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Analysis of the influence of different types of cement on the resistance
to attack by sulfates
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Abstract

The diversity of the types of cement manufactured, driven by the extensive use of additions, has given
cementitious composites properties that can directly interfere in the durability and useful life of concrete.
Considering the interaction of sulfate ions with cement hydration products, in order to understand it becomes
essential for the proper choice of materials in order to protect the structures from this aggressor agent. In
order to verify the influence of the choice of cement type on the resistance to attack by sulfates, this article
analyzes the compressive strength; sulfate content, electron microscopy and energy dispersive spectroscopy
of mortars made with cements CP II-F-32, CP IV-32 and CP V-ARI submitted to calcium, sodium and
magnesium sulfate solutions for 4 months. The specimens exposed to calcium and sodium sulfate solutions
showed increased compressive strength at early ages due to the formation of ettringite in the pores. On the
other hand, CP II-F-32 cement showed the greatest deterioration due to magnesium sulfate attack.
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Resumo

A diversidade dos tipos de cimento fabricados, impulsionada pelo uso extensivo de adi¢des, tem conferido
aos compdsitos cimenticios propriedades que podem interferir diretamente na durabilidade e vida util dos
concretos. Considerando a interacdo dos fons sulfato com os produtos da hidratagdo do cimento, de forma a
compreendé-la torna-se imprescindivel para a escolha adequada dos materiais a fim de proteger as estruturas
deste agente agressor. Com o objetivo de verificar a influéncia da escolha do tipo de cimento na resisténcia ao
ataque por sulfatos, este artigo analisa a resisténcia & compressao; teor de sulfato, microscopia eletronica e
espectroscopia de energia dispersiva de argamassas confeccionadas com os cimentos CP II-F-32, CP IV-32 e
CP V-ARI submetidas a solucdes de sulfato de célcio, sédio e magnésio por 4 meses. Os corpos de prova
expostos as solugdes de sulfato de célcio e sédio apresentaram aumento da resisténcia a compressdo nas
idades iniciais devido a formacdo de etringita nos poros. Por outro lado, o cimento CP II-F-32 apresentou as
maiores deterioragdes devido ao ataque do sulfato de magnésio.
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Introduction

Throughout its useful life, concrete must withstand
the conditions of design and aggression of the envi-
ronment in which it will be inserted. Therefore, the
correct specification of materials for execution is a
premise for increasing the durability of structures, re-
sisting in a favorable way to deterioration processes
(HOPE FILHO et al., 2015).

The attack of sulfates in the concrete comprises a series
of chemical reactions between the sulfate ions, coming
from external sources or released internally after heating,
with the hydrated calcium aluminate salts present in the
cement paste, resulting in the formation of secondary et-
tringite, causing the increase in volume inside the concrete,
generating tensile efforts that culminate in the formation
of micro cracks (CEFIS; COMI, 2017). Another aspect
that influences, according to Guo et al. (2021) is the dry-
wet cycle and the period of this cycle. Wang et al. (2020)
observed that the duration of the wet-dry period also influ-
ences the deterioration of concrete.

Several studies have been carried out in order to bet-
ter understand how the attack of sulfates in concrete oc-
curs, the consequences of this attack and ways to try to
avoid or reduce these reactions (NAJIMI; POURKHOR-
SHIDI, 2011; ZHANG et al., 2013; ZHANG et al., 2020).
In this context, this article aims to understand the mortar
interaction of CP II F-32, CP IV-32 and CP V-ARI cement
under attack by sodium, magnesium and calcium sulfates,
through an experimental study that evaluated compressive
strength, sulfate content, electron microscopy (SEM) and
energy dispersive spectroscopy (EDS), before and after
sulfate attacks.

Calcium sulfate attack mechanism

Calcium sulfate (CaS0Oy) is considered the least aggres-
sive of the types of sulfates due to the low solubility of this
salt. There are two aspects to explain the mechanism of
attack of concrete structures by CaSO;,: the first one says
that due to the low solubility, there is little concentration
in the water contained in the soil, limiting the ability to
penetrate and attack concrete structures; the second argues
that once CaSO,4 penetrates the concrete, its solubility in-
creases due to the high alkalinity present in the concrete
pores. After solubilization and with a greater number of
free sulfate ions, CaSO4 can become a potentially aggres-
sive agent for hydrated cement paste (SKALNY; MARC-

HAND; ODLER, 2003).
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In equation (1), it is indicated how calcium sulfate
reacts with hydrated calcium aluminate to form ettringite
(PIASTA; MARCZEWSKA; JAWORSKA, 2014):

3(CaS0; - 2H20) +4Ca0O-Al,053-19H,0 + 17H,0
— 3CaO0 -Al,03-3CaS0,4 -32H,0. (1)

The initial manifestation of the interaction between
Portland cement and calcium sulfate solution is an in-
crease in strength, as the pores of the cement paste be-
come filled with the newly formed ettringite. However, if
the formation of ettringite continues to occur over time,
exceeding the spatial capacity of the pore, an expansive
tension can arise that can lead to the expansion and crack-
ing of the material (SKALNY; MARCHAND; ODLER,
2003).

Sodium sulfate attack mechanism

The first form of attack involves Na2SO4 reacting with
CH (portlandite) to form gypsum, which precipitates, as
indicated in equation (2). Another way is the reaction
of sodium sulfate with the hydrated calcium aluminate
phases, also with formation of ettringite, indicated in equa-
tion (3) and equation (4) (PIASTA; MARCZEWSKA;
JAWORSKA, 2014):

Ca(OH)2 + NayS0O4-H,O
— CaS0y4-H,0 | + 2NaOH, 2)

2Na>SO4+3Ca0 -Al,03-CaSO4 - 12H,0
+2Ca(OH), +2H,0
— 3Ca0-Al,03-3CaS0y4-32H,0 +2NaO,  (3)

3NayS04+2 (4 CaO - Al203 - 19H,0) + 14H,0
—3Ca0-Al, 03 -3CaS04 - 32H,0
+2[Al(OH);] 6NaOH. 4)

The initial manifestation of the interaction between
Portland cement and sodium sulfate solution, as with cal-
cium sulfate, is an increase in resistance in the region
affected by the filling of the pores of the cement paste
with ettringite. With the continuous process of formation
of Ettringite there will be a great tendency to cracking
(SKALNY; MARCHAND; ODLER, 2003).

The strength of Portland cement can vary de-
pending on its composition. The strength of con-
crete generally increases when the concentrations of

aluminum oxide (Al;O3) in the clinker are lower.
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This is due to the fact that lesser amount of monosulfate
will be formed from cement hydration reactions, reduc-
ing the formation of ettringite (SKALNY; MARCHAND;
ODLER, 2003).

Magnesium sulfate attack mechanism

Magnesium sulfate (M gS0Oy) is the one that causes the
most harmful effects to cement paste, being considered the
most complex of the types of sulfates because it can react
with all cement hydration products. M gSO4 reacts not only
with CH but also leads to the decomposition of the C-S-H
phase of the cement paste, forming expansive compounds,
leading to the precipitation of brucite, Mg(OH ), and the
formation of the system of hydrated magnesium silicate,
M-S-H (LIU et al., 2013).

When in solution, magnesium sulfate can act in two
different types of chemical reactions. In both reactions,
magnesium sulfate acts in an ion exchange reaction with
Ca’+ ions, in two possible ways, as indicated in equations
(5) and (6). In both there is formation of ettringite and
brucite, which precipitate (PIASTA; MARCZEWSKA;
JAWORSKA, 2014):

(Ca0);Al1,05-CaS04-12H,0 +2MgS0O,+2Ca (OH),
+20H,0 — (CaO)3A1203 -3CaS04-32H,0
+2Mg(OH), |, (5)

(Ca0),Al,05-Ca(OH) - 12H,0+3MgSO, +2Ca(OH),
+20H,0 — (CaO)3A1203 -3CaS04-32H,0
+3Mg(OH), .. ©)

Due to the low solubility of Mg(OH),, when com-
pared with Mg(S0)s, it precipitates in all reactions of
magnesium sulfate with calcium hydroxide or any other
phase of the cement paste that contains calcium. First, the
Mg(OH), gel is formed and, later, brucite is formed on
the surface of concrete structures or in larger pores. The
more compacted layer of brucite can delay and prevent the
advance of the external attack, at first. However, the pH
of the solution tends to decrease with the release of Mg*+
ions and the acidity of the solution tends to accelerate the
dissociation of calcium ions from the phases present in
the cement paste, promoting an increase in gypsum forma-
tion. With this, there is a depletion of CH in the medium
and the descaling of the C—S—H begins to occur, which is
converted into M—S—H, which does not have any type of
binding properties with the other phases of the concrete
(PIASTA; MARCZEWSKA; JAWORSKA, 2014).

The degradation of C—S—H occurs gradually, a pro-
cess in which C-S-H is transformed into hydrated sil-
ica (8102 44) or M—S—H, or both. These reactions lead
to the formation of more hydrated gypsum, brucite and
magnesium silicate, as indicated in equations (7) and (8)
(SKALNY; MARCHAND; ODLER, 2003):

xMg* +xSO; +xCa0 - Si0, - aq + 3xH20
— xCaS04-2H,0+xMg(OH), + SiO-aq,  (7)

2Mg* +2xS0; 4 2[xCa0 - SiO; - ag) + yH,0
— 3Mg0-28i0, - 2H,0 + 2x[CaSOy4 - 2H, 0] +
+(2x—3) Mg(OH),. 8)

The consequence of these reactions is partially cor-
roded concrete in which the Calcium/Silicon ratio of the
remaining portions of C—S—H is not constant, being higher
inside the concrete, because it has more C—S—H, decreas-
ing as approaches the surface and reaching zero in places
where there was complete corrosion (SKALNY; MARC-
HAND; ODLER, 2003).

The influence of cement composition on attack by sulfates

The main cement compounds are tricalcium silicate
(C39), dicalcium silicate (C»S), tricalcium aluminate (C3A)
and tetracalcium ferroalumiate (C4AF), and to a lesser ex-
tent, free oxides such as calcium (CaO) and magnesium
(MgO) and gypsum (CaSO4 - H,O) (CEFIS; COMI, 2017,
SKALNY; MARCHAND; ODLER, 2003). After hydra-
tion, these compounds form hydrated calcium silicate,
C-S-H, which is responsible for the mechanical strength
of cement and ettringite.

According to Al-Amoudi (2002) and Lee and Lee
(2007), the type of cement influences the attack by sulfates,
and high levels of C3A and calcium hydroxide make ce-
ments susceptible to attack by sulfates. As well as cements
with high levels of limestone addition, it has shown low
resistance to attack by magnesium sulfate, in particular
with thaumasite formation (GAO et al., 2008; IRASSAR,
2009).

Cements with low C3A contents tend to have a higher
C3S/C, S ratio and high C3S contents can influence the pro-
duction of larger amounts of CH during hydration, which
can directly combine with sulfate ions leading to the for-
mation of gypsum, promoting the deterioration of hard-
ened phases containing Portland cement (AL-AMOUDI,
2002).
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Hydration of C3S produces about 2.2 times more CH
than hydration of C,S, with C3§ producing approximately
61% of C-S-H and 39% of CH and C,S producing 82%
of C-S-H and 18% CH, with CH being responsible for
the formation of gypsum in cement paste (AL-SALAMI;
SALEM, 2010; LEE; LEE, 2007).

Menna Junior et al. (2020) evaluated the chemical
composition of different types of cement showing that
there are differences between them, so that these cements
must have different resistance to attack by sulfates.

Chen, Liu and Yu (2020) showed that tests in an artifi-
cially simulated environment can be used to analyze the
real deterioration of concrete under sulfate attack.

Considering the above, the present work aims to an-
alyze the influence of the type of cement used on the
resistance to attack by sulfates, having been chosen three
types of cement, one of them being the most found in
construction materials stores in the Curitiba region, one
recommended for environments subject to attack by sul-
fates and the third type is a cement widely used in concrete

companies.

Materials and methods

Materials
Cements

CP II F-32, CP IV-32 and CP V-ARI cements were
used. The cements were removed from a single batch and
stored in sufficient quantity to make all the specimens.
Table 1 shows the results of the chemical analysis of the

cements used.

Table 1 — Chemical composition of the cements used.

Oxide CPIIF-32 CPIV-32 CP V-ARI
CaO 61.35% 45.12% 61.86%
SiOy 18.30% 29.81% 19.28%

AL O3 4.28% 9.39% 4.46%

Fey03 2.94% 4.17% 3.00%
SO3 2.59% 2.16% 2.95%
MgO 2.49% 1.88% 2.59%

Source: The authors.

Fine Aggregate

The fine aggregate used was a mixture of fine and
medium sands in the proportion 1:1. The fineness mod-
ules for fine and medium sand were, respectively, 1.29

and 2.47, according NBR NM 248 (ABNT, 2003).
184

The effective diameter (def = d10, accumulated retained
percentage=10%) for fine sand was 0.23 and for medium
sand it was 0.18. The non-uniformity coefficient (CNU)
was also calculated, which corresponds to the ratio be-
tween d60 and def, being 3.91 for fine sand and 1.56 for
medium sand. CNU values less than 5 characterize mate-
rials with very uniform particles. Finally, the coefficients
of curvature of the sands were calculated, a characteristic
that allows to detect discontinuities in the set. Both sands
were classified as well graded, with curvature coefficients
less than 3. The particle size curve of the sands is shown

in Figure 1.

Figure 1 — Particle size curves of the sands
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Source: The authors.

Sulphates

The calcium, sodium and magnesium sulfates used in
the composition of the attack solutions were purchased
from a chemical store and were from well-known trade-
marks. All chemicals used were “for analysis” (PA) purity,
used for the designation of reagents of high purity and
reliability.

Methods
Preparation of the specimens

It were made 72 specimens of 5x10cm composed of
the three different types of Portland cement, with 24 speci-
mens for each type, 6 used as reference and 18 for attacks,
of these 6 for each type of sulfate.

Mortars were prepared in a mortar mixer, with a 1:
3 proportion with a water-cement ratio (w/c) of 0.50,
being similar to that specified for testing the compres-
sive strength of cement, according to NBR 7215 (ABNT,
1996).

Preparation of sulfate solutions and curing of specimens

The sodium, calcium and magnesium sulfate solutions

were prepared at a concentration of 10% by mass.
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For this, 500 g of salt and 5000 g of water were weighed
for solubilization. This concentration was chosen in order
to accelerate and intensify the sulfate attack process.

The specimens, after 28 days of curing in a humid
chamber, were placed inside the solutions, where they re-
mained for a period of 120 days. The reference specimens
were cured in the same way as the others; however, were

kept in water.

Compressive strength test

The tests for resistance to axial compression were
performed according to NBR 7215 (ABNT, 1996). At
the test date, the specimens were 153 days old. This test
age was determined because it is as long as possible for
the specimens to remain in an aggressive environment
without prejudice to work schedule. For the test, was used

universal test equipment with a load capacity of 300kN.

Scanning electron microscopy (SEM) and energy disper-

sive spectroscopy (EDS)

The EDS equipment is coupled to the SEM, allowing
the identification of chemical elements present in specific
points selected in the sample images, during the scanning
process. Energy-dispersive X-ray spectroscopy (EDS) is
an analytical technique that enables the chemical char-
acterization/elemental analysis of materials. A sample
excited by an energy source (such as the electron beam of
an electron microscope) dissipates some absorbed energy
by ejecting a core-shell electron. A higher energy outer-
shell electron then proceeds to fill its place, releasing the
difference in energy as an X-ray that has a characteristic
spectrum based on its atom of origin. This allows for the
compositional analysis of a given sample volume that has
been excited by the energy source. The position of the
peaks in the spectrum identifies the element, whereas the
intensity of the signal corresponds to the concentration of
the element.

The electron microscope used to perform the SEM
was the EVO MA15, from the German company Zeiss
and the energy dispersion spectrometer used was from
Oxford Instruments, model X — MAX 20 mmz, can be
seen in Figure 2. This equipment allow the determination

of the composition of observed crystalline structures.

Sulfate determination test

It was chosen for the test used in structures already
built, through the adaptation of ALPHA Method 4500 -
SOE[: Standard Methods for the Examination of Water
and Wastewater. ASTM C 114 - 07: “Standard Methods

Figure 2 — SEM and EDS equipment.
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Source: The authors.

for Chemical Analysis of Hydraulic Cement” (ASTM,
2007) was created to determine the content of sulfates in
cement, however it presents practically the same method-
ological procedure as the ALPHA Method 4500 - SOi’.
The difference between them is how to calculate the final
sulfate content, which in the first methodology, is made
through the direct relationship between the ions SOZ’
and BaSO4 and in ASTM C 114 - 07 it is made first by
determining SO5- in relation to BaSO4.

Statistical analysis

An analysis of variance (ANOVA) was performed to
verify whether there is a statistical difference between
the compressive strength results and the comparison of
means by the Tukey method to verify which values are

statistically equal or different.

Results and discussions

Compressive strength test

Because these reactions of concrete with sulfates di-
rectly influence the strength, one of the tests carried out to
study the behavior of cements against different types of
attack by sulfates was that of resistance to axial compres-
sion, whose results, averages of 6 specimens, can be seen
in Table 2.

The results of axial compression strength of the speci-
mens submitted to the attack of sodium and calcium sul-
fate showed an increase due to the formation of etringite
in the pores, as verified by Skalny, Marchand and Odler
(2003), and considering that the test period was short, the
components did not crack. However, Chen, Liu and Yu
(2020) found that with increasing age, there is a decrease

in strength.

185
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Table 2 — Chemical composition of the cements used.

Sample Reference Na;SO,4 CaSO0y MgSO,
CP II F-32* 12.7, 154, 13.9 12.4,
CP 1V-32%* 17.3, 19.24 13.7c4 14.9,
CP V-ARI* 15.0 17.3 18.6 14.8
* (MPa)

Same letters indicate statistically different results.

Source: The authors.

In order to verify whether the strength averages were
statistically equal, the ANOVA test of variance was used.
For the CP II-F-32 cement, it was verified that only the
specimens submitted to the attack by Na2S0O4 showed an
increase of 21.26% in relation to the reference, indicated
by ANOVA. For CP IV-32 cement, only the specimens
submitted to the attack by CaSO4 showed statistically
different results, that is, a 20.81% decrease in strength. For
CP V-ARI cement, all results are considered statistically

equal.

Sulfates action

The determination of the sulfate content in the mortar
specimens was made according to the method used by
Mazer et al. (2014), which corresponds to an adaptation
of the ALPHA Method 4500 - SOZ’ for determining the
content of sulfates in structures already built. The average
results of 6 samples per type of cement can be seen in
Table 3.

The sulfate content was calculated according to equa-
tion (9), as the ALPHA METHOD-4500 SOZ’ suggests:

Mcalcined x0.4116
Minisial

S04 (%) = ( >><100. 9)

Where the mass of barium sulfate was transformed
into sulfate taking into account the molar masses of these
chemical compounds. The levels of sulfates found in the
reference specimens can be correlated with the sulfate
added in the form of plaster during the cement manufac-
turing process. The final sulfate content was obtained by
subtracting the values of the reference specimens from the
specimens exposed to different types of sulfates. Figure 3
shows the total levels of SO4 and the levels of sulfate that
effectively penetrated the specimens.

As can be seen, the three types of cement presented
different degrees of performance in relation to the type of
aggressive agent to which they were exposed. The spec-
imens exposed to the attack solution by CaSO,4 showed

lower percentages of sulfate content. The result corrobo-
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Table 3 — Results of determining the sulfate content.

content Sulfates (SO4%)

Sample Total Penetrating
Reference

CP V-ARI 0.91 -

CPIV-32 0.58 -

CP I F-32 0.65 -
MgSO;,

CP V-ARI 2.8 1.47

CPIV-32 1.97 1.40

CP I F-32 2.46 1.81
NazSO4

CP V-ARI 1.89 0.98

CPIV-32 1.39 0.82

CP I F-32 1.89 1.23
CaSOqy

CP V-ARI 1.47 0.56

CPIV-32 0.98 0.41

CP I F-32 1.15 0.50

Source: The authors.

Figure 3 — SO, content.
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rates with the expected, since calcium sulfate is the least
aggressive among the three. Among the three types of
cement tested, for the same etching solution, the ones that
were most attacked, therefore presenting higher final sul-
fate contents, where CP V-ARI cements, with 0.56% by
weight and CP II F-32 cement., with 0.50% by weight. CP
IV-32 cement proved to be the most resistant to attack by
CaSO04, with a sulfate content of 0.41% by weight, due to
the fact that in its composition there are pozzolans, which
makes it resistant to attack by sulfates.

The second aggressive agent responsible for incorpo-
rating a higher content of sulfates in the samples was
Na»S0;,. The final levels reached values close to double
when compared to the levels observed in the attack by
CaS0Oy. This time, CP II F-32 cement was the most at-
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tacked, having a final sulfate content of 1.23% by mass,
followed by CP V-ARI, with 0.98% by mass. Again, the
most resistant cement was CP IV-32, with a sulfate content
of 0.82% by weight.

The MgSO, attack was the most aggressive for all
types of cement, this is due to the attack that this type
of sulfate makes on the C-S-H, which can be seen in the
SEM images. The most attacked cement was CP II F-32,
with a sulfate content of 1.81% by mass, followed by CP
V-ARI cement, with 1.47% by mass. Again, as expected,
CP IV-32 cement was the most resistant of the three, with
1.40% sulfate content by mass. As can be seen, the attack
by magnesium sulfate was the most aggressive among the
three.

As noted, CP II F-32 cement was more attacked when
in contact with solutions containing NaySO4 and MgSO;.
CP II F-32 is cement composite with the addition of lime-
stone filler, between 6 and 10%, according to NBR 11578
(ABNT, 1991) and gypsum.

The use of limestone fillers in cement and concrete
brings benefits such as reduced water demand, which im-
proves the strength of the concrete, in addition to mak-
ing it more economical (GAO ef al., 2008; IRASSAR,
2009). Despite these benefits, the presence of high levels
of limestone in cement or concrete tends to affect durabil-
ity, allowing the penetration of chlorides, the appearance
of carbonation reactions, reduced resistance to sulfates,
among others. With regard to attack by sulfates, cements
with this type of addition have been shown to be more
susceptible to attack by magnesium sulfate, more specifi-
cally by the formation of thaumasite (GAO ef al., 2008;
IRASSAR, 2009).

The greater susceptibility of CP II F-32 cement to
attack by sulfates is related to the increase in the rate of
cement hydration caused by limestone filler in the early
ages, which leads to the precipitation of calcium hydroxide
particles around the filler particles and on the surface of
the aggregates. The crystals of CH formed are considered
a weak point or less resistant to attack by sulfates and this
process is called heterogeneous nucleation (GONZALEZ;
IRASSAR, 1998, IRASSAR, 2009).

According to AL — Amoudi (2002), the type of cement
significantly influences any type of attack by sulfates in
concrete structures. Among hydration products, calcium
hydroxide and alumina-containing phases are more vul-
nerable to attack by sulfates. During the hydration process,
cements with more than 5% CsA are likely to have alu-
mina almost entirely in the form of hydrated monosulfate.

In the presence of CH, when the cement paste comes into

contact with the sulfate ions, a large part of the hydrated
phases containing alumina will be converted into ettringite,
which can generate expansive reactions in the concrete.

The intermediate sulfate content observed in the CP
V-ARI cement might have been caused by the high C3S
content. The increase in C3S content or in the C35/C,S pro-
portion of the cement promotes an increase in the amount
of CH, culminating in the reduction of resistance to attack
by sulfates. Hydration of C3S produces about 2.2 times
more CH than hydration of C,S. Thus, the intermediate re-
sistance to attack by sulfates verified in the tests performed
is justified (AL_SALAMI; SALEM, 2006; SHANAHAN;
ZAYED, 2007; PRASSAD; JAIN; AHUIJA, 2006). CP IV-
32 cement, according to the manufacturer’s specifications,
can present between 15 and 50% of addition of pozzolans
in its constitution, in addition to having low hydration heat,
which makes it resistant to sulfates (AL-AMOUDI, 2002).
Pozzolans react with the calcium hydroxide formed during
the hydration of Portland cement. There is, therefore, a
reduction in CH levels and formation of higher amounts
of secondary C—S-H (AHMAD; NOOR, 2009; BHATTY;
TAYLOR, 2006). Analysis by SEM and EDS The con-
firmation of the formation of expansive compounds was
made through SEM, with the objective of carrying out the
morphological analysis of the structures formed and/or
modified due to the attack. The confirmation of the ele-
mental chemical composition of these structures was done
through the EDS test.

In Figure 4, it is possible to observe the SEM images of
the CP II F-32 cement, illustrating the reference samples
(a), submitted to the attack of calcium sulfate (b), sodium
sulfate (c) and magnesium sulfate (d), 153 days old.

In Figure 4(a), it is possible to identify a very inter-
twined structure of ettringite, a fact confirmed by the pres-
ence of the elements Ca, S and Al in the EDS (1). In (2),
a small hexagonal plate suggestive of portlandite is ob-
served, confirmed by the high Ca content obtained by the
EDS analysis.

Through Figure 4(b), it is possible to identify a series
of grouped acicular structures that suggest being ettringite
due to the elementary composition provided by the EDS,
with the majority presence of the elements Ca, S, Si and
Al (3). However, morphologically these structures have a
different shape from the usual structures of ettringite, this
may have been caused by the attack of calcium sulfate. In
(4), it is possible to observe the formation of a structure
suggestive of C—S—H, confirmed in the DES by the high
concentration of Si, in agreement with the results obtained
by Tashima et al. (2012) and Campos and Paulon (2015).
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Figure 4 — SEM images of CP II F-32 cement: (a) reference samples; (b) submitted to the attack of calcium sulfate; (c)

sodium sulfate and (d) and magnesium sulfate.

Source: The authors.

In the micrograph shown in Figure 4(c), it is possible
to observe the formation of small acyclic crystals sugges-
tive of ettringite (5) and the other structures in the shape of
hexagonal crystals suggest the presence of portlandite (6).
In the EDS composition of 5, the presence of Ca, S and Al
is verified, confirming the formation of ettringite and in 6,
it is predominantly Ca. When comparing Figure 4(c) with
Figure 4(a), the lesser amount of ettringite, suggesting,
therefore, attack by sulfates in an early stage. According
to to Gonzalez and Irassar (1998) and Irassar (2009), this
is due to the fact that CP II F-32 cement, during its hy-
dration process, leads to precipitation and accumulation
of calcium hydroxide particles, serving as a focus for the
start of the sulfate attack.

The micrograph shown in Figure 4(d) shows the forma-
tion of small acyclic crystals suggestive of ettringite (7). In
the EDS composition of (7), Ca, S and Al are present, con-
firming the formation of ettringite. In (8), it is possible to
observe the formation of a structure suggestive of C—S—H,
confirmed in EDS by the high concentration of Si. In (9),
it is suggested that it is one of several portlandite plates
present in the micrograph. When comparing Figure 4(d)
with Figure 4(a), it is possible to observe the formation
of ettringite and portlandite in a more interlaced manner,
giving an indication of the onset of the attack by sulfates.

Comparing Figure 4(d) with Figure 4(b) and Figure
4(c), it is possible to notice clear differences in the mor-
phological structures formed and/or altered. The attack
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by magnesium sulfate showed more altered phases in the
cement paste, proving to be the most aggressive agent.

The microscopy images of the CP IV-32 cement are
shown in Figure 5, showing the reference samples (a),
submitted to the attack of calcium sulfate (b), sodium
sulfate (c) and magnesium sulfate (d), at 153 days of age.

In the micrograph illustrated in Figure 5(a), it is pos-
sible to identify formations suggestive of C—S—H in (1)
and portlandite in (2), a fact confirmed by the presence
of the elements Ca and Si, according to the DES test.
There was no formation of ettringite in the sample of this
cement. The predominance of structures suggestive of
C-S-H and the small number of structures corresponding
to portlandite were expected for this cement, due to the
addition of pozzolans that consume portlandite for the
formation of C-S-H.

Through Figure 5(b), it is possible to observe the for-
mation of ettringite (3), confirmed by the concentrations
of S and Al found in the EDS. Formations suggestive
of C—S-H (4) were also identified, due to the presence
of the elements Ca and Si. Comparing Figure 5(a) with
5(b), it can be seen that there was an attack by calcium
sulfate, because calcium sulfate reacts with hydrated cal-
cium aluminate to form ettringite, as described by Piasta,
Marczewska and Jaworska (2014).

In the micrograph shown in Figure 5(c), it was not pos-
sible to observe the presence of ettringite in this sample

because there was no concentration of sulfur (S) that con-
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Figure 5 — SEM images of CP IV-32 cement: (a) reference samples; (b) submitted to the attack of calcium sulfate; (c)

sodium sulfate and (d) and magnesium sulfate.

Source: The authors.

firmed the presence of the structure. It is suggested for this
sample only the presence of hexagonal plates and forma-
tions suggestive of the presence of portlandite. The EDS
confirmed this with a predominance of the Ca concentra-
tion of the analyzed structures. It is possible to observe
that sodium sulfate was the least aggressive solution for
CP IV-32 cement. It is not possible to confirm the attack
by sulfates using this micrograph.

The micrograph shown in Figure 5(d) shows the exten-
sive formation of small agglomerated plaques suggestive
of monosulfate (6). The EDS composition for structure 1
contains Ca, S and Al, confirming the monosulfate compo-
sition. The other structures presented in the form of acicles
(7) and the more elongated filaments (8) do not present the
element Al in the EDS, excluding the possibility of being
ettringite and/or monosulfate. The structures indicated as
(7) and (8) are mainly composed of Mg and Si in very sim-
ilar proportions, indicating the possible replacement of Ca
by Mg and conversion of C—S—H to M—S—H. The presence
of M—S-H demonstrates that there was a decalcification
of C-S—H, altering the cement structure, indicating an
advanced state of attack (AMIN et al., 2008; BROWN;,
BADGER, 2000; GAO et al., 2008).

Comparing Figure 5(d) with Figure 5(a), Figure 5(b)
and Figure 5(c), it can be seen that attack by magnesium
sulfate was the most aggressive. The microscopy images
of the CP V-ARI cement are shown in Figure 6, show-

ing the reference samples (a), submitted to the attack of

(d)

calcium sulfate (b), sodium sulfate (c) and magnesium
sulfate (d), at 153 days of age.

In the micrograph of Figure 6(a), it is possible to iden-
tify some structures corresponding to etringite, a fact con-
firmed by the presence of the elements Ca, S and Al in the
EDS.

The micrograph shown in Figure 6(b) corresponds to
a sample made with CP V-ARI cement, submitted to the
attack of calcium sulfate, at 153 days of age. In this fig-
ure, it is possible to observe structures in a hexagonal
format compatible with portlandite crystals (1), confirmed
by EDS for containing a high concentration of Ca. In (2)
it is possible to observe a structure with conformation in-
dicative of C—S—H, with elementary composition formed
basically by Ca and Si. There are also some acicular crys-
tals suggestive of etringite (3), which can be confirmed by
the result of the analysis by DES providing Ca, S and Al
as an elemental composition (CAMPOS; PAULON, 2015,
TASHIMA et al., 2012).

The comparison of Figure 6(b) with Figure 6(a) does
not allow us to prove that the calcium sulfate caused the
attack by sulfates in the specimens molded with CP V-ARI
cement, given the smaller amount of structures suggestive
of ettringite observed in Figure 6(a).

The micrograph shown in Figure 6(c) corresponds
to a sample made with CP V-ARI cement, submitted to
the attack of sodium sulfate, at 153 days of age. In this

figure, it is possible to observe the presence of a few
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Figure 6 — SEM images of CP V-ARI cement: (a) reference samples; (b) submitted to the attack of calcium sulfate; (c)

sodium sulfate and (d) and magnesium sulfate.

Source: The authors.

crystals in acicular format suggestive of etringite, with
an elemental composition of Ca, S and Al, confirmed by
EDS (1). It is also possible to observe the presence of
structures compatible with portlandite (2) and C-S-H (3),
containing predominant concentrations of Ca (1) and Ca
and Si (2). There is also a fissure (4).

Comparing Figure 6(c) with Figure 6(a) and Figure
6(b), it is not possible to prove the attack by sodium sulfate
in CP V-ARI cement.

The micrograph shown in Figure 6(d) corresponds to
a sample made with CP V-ARI cement, submitted to the
attack of magnesium sulfate, at 160 days of age. Through
Figure 5(d) (1) it is possible to observe the formation of
small agglomerated plaques and in the EDS are mainly
composed of Mg and Si, indicating the replacement of
Ca by Mg and conversion of C—S—H into M—S-H. The
presence of M—S—H demonstrates that there was a decalci-
fication of C—S-H altering the cement structure, indicating
an advanced state of attack, confirming the type of struc-
ture (AMIN et al., 2008; BROWN; BADGER, 2000; GAO
et al., 2008).

By comparing Figure 6(d) with Figure 6(a), Figure
6(b) and Figure 6(c), it can be seen that magnesium sulfate
attack was the most aggressive.

The results presented show the importance of choos-
ing the cement to be used in environments subject to the
action of sulfates, with CP IV-32 showing the least dete-

rioration and the lowest concentration of sulfates in all
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analyzes carried out, indicating its greater resistance to
attack of sulfates. This corroborates with Chen, Liu and
Yu (2020) who observed changes in the microstructure,
compositions and microstructure of concrete due to the
formation of expansive products and decomposition of
hydration products, which are different for different types

of cement.

Conclusions

The experimental data on compressive strength re-
vealed unsatisfactory results to establish a correlation be-
tween the type of cement and the resistance to attack by
sulfates. These results may have occurred due to the short
time of contact of the specimens with the attack solution.

The sulfate content determined in the laboratory re-
vealed that there was penetration of sulfates in all speci-
mens. The CP II F-32 cement sample showed the highest
levels of magnesium and sodium sulfates, with the highest
concentration in the sample that was in contact with mag-
nesium sulfate, due to the addition of limestone filler that
favors increased heat of hydration at early ages. The CP IV-
32 cement had the lowest concentrations, a result expected
for containing pozzolan in its composition and being a
sulfate resistant cement. CP V-ARI cement presented in-
termediate levels of sulfates, except for calcium sulfate.
The sulfate contents in this cement may have been caused
by the high C3S content that promotes the quantitative
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increase in CH, therefore, the type of cement influenced
quantitatively in the penetration by sulfates.

When performing the micrograph analysis, it was ob-
served that the greatest microstructural changes occurred
for all cements that were in contact with the magne-
sium sulfate solution, corroborating the quantification per-
formed for the sulfate contents, where the magnesium
sulfate acted aggressive in cement mortars CP II F-32 and
CP V-ARI. For CP II F-32, sodium sulfate showed the
least formation of etringite, suggesting that it was the least
aggressive compound for this type of cement, which did
not occur for CP IV-32 cement, where this solution gave

the specimens major changes in the microstructure.
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