods

The distribution of sulfate ions within the cement paste samples
were localized by elemental mapping using uXRF (Eagle 111, EDAX,
Rontgenanalytik Systeme GmbH & Co. KG, Wiesbaden, Germany)
operating at 40kV and 120 mA with a spatial resolution of
40 pm. The measurements were performed on areas of
15 x 20 mm? and illustrated the progress of sulfate ingress at a gi-
ven time. The information gained by this method consisted in high
resolution concentration profiles of sulfur (representing sulfate)
and other elements such as Ca, Fe, or Si. This enables localizing
of the secondary phases. The identification of the secondary phases
by SEM-EDX and SyXRD focused on crucial changes in the sulfur
profile.

The SEM (Joel, JSM-5310LV, Sollentuna, Sweden)-EDX (Oxford,
Stockholm, Sweden) was operated with 15 kV and 33 pA in the
backscatter electron mode. 100-140 spectra were collected from
each area of different sulfur concentrations localized by the puXRF.
The spot size and acquisition time was 2 pm and 30 s. The already
hydrated cement matrix was measured, which contains secondary
phases crystallized during the sulfate attack. The matrix mainly
consisted of C-S-H phases, portlandite and monosulfate. The dis-
tribution of these three phases did not influence the results and
corresponding counting statistics. Analyzing the hydrated matrix
prevents interferences of the cement clinker phase and inner prod-
uct C-S-H forms on the collected data. Finally, the elemental con-
centrations were normalized by Ca. A frequently applied
measurement strategy for the determination of the phase compo-
sition was used. According to several authors, the method based on
calculation and presentation of the ratios Al/Ca against Si/Ca
respectively Al/Ca against S/Ca. In this study, the Al/Ca and S/Ca ra-
tios of the pure C-S-H (Al/Ca=0, S/Ca=0), Monosulfate (Al/
Ca=0.5, S/Ca=0.25), and the secondary phases such as ettringite
(Al/Ca=1/3,S/Ca=0.5)and gypsum (Al/Ca = 0, S/Ca = 1) were used
[5,6,11,24]. The data points of the above mentioned pure phases
are connected with lines representing the ratios of different sec-
ondary phases within the cement matrix in the same area.

The spatial analyses by SyXRD were performed at the micro-
focus beamline puSpot (BESSY II of the Helmholtz Centre Berlin
for Materials and Energy) in transmission geometry (see Fig. 1).
The experiments were carried out with a wavelength of 0.8565 A
using a Si (111) double-crystal monochromator. The focusing sys-
tem of the beamline provides a beam diameter of 10 pm at a pho-
ton flux of 1 x 10° s~! at a ring current of 200 mA with a horizontal
and vertical divergence of less than 1 mrad [19]. The diffracted
intensities were collected 210 mm behind the sample position
with a two-dimensional MarMosaic CCD X-ray detector with
3072 x 3072 pixels. Profile scans were measured perpendicular

2D-detector

Sample
surface
X-ray, l——;,; | 40
L——-"’ | l

Diffraction pattern

Fig. 1. Scheme of the experimental setup. X-rays penetrate the sample material and
the diffracted intensities were detected with an area detector. The detector frames
were integrated as a function of the center distance and the diffraction pattern were
calculated.

to the sample surface and across the reaction fronts down to a pro-
file depth of 3 mm. In order to improve sampling statistics the
sample was continuously moved 10 mm parallel to the reaction
front for 60 s during the profile scans. The resulting diffraction pat-
terns were displayed in a top view to optimize the phase identifi-
cation and to provide an overview of both reflections intensities
and positions. The ocean data viewer software was used to com-
bine the diffraction pattern and calculate the respective 3D-images
(AWI, Bremen, Germany). The phase identification was orientated
on the reflections positions and carried out with the search/match
function of the EVA software (Bruker, Karlsruhe, Germany).

4. Results

The results of the analysis by pXRF are displayed in Fig. 2. The
elemental mapping of the sulfur intensity shows four zones in
which the relative sulfur concentration differs from each other
(I > I > IV > I). The first zone showed a medium sulfur concentra-
tion beginning at the sample surface down to the profile depth of
0.5 mm (I). This region is followed by a very high concentration be-
tween 0.5 and 1.2 mm depth (II). Below the latter zone, a higher
concentrated zone could be observed down to a profile depth of
1.2 mm (III). The relative sulfur concentration was low in the zone
IV and increased down to a profile depth of about 6.5 mm. Below
this depth, the relative sulfur concentration did not change
significantly.

The calcium distribution is also displayed in Fig. 2 and shows
very low concentrations of calcium at the sample surface area.
Nevertheless, the relative concentration increases with increasing
profile depth, especially in the first zone. In zone II, the relative
concentration decreases directly at the border between zone I
and II. Below the border, the relative concentration increases again,
however with a shallower slope. In zone 1V, the relative concentra-
tions exhibit no significant changes.

Following puXRF analysis, for each of the four zones the compo-
sition of the hydrate phases was determined by microchemical
methods (SEM-EDX). Fig. 3 shows the atom ratios Al/Ca against
S/Ca. The spectra collected in the zone from the surface down to
a profile depth of 0.5 um revealed medium sulfur concentrations
(I). The main part of the data points are between the line of pure
C-S-H phases and ettringite and between the line of C-S-H phases
and monosulfate, although a few spectra show relatively high Al

Table 1

Chemical composition of the ordinary Portland cement (wt.%).
Si0, Al,04 Fe,03 Mn,03 TiO, Ca0o MgO Na,O K>,0 NayOcqui SO5 cl
21.07 447 233 0.03 0.20 64.34 2.19 0.29 0.97 0.93 3.53 0.08
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Fig. 2. Color-coded sulfur concentration from the sample surface down to a profile
depth of 1 cm. Four zones (I-IV) with different concentrations are identified. The
graph (white lines) represents the relative calcium and sulfur distribution as
function of the profile depth.

concentrations probably due to the fly ash. The spectra collected in
the zone below 0.5 pm show higher S/Ca atom ratios (II). The major
part of the data points lies on the line between the pure C-S-H
phases and ettringite and some data points are near the line be-
tween ettringite and gypsum. Below the area with the very high
sulfur concentrations the spectra look similar to those collected
at the sample surface area (III). The major part of the collected data
points are on the line between the pure C-S-H phases and ettring-
ite and on the line between the C-S-H phases and monosulfate. A
few spectra show high Al concentrations probably through the fly
ashes. All spectra collected in a profile depth of >2.7 mm exhibit
low sulfur and high alumina concentration (IV). The data points
lie on the line between the pure C-S-H phases and monosulfate.
The collected diffraction pattern received from high resolution
SyXRD shows zoning effects similar to the results from the pXRF
(see Fig. 4). The reflection positions change clearly at defined pro-
file depths. For the area from the sample surface down to a profile
depth of 0.5 mm, the phase identification based on the reflection
positions shows a small amount of secondary ettringite. For the
very high concentrated area from 0.5 to 1.2 mm, the amount of
ettringite increases over the whole 20 range and gypsum was iden-
tified. For the high concentrated area from 1.2 to 2.7 mm as well as
for the low concentrated zone, low amounts of ettringite and the
absence of gypsum are found. The reflections intensities of ettring-
ite decrease as a function of the profile depth and an AFm solid
solution was identified down to profile depth of 2.25 mm.

5. Discussion

The pXRF analysis offers general information about the interac-
tions of the sample material with the surrounded solution. The
medium concentrated zone I represent a leaching zone, identified
by the low Ca concentrations. The very high concentrated zone II
represents the profile depths where the secondary phases already
crystallized. The higher concentrated zone III represents the pene-
trations depth of the sulfate solution and the low concentrated
zone IV the intact bulk. After localizing the different zones, the
SEM-EDX and SyXRD analysis can be performed more focused on
the crucial change of the phase composition.

The study performed by SEM-EDX provided valuable informa-
tion on the change of the phase composition of the OPC with
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Fig. 3. S/Ca and Al/Ca ratios, estimated by SEM-EDX analysis. The ratios of the AFm
end member monosulfate (ms), AFt end member Ettringite, gypsum and C-S-H
phases are connected by red lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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30 wt.% of fly ash due to the sulfate attack. Different secondary
phases were identified by calculating the Al/Ca and S/Ca atom ra-
tios and visualizing the data. In this way, the interaction of the sul-
fate solution with the cementitious material can be characterized
by using an experimental setup on the laboratory scale. Unfortu-
nately, the measurement points have to be selected by the user
manually to avoid spectra collected in partially hydrated clinker
phases. This procedure is time consuming in relation to the acqui-
sition time of the detector system. The measurement time depends
on an acceptable counting statistics. Additionally, elemental map-
ping is essential, e.g. by UXRF, before investigating the sample
material by SEM-EDX. Without any information about the profile
depths of the areas with similar concentration, the whole region
of interest has to be scanned. This increases the measurement time
from minutes up to several hours or even days, which limits the
application of this method.

Gollop and Taylor [11] suggested mapping a complete region of
interest automatically and accepting only spectra with relative
intensities between 70% and 80% of the maximum intensity. If
the major amount of clinker phases is not already hydrated, a lot
of measurements cannot be taken into consideration, which in-
creases the measurement time as well.

The profile depths estimated by SyXRD, where the phase com-
position changes due to the sulfate attack, matched the profile
depth localized by nXRF however more precisely (see Fig. 4). Com-
pared to previous studies, the high spatial resolution obtained here
offers a deep insight into the crystallization process of the second-
ary phases. As expected, the secondary sulfate phases ettringite
and gypsum were identified, however in different profile depths.
Ettringite crystallized over the whole analyzed profile depth and
gypsum 0.5 mm the below the sample surface area. The formation
of ettringite depends on the sulfate ingress itself. Obviously, the
crystallization of gypsum is based on a local increase of the sulfate
concentration. The investigations of the phase composition by high
resolution SyXRD are independent of previous spatial chemical
analysis. The measurements can be performed in an automatic
scanning mode because the intensity of the crystalline secondary
phases and the clinker phases can be separated. A measurement
time of about 1 h/mm provides acceptable counting statistics.
The spatial resolution is high enough to recognize sharp changes
of the phase composition at defined profile depths. The collected
data provides a detailed view into the changes of the crystalline
phase composition. However, very high energies are necessary to
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Fig. 4. Diffraction pattern in a top view collected from the surface (top) down to
profile depth of 3 mm. The identified phases within the four different zones (I-IV)
are ettringite (E), gypsum (G), portlandite (P) and an AFm solid solution (AFm).

penetrate the sample material, which is only available at synchro-
tron facilities.

This experimental approach is neither fixed nor developed
exclusively for the investigations of cementitious materials. It
can be used to perform investigations of many other multi-phase
systems where crystalline phases interact with complex fluids,
such as water/rock interactions.

Both the SEM-EDX and SyXRD are suitable to obtain a deep in-
side into the change of the phase composition due to the chemical
attack. The phase identification by SEM-EDX is based on an average
chemical composition, but compared with the results by SyXRD
leads to satisfactory results. However, for a more detailed view,
especially into the interaction of crystalline phases, a high resolu-
tion X-ray diffraction method based on synchrotron radiation fur-
nishes more precise spatial results.

6. Conclusion

The study performed by puXRF allows localizing the secondary
phases and leads to a more efficient analysis by SEM-EDX and
SyXRD focused on the crucial change of the phase composition.
Elemental mappings are often mentioned as an experimental pro-
cedure analyzing the degradation of cement or the cement matrix
of cementitious materials. The advantages combining it with SEM-
EDX and SyXRD analysis are presented in this study. The SEM-EDX
provided valuable information on the change of the phase compo-
sition due to the sulfate attack. Several secondary phases were
identified by calculating the Al/Ca and S/Ca atom ratios and visual-
izing the data. In this way, the interaction of the sulfate solution
with the cementitious material can be characterized by using an
experimental setup on the laboratory scale. For a more detailed
view, a high resolution X-ray diffraction method based on synchro-
tron radiation is essential.
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