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Microscopic observations of samples affected by delayed

ettringite formation (DEF)

Nordine Leklou - Jean-Emmanuel Aubert - Gilles Escadeillas

Abstract This article, which deals with the study of
the microscopic modifications of DEF-affected mate-
rials, has two main objectives. The first one is to
study the influence of sample preparation on the
microcracks of specimens observed in Scanning
Electron Microscopy (SEM). From the results of this
study, it can be concluded that direct observations of
the samples are inappropriate because they produce
cracks that are not ascribable to the pathology. It is
therefore preferable to use an indirect technique of
observation such as the replica technique. This
technique was developed in the 1980s and used to
study the evolution of microcracking due to mechan-
ical damage to the concrete. The results presented in
this article show that it is possible to use this
technique to study the microcracking associated with
delayed ettringite formation. The second objective is
to study ettringite formation during the swelling of
DEF-affected specimens. The main results show that
secondary ettringite is initially formed in the paste—
aggregate interface even at low levels of expansion.
For these levels of expansion, there is no trace of
secondary ettringite or microcracks observable in the
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paste. However, for higher expansions, cracks filled
with ettringite appear in the paste.

Résumé Cet article, qui porte sur le suivi des
modifications a I’échelle microscopique de materiaux
atteints de DEF, a deux objectifs principaux. Le
premier concerne [’etude de 'influence de la prepa-
ration des echantillons sur la microfissuration des
eprouvettes observees au Microscope Electonique d
Balayage (MEB). Les resultats de cette etude permet-
tent de conclure que les observations directes des
echantillons ne sont pas adaptees car elles produisent
des fissures qui ne sont pas imputables d la pathologie.
Ainsi, il est preferable d’utiliser une technique indi-
recte d’observation comme la technique de la replique.
Cette technique a ete” developpee et utilisee il y a
longtemps pour etudier ’évolution de la microfissura-
tion provoquée par un endommagement mecanique du
beton. Les resultats presentes dans ce papier montrent
qu’il est possible d’utiliser cette technique pour I’ etude
de la microfissuration associce d la formation
d’ettringite differee. Le second objectif de cette etude
concerne le suivi de la formation de [’ettringite au
cours du gonflement des eprouvettes. Les principaux
resultats montrent que [’ ettringite secondaire se forme
d’abord a linterface pdte-granulat méme pour des
niveaux d’expansion tres faibles. Pour ces niveaux
d’expansion, il n’y a pas de trace d’ettringite second-
aire ou de microfissures observables dans la pdte. Par
contre, pour des expansions plus importantes, des
fissures pleines d’ettringite apparaissent dans la pdte.
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1 Introduction

Heat-induced internal sulphate attack [still commonly
referred to as delayed ettringite formation (DEF)] is a
chemical reaction observed in hardened cement
mortars and concrete exposed to excessive tempera-
tures at early ages. The result of this pathology is an
expansion due to the delayed ettringite formation
without an external source of sulphate [1, 2]. The
reaction mechanism of DEF involves a large number
of parameters, the importance of which is not always
well understood [2-8]. According to the literature, the
most influential parameters are the temperature [a
high temperature (>70°C) inhibits the formation of
non-expansive preliminary ettringite], the sulphate
content of the cement and the presence of water.
Other factors are also quoted, such as the preliminary
cracking of the samples [8—11] and the alkali content
of the cement [4, 8, 12, 13].

Many years of research on the subject have
increased the knowledge of this pathology and, in
particular, the influence of the various parameters.
The main conclusions of this research were summa-
rized at the RILEM workshop on Internal Sulfate
Attack and Delayed Ettringite Formation [14]. How-
ever, some controversy still remains, e.g. about the
explanation of the mechanisms involved in the
expansion [7]. Two theories continue to oppose all
researchers working on this topic. The first theory
suggests that late nucleation and growth of ettringite
in cracks and at the paste—aggregate interface is the
cause of the expansion of specimens [7, 15]. Contrary
to this first theory, the second one argues that the
expansive pressure responsible for DEF is developed
within the paste matrix, resulting in paste expansion
that in turn causes microcracks to occur at the paste—
aggregate interface and within the paste [2, 16, 17].
Then, the ettringite recrystallizes in the new porosity
formed without causing additional expansion.

Investigation by Scanning Electron Microscopy
(SEM) has been carried out on this subject [18] but
there are still some doubts about the microcracks
observed. The majority of authors conclude that it is
difficult to know whether the microcracking observed

on the microscopic images is directly ascribable to
the DEF or if it formed during the preparation of the
samples and their observation using the SEM (in
particular because of the high-vacuum in the SEM).
Moreover, many SEM observations concern speci-
mens for which the sulphate reaction has already
occurred. Little research has made microscopic
observations of evolution during the expansion (in
particular in terms of microcracks) and the majority
of work has focused on monitoring the evolution
of the chemical composition of the cement paste by
X-ray microanalyses [6, 16, 19].

The study presented in this article had two main
objectives. First, the effects of the technique of SEM
observation on the microcracking of DEF-affected
samples was studied. Three observation procedures
were used, including the replica technique, in order to
verify whether the analysis procedure created addi-
tional microcracks or not. The replica technique was
developed in the 1980s and used to study the evolution
of microcracking due to mechanical damage to the
concrete. One of the original ideas of the work
presented in this article is the use of this technique to
study the microcracking associated with delayed
ettringite formation. Secondly, the study looked into
the relationship between the evolution of the expan-
sions measured on a macroscopic scale and changes in
the material at microscopic scale. As the first signs of
this pathology sometimes take a very long time
(several years) to appear, a part of the study was
carried out on a mortar doped with sodium sulphate.
This made it possible to accelerate and expand the
phenomena and thus facilitate their study in the
laboratory. However, to allow the conclusions of this
work to be exploited in the case of real materials, the
results obtained on the mortar with sodium sulphate
were confirmed by a study carried out on a traditional
concrete conserved in the laboratory for more than
3 years under favourable conditions.

2 Experiments
2.1 Materials

Two cements were used in this study. Both were
Ordinary Portland Cement (CEM I 52,5 R type
according to the NF EN 197-1 standard), comparable
to the ASTM Type III cement which is, according to



the literature, the cement the most susceptible to DEF
[20-22].

The chemical analyses of these two cements are
given in Table 1 along with the phase compositions
from Bogue calculations. To accelerate and amplify
the appearance of the phenomenon, 3.1% (by weight
of cement) of sodium sulphate (Na,SO,) was added
to the mortar [8]. The sodium sulphate used was a
pure commercial product and its fineness was also
comparable to that of the cement. Two kinds of
French siliceous aggregates were used: siliceous
aggregates from the Palvadeau sand quarry and
standard sand from Leucate. Both aggregates are
classified as non-reactive with respect to the alkali—
silica reaction by NF-P 18-590. Aggregate of a
siliceous nature was chosen because the expansion is
faster than that with limestone aggregate [23-25].

Two types of materials were studied: “mortar A”
containing sodium sulphate and cement A, and
“concrete B” prepared using cement B. The mortar
(3:1:0.5 sand: cement: water) was prepared according
to standard NF EN 196-1. The prisms of mortar were
cast in metallic moulds of 40 x 40 x 160 mm. The
concrete was optimized with respect to slump for the
mix design having a W/C ratio of 0.48. The mix
design of concrete ‘B’ is given in Table 2.

Concrete samples were castin 70 x 70 x 280 mm
metallic moulds. The mortar and concrete samples
were cured directly in their moulds equipped with

Table 1 Chemical and mineralogical composition of the cements

(% wiw)
Cement “A” “B”
Content (%) Content (%)

SiO, 19.7 19.1
AlLO; 5.2 3.8
Fe,03 2.4 3.1
CaO 63.7 60.6
MgO 2.7 1.7
SO; 32 3.1
K,0 0.7 1.1
Na,O 0.2 0.5
Equivalent Na,O 0.7 1.2
C;S Bogue 60.0 53.1
C,S Bogue 9.1 15.3
C3A Bogue 9.7 6.9
C4AF Bogue 7.3 9.3

Table 2 Mix design of

concrete B, unit kg/m3 Material Content
Cement B 424
Water 201
Gravel 1,102
(4/12.5 mm)
Sand (0/4 mm) 669
wiC 0.48

embedded length measurement studs. During the
thermal treatment, the moulds were covered with a
metallic plate to prevent evaporation.

2.2 Procedures
2.2.1 Heat treatment

After casting, the mortar and concrete specimens
were cured according to the heat treatment presented
in Fig. 1. This heat treatment is representative of the
treatments used in some precast industries. The
treatment (called “theoretical cycle” in Fig. 1)
follows a cycle divided into four phases:

Phase No. 1: pre-cure at 20°C for 1 h.

Phase No. 2: temperature rise: at 20°C/h for 3 h.
Phase No. 3: temperature plateau 80°C for 10 h.
Phase No. 4: natural return to ambient tempera-
ture of 20°C over 11 h.

The moulds, covered with a metallic plate to
prevent evaporation during the heat treatment, were
placed in a drying oven equipped with a temperature
controller. Thermocouples were placed in the control
specimen to verify the temperatures reached during
the treatment (curve called “experimental tempera-
ture cycle” in Fig. 1). After cooling, the prisms were

—a—Theoretical cycle Experimentale temperature cvcle
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Fig. 1 Temperature cycle imposed on the heat-cured specimens



demoulded and stored in water at 20°C. In both cases,
the storage water was not changed during the tests.

2.2.2 Test procedure

Expansion measurements were performed with an
extensometer having an accuracy of 1 um (mortar
6 pm/cm and concrete 4 pm/cm). The frequency of
these measurements was high (weekly) during the
period of maximum expansion speed and decreased
(to monthly) when the expansion speed was low.
Each point on the graph is derived from the average
calculated on the expansion of three specimens.

For scanning electron microscopy (SEM) observa-
tions, a JEOL 6380 LV equipped with a backscattered
electron (BSE) detector was used. The microscopic
examinations were carried out using three different
procedures on the same polished sections of concrete or
mortar specimens to allow comparisons between the
observations:

e first, replicas of the observed sections were
prepared just after the polishing of the samples
(no desiccation allowed),

e then direct observations were made using the
SEM in low-vacuum (LV) mode (no metallization
necessary, pressure of 60 Pa in the SEM),

e and finally, the specimens were coated with a
carbon deposit for observations using the SEM in
high-vacuum (HV) mode.

The single replica technique has already been used
for the visualization of microcracks by Ollivier [26].
The methyl acetate was pulverized on the surface of
the sample and a film of bioden (celluloseacetyl) was
immediately applied to the polished surface. Once the
solvent had evaporated (2 min), the film was deli-
cately removed and pasted on a brass support. The
metallized replica was then observed with an SEM.
This technique has the advantage of not introducing
artefacts in the observation of microcracks [27].

3 Results
3.1 Mortar A
Figure 2 presents the length variations of mortar A.

Mortar A swelled quickly and the plot has a sigmoid
form as observed by Brunetaud et al. [28].

18 —=— Mortar A
16
14
1,2

08
0,6
0,4
0,2

Expansion (%)

Age (Days)

Fig. 2 Length variations of mortar A

The curve shows a marked acceleration at 0.1% of
expansion. The ultimate value of expansion is high
(1.8%), which is not surprising considering the
composition of the mortar (with 3.1% of sodium
sulphate).

Figure 3 shows SEM images of the same polished
section of mortar A using three observation tech-
niques (replicas, low-vacuum and high-vacuum) at
200 days, i.e. at the beginning of the expansion
acceleration.

The BSE images in low-vacuum mode and high-
vacuum mode are similar and quite comparable to
conventional images of DEF-affected specimens [18].
Delayed ettringite bands are observed at the paste—
aggregate interface and some empty cracks are
present in the paste (highlighted by circles in Fig. 3a,
b). The SEI of the corresponding replica is a little less
clean than the direct observations but it is possible to
recognize the delayed ettringite bands in Fig. 3c, on
the surface of the left large aggregate (the replica
images are inverted because of the technique used).
However, it is very clear on the microscopic image of
the replica (Fig. 3c) that there is no crack in the paste
and particularly in places where there were empty
cracks in the direct observation (low- or high-vacuum
mode).

Figure 4 shows BSE images of mortar A at
different stages of expansion:

e at the beginning of swelling when expansions are
still insignificant (145 days),

e when the speed of expansion begins to accelerate
(200 days),

e at the end of swelling when expansion has reached
a plateau (450 days).

The image of the 145-day-old specimens (Fig. 4a)
represents the trace left by an aggregate in which
delayed ettringite was found. For this amplitude of



Fig. 3 BSE of mortar A in
low- and high-vacuum
mode (a, b) and SEI of the
replica (c), (200 days,
600x)

Fig. 4 BSE of the mortar A
(high-vacuum mode): DEF
at the paste/aggregate
interface (a, b), and in
cracks extending into the
cement paste (c).

a 145 days, 400x,

b 200 days, 450x%,

¢ 450 days, 400x

swelling, the observation of the sample did not make
it possible to show up other traces of delayed
ettringite in the paste. Yet, the microscopic images
show that the phenomenon was beginning and that,
for small expansions, secondary ettringite was start-
ing to be located at the paste-aggregate interface.
Moreover, observations of the replica do not show the
presence of detectable microcracks. Figure 4b and c

show that, starting from a certain expansion (about
0.1%), delayed ettringite is easily observable at the
paste—aggregate interface in the form of bands. At
these levels of expansion, neither delayed ettringite
nor microcracks were observable in cement paste.
The empty cracks that can be seen on microscopic
image 4b are due to the preparation and observation
of the sample, as shown in Fig. 3. For high levels of



expansion (1.8% in the case of mortar A), cracks
filled with ettringite are observable in the cement
paste (Fig. 4c).

3.2 Concrete B

Figure 5 presents the length variations of concrete B.
In this case, the evolution of the expansion is very
different from that observed in the case of mortar A
with sodium sulphate.

First, even though the swelling induced by the
sulphate attack is considerable (greater than 0.1%),
the level of expansion reached is much lower than in
the case of the mortar with sodium sulphate. The
expansion is much faster in the case of the mortar,
with a sigmoid-shaped curve of evolution, whereas,
in the case of the concrete, the evolution of the
expansion still remains linear after 1,200 days but
swelling is not finished [28].

As for the mortar, the influence of the technical
preparation and observation of the samples was
studied in the same section of concrete B at the age
of 1,200 days (0.3% expansion).

Figure 6 shows SEM images of the same polished
section of concrete B using the three techniques of
observation (replicas, low-vacuum and high-vacuum).

The main observations made on mortar A are
confirmed: empty microcracks are observable in low-
vacuum and high-vacuum mode (Fig. 6a, b) while
they are absent on the replica (Fig. 6c¢).

Finally, Fig. 7 presents BSE images of concrete B
at different stages of expansion (300, 800 and
1,176 days).

The microscopic images of concrete B are very
similar to those of mortar A. For low expansion levels
(around 0.05%), delayed ettringite is observable at
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Fig. 5 Length variations of concrete B

the paste-aggregate interface as was the case for
mortar A (Fig. 7a). The evolution of the localization
of the ettringite with the increase of the expansion is
also similar to that observed in mortar A. When the
level of expansion increases, delayed ettringite is
again observed in the paste—aggregate interface in the
form of bands (Fig. 7b). Then cracks filled with
ettringite appear in the cement paste at high levels of
expansion (Fig. 7c). As was the case for mortar A,
the empty cracks that can be seen on Fig. 7c are due
to the preparation and observation of the sample. This
can be confirmed by examining the replica of the
same area (Fig. 7d).

4 Discussion
4.1 Influence of the observation technique

The study of the influence of the observation technique
was carried out using three different techniques: direct
observation in low- and high-vacuum mode and the
replica technique, which has the advantage of not
damaging the material. The observations were made
on samples of mortar and concrete affected by DEF.
Although the evolutions of the expansion are very
different between the mortar doped with sodium
sulphate and the traditional concrete, the results
obtained for the influence of the observation technique
are identical for both types of materials.

The direct observations in low- and high-vacuum
mode are still comparable and show the presence of
empty cracks. The absence of these empty cracks on
the images of the replicas taken immediately after
polishing show that these cracks were necessarily
formed during the preparation or observation of the
SEM samples. They are therefore not due to DEF.
Moreover, the same cracks are observed for different
pressures and particularly for very low pressures
(60 Pa in low-vacuum mode), which shows that the
pressure does not seem to be the only factor
responsible for this cracking.

From these results it can be concluded that direct
observations, even in low-vacuum mode, are not
suitable for following the evolution of the microcrack-
ing of specimens with DEF. For such studies, the
replica technique is more appropriate. The results
obtained in this work show that this technique, which
was developed for the study of microcracking due to



Fig. 6 BSE of concrete B
in low- and high-vacuum
mode (a, b) and SEI of the
replica (c), (1,200 days,
400x)

Fig. 7 BSE of concrete B
(high-vacuum mode): DEF
at the paste/aggregate
interface (a, b) and in
cracks extending into the
cement paste (c). SEI of the
replica corresponding to the
zone observed (d).

a 300 days, 400x,

b 800 days, 600x,

c 1,176 days, 450x%,

d 1,176 days, 450x
(replica)

mechanical damage to concrete, is very well suited to
following the microcracks associated with DEF.
However, this technique does not provide microscopic
images that are sufficiently clear to permit the
morphology of the samples to be studied correctly
and, in particular, to enable the ettringite to be
localized. Thus, it would be interesting to combine
the observations made using the replica technique
(study of microcracking) with direct observations

using the SEM (study of the morphology) to charac-
terize this pathology efficiently on a microscopic scale.

4.2 Observations of delayed ettringite during
expansion

The second important point of this article is related to
the study of the evolution of ettringite precipitation
during the expansion of DEF-affected specimens.



The results obtained on the mortar with sodium
sulphate and on the traditional concrete were found to
be identical. It is interesting to compare these
observations with the two main opposing theories
on the mechanisms of expansion already mentioned.
In a review of DEF based on the work of many
other researchers, Taylor et al. [2] propose the
following expansion mechanism. Small crystals of
ettringite start to form in the cement paste, which
induces a global expansion of the material. As a result
of this expansion, cracks appear within the cement
paste and at the paste-aggregate interface. Then
ettringite dissolves and recrystallizes in these cracks
without causing swelling, which is of supplementary
importance. Taylor et al. based their theory strongly
on the results of analyses obtained using EDS,
according to which the expansion is due to the
precipitation of ettringite in the paste (more specifi-
cally in the outer C—S—H). The observations presented
in this article did not allow the presence of ettringite to
be identified in the cement paste at the beginning of
swelling. These two points are not contradictory
because the scale of observation used is not exactly the
same. However, according to the previous theory, the
expansion of the cement paste first causes microcracks
in the cement paste and at the paste—aggregate
interface and it is only later that these cracks are
filled with ettringite. The results of the present study
do not support this theory about the phenomena
observed and, above all, about the order of appearance
of these phenomena. Indeed, the observations show
that ettringite is initially observable at the paste—
aggregate interface and this is the case for very low
levels of expansion (Figs. 4a, 7a). When the levels of
expansion increase, ettringite is always found in the
interfacial transition zone (ITZ) in the form of bands
and the presence of these rims of ettringite around the
aggregate is more and more systematic (Figs. 4b, 7b).
In contrast to what the previous theory proposed, there
are no observable empty cracks in the cement paste
other than those due to the technique of observation of
the samples. Finally, for significant levels of expan-
sion, cracks filled with ettringite appear in the cement
paste (Figs. 4c, 7¢). The microstructure of the final
specimens with DEF is therefore similar to that
described in the theory of Taylor (cracks filled with
ettringite observable in the cement paste and at the
paste—aggregate interface), but the order of appear-
ance of the phenomena observed is very different.

The phenomena observed, and especially their
order of appearance, are more in agreement with the
second theory, known as the theory of the crystalline
pressure, supported by Diamond [7]. According to
this theory, the expansion of specimens affected by
DEF is due to the growth of ettringite crystals in
microcracks. The first location of precipitation of the
ettringite is the paste—aggregate interface, which is in
good agreement with the observations made in this
article (Figs. 4a, 7a). The formation and accumulation
of delayed ettringite at these interfaces (Figs. 4b, 7b)
produce high pressures which are at the origin of the
expansion of the specimens. Moreover, these pres-
sures are released by the development of cracks in the
cement paste. The ettringite can then form inside
these new cracks and can participate in the global
expansion of the material (Figs. 4c, 7c¢).

5 Conclusions

This article deals with the modifications of DEF-
affected materials on a microscopic scale. For reasons
of convenience, a part of the study was carried out on
a mortar doped with sodium sulphate as this addition
makes it possible to considerably accelerate and
amplify the DEF, thus rendering its study easier. At
the same time, a similar study was carried out on
specimens of DEF-affected concrete that had been
stored in the laboratory for more than 3 years.
Although very different degrees of swelling were
present, the microscopic observations made on the
two types of materials were very similar.
Observations were carried out with the SEM using
various techniques of preparation and observation of
the samples. The results showed that the procedure
used significantly influenced the observations and
especially the microcracking in the specimens. In
particular, direct observations of DEF-affected speci-
mens generated empty microcracks in low- or high-
vacuum mode which were not ascribable to the pathol-
ogy. For such studies, use of the replica technique is
more appropriate because this technique does not
damage the material and thus does not introduce
artefacts in the observation of microcracks. The results
obtained during this work show that this technique,
developed for the study of microcracking due to
mechanical damage to concrete, is very suitable for
following the microcracks associated with DEF.



The microscopic observations of the two types of
materials at different stages of expansion lead to
significant conclusions. First of all, the first visible
traces of secondary ettringite are observable at the
paste—aggregate interface, even for low levels of
expansion. Moreover, for these levels of expansion,
the SEM observations failed to find any trace of
delayed ettringite in the paste or microcracks due to a
possible expansion of the paste. When the level of
expansion increases, increasing quantities of ettring-
ite continue to appear around the aggregates in the
form of easily recognizable bands. Cracks full of
ettringite appear in the cement paste when swelling
reaches some significant value. These observations
were compared with the two classical theories
existing on the mechanisms related to DEF. The
results presented in this article seem to be rather in
agreement with the theory of crystalline pressure.
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