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ABSTRACT

This study contains comparative research of sulfate resistance of ordinary Portland cement pastes with addition of basic
aluminum sulfate (hydroxosulfate, AI(OH); 75(SO4)061) and amorphous AI(OH);. Over 3 months of storing in sodium
sulfate solution, the most significant expansion and deterioration occur in case of samples with aluminum hydroxide.
During sulfate resistance test, the ratio between aluminum nuclei in AFt (ettringite) and AFm phases was studied by
2Al-MAS NMR, and the impact of aluminum-containing admixtures on this ratio was specified. In accordance with
NMR data, in samples with AI(OH)s, the rate of secondary ettringite formation becomes noticeable after one month of
storing in sulfate solution. For samples with AI(OH); 75(SO4)¢61, the rate of elongation and temper of changes in molar
ratio between sulfoaluminate phases were comparable with reference samples without admixtures.
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1. Introduction the contribution of aluminum-containing additives to the
total AL,O; and SO; content in cement paste, because it

The aluminum-containing set and hardening accelerators . .
g g influences the sulfate resistance of mortars and concretes.

are becomlr}g. increasingly common as an alternative to The resistance of Portland cement compositions to the
alkali-containing accelerators. Alkali-free accelerators— . . .

. ) exposure of sulfate anions is one of the factors of its
aluminum hydroxides, sulfates and hydroxosulfates are durability [8]
capable of intense formation of ettringite in the earliest )
period of Portland cement hydration [1-4]. At the same
time, aluminum-containing compounds are known as
inhibitors of interaction of reactive aggregates with alka-
line pore solution of concrete and prevent the develop-

The purpose of this work is the comparative study of
sulfate resistance of hardened cement pastes with ad-
ditions of aluminum hydroxosulfate and aluminum hy-
droxide, as well as the study of the processes occurring in
cement pastes with these admixtures during sulfate re-

ment of ASR [5,0]. ‘ ' sistance test with using >’AI-MAS NMR.
In the previous paper [7], it was found that the solution

of aluminum hydroxosulfate AI(OH);75(SO4)061 Works 2. Experimenta] Part

more efficiently as Portland cement set accelerator rela-

tive to amorphous Al(OH); due to the more intensive Highly dispersed amorphous aluminum hydroxide Gel-
formation of ettringite in the beginning of hydration. oxal 10 (“Industrias Quimicas del Ebro”, Spain) with
Moreover, aluminum hydroxosulfate, unlike AI(OH);,  LOI 47.3 wt% (at 900°C), specific surface area of 17.8
doesn’t essentially reduce the early strength of hardened m’/g and particle size up to 20 pm, was used. The same

cement paste, even at high dosages. substance was used in preparing aqueous solution of ba-
At the same time, it is necessary to take into account ~ si¢ aluminum sulfate AI(OH),; 75(SO4)oe1 (15.1% based
on Al,O3). The synthesis of composition was done in ac-

"Corresponding author. cordance with [7]. Before using, the solution was stored
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1 day after preparation.

Portland cement CEM 1 42.5 N with the following
composition, wt%: C;S 52 - 53, C,S 18 - 20, C3A +
C4AF 20 - 22, gypsum (CaSO42H,0) 3 - 4, anhydrite
(CaS0,) 1, CaCO; 2 was used. According to the data of
chemical analysis, the total content of Al,O3 is 4.9 wt%.

Amorphous Al(OH); was mixed with cement in
amount of 3 wt% of cement (1.58 wt% of Al,O; accord-
ingly). Experiments were carried out at constant water-
to-solid ratio (W/(C + Admixture)) of 0.27, corresponded
to normal consistency of the reference cement paste
(Russian standard GOST 310.3). The solution of basic
aluminum sulfate was added to the cement paste with
water in amounts of 9% of the cement weight (1.36% of
Al,Os, i.e. approximately at the same dosage as in the
case of AI(OH);); the water contained in basic alumin-
ium sulfate was taken into account to calculate W/C.
According to the calculations, the overall ratios of Al,O5/
SO; for reference sample and the samples with the addi-
tion of basic aluminum sulfate and aluminum hydroxide
are respectively 1.71, 1.50 and 2.25.

Superplasticizer Melflux 2651F was used in an amount
of 0.1 wt% of cement, which was dissolved in the water
of mixing preliminary.

The obtained cement pastes were placed into prism
forms of 20 x 20 x 100 mm. The forms were stored
above water in a tightly closed container at 20°C £ 2 °C
for 3 days. After that, samples were demolded. One part
of samples of each series was stored in distilled water
and another part—in sulfate solution (5% Na,SO,). Re-
placement of sodium sulfate solution has been produced
monthly. Measurement of expansion (in relative to initial
length of samples) was made at 1 and 3 months.

For *’A1-MAS NMR analysis, the same compositions
were made as 30 x 30 x 30 mm cube samples (4 samples
of each series). The storage conditions were similar to
ones for prism samples. At certain stages of hydration (1
and 28 days, 3 and 6 months) a sample was powdered
and a little amount of powder was washed with acetone
(3 x 30 mL) to remove free water and then was dried
under vacuum at ambient temperature.

High-resolution ’AI-MAS NMR spectra have been
obtained using AVANCE II-500WB (Bruker) spectro-
meter with “magic angle” rotation. Operating frequency
for 2’Al 130,32 MHz. Spectra were recorded by single-
pulse excitation, the pulse duration 0.7 ps (w/12) with a
delay of 0.5 sec., the number of scans 2048. The sam-
ples (~100 mg) were packaged in zirconia rotors (D 4
mm) and rotated at 13 kHz. Chemical shifts are given in
ppm relative to AICl;-6H,0. The assignment of the sig-
nals is accomplished in accordance with the published
data [9-11]. The deconvolution of spectra was realised by
using software Dmfit.
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A NMR spectrum of aqueous basic aluminum sulfate
(with addition of D,O to adjust the resolution and stabi-
lization) has been received by AVANCE-400 spectro-
meter (Bruker). The operating frequency for *’Al was
104,26 MHz.

3. Results and Discussion

The results of expansion test are shown in Figure 1.

Figures 2-5 show the *’A1-MAS NMR spectra of ce-
ment pastes with and without admixtures at various ex-
posure times in the range of chemical shift values of 0 -
25 ppm (i.e. in the region characteristic of the aluminum
ions in coordination VI). The values of integral intensity
of signals are shown in the Table 1; the highest intensity
is taken to be 100.

As can be seen from Figure 1, the values of the
elongation of samples with basic aluminum sulfate, in
aqueous and sulfate environments, are similar to the
elongation values of the reference samples. In the period
between 1 and 3 months, expansion of the samples did
not vary essentially with time, did not depend on the
environment and did not exceed 0.05% (in some cases,
the elongation of the samples in sodium sulfate solution
is slightly higher in comparison with the samples stored
in water).

The samples with AI(OH); have more dynamic
changes in linear dimensions; their elongation depends
not only on the exposure time, but also on storage

Table 1. The values of integral intensity of signals on the
spectra.

Sample 1d Environment 28d 3m 6m
31" 29 24

water 25 24 28

26 11 12 13

Reference 0

0 34 34 28

Sulfate solution 20 21 25

9 10 12

47 56 51

Water 51 62 60

100 32 14 16

with AI(OH); 8

2 55 62 77

Sulfate solution 49 56 44

30 13 13

78 88 66

Water 38 41 42

with basic % 8 9 12
aluminum sulfate 6 31 36 68
Sulfate solution 34 36 40

7 7 11

"The first value in cells of the table corresponds to the signal of ettringite
(AFt), second and third ones belong to calcium monosulfoaluminate and
hydrated aluminates (AFm), correspondingly.
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Figure 1. Linear expansion of cement samplesin water (1) and sodium sulfate solution (2).
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Figure 2. Al-MAS NMR spectra: initial cement mix with
AI(OH); (1); cement pastes of 1-day age: reference (2), with
AI(OH)178(SO4)061 (3), with AI(OH)3 (4). The dashed linein
the figure denotes the signal of aluminum in aqueous solu-
tion of basic aluminum sulfate.

environment. Whereas an elongation of samples after 1 -
3 months of water storing has been 0.05% - 0.08%, after
3 months of sulfate storing an elongation has reached
0.18%. Moreover, samples with Al(OH); stored in
sulfate solution have disclosed the first signs of chemical
corrosion as early as after 1 month (an exfoliation of
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ettringite

monosulfoaluminate
(AFm)

I
20 0 8, ppm

Figure 3. 27AI-MAS NMR spectra of samples of 28-days
age: reference (1,2), with AI(OH)178(SO4)0er (3,4), with
Al(OH); (5,6); water (1,3,5) and sulfate solution (2,4,6)
storing. The same goesfor Figures4 and 5.

cement paste). Meanwhile, the samples with basic alumi-
num sulfate have demonstrated the first signs of failure
only after 6 months.

On the spectra of all samples of 1-day age (Figure 2)
there is intensive signal at 14.7 - 15.2 ppm which is char-
acteristic for AFt phase, or ettringite
(3Ca0-Al,0;-3CaS0,4-32H,0). By this time, both ad-
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N
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Figure 4. ’Al-MAS NMR spectra of cement pastes of 3-
months age.

20 0 9, ppm

Figure 5. “Al-MAS NMR spectra of cement pastes of 6-
months age.
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mixtures have almost completely reacted, as far as there
is no sharp signal of basic aluminum sulfate at 0.6 ppm;
the signal of AI(OH); is also completely disappeared. As
is known, the content of ettringite in cement paste usu-
ally reaches a maximum at this age [8]. Low-observable
shoulder to the right of the ettringite signal (11 - 12 ppm)
on the spectra of samples with admixtures gives evidence
of the beginning of the formation of AFm phase, i.e.
calcium monosulfoaluminate
(3Ca0-Al,05-CaS04-12H,0), due to interaction of et-
tringite with products of dissolution of aluminate (alu-
mino ferrite) phase:

3Ca0- Al,O, -3CaSO0, -32H,0 + 2C,A + 4H,0
—3(3Ca0-ALO, -CaSO, -12H,0)

The signal of calcium monosulfoaluminate on the
spectra of samples of 28-days age (Figure 3) is already
quite intense; to the right of this signal the shoulder ap-
pears (6 - 7 ppm) indicating the formation of hydrated
calcium aluminates (attributed also to AFm) due to direct
hydration of aluminum-containing clinker phases.

At the age of 28 days the differences appear on the
spectra of samples of water and sulfate storing. For both,
reference samples and samples with admixtures, intensity
of ettringite signal is higher for samples of sulfate storing
in comparison with ones of water storing. Respectively,
the lasts have more intensive signal of calcium monosul-
foaluminate.

As can be seen from the spectra of 28-days age, the
conversion of ettringite into calcium monosulfoaluminate
in samples with AI(OH); is more intensive than in sam-
ples with basic aluminum sulfate, which is apparently
due to the higher total Al,O;3-t0-SOj; ratio in the first case.
At the age of 3 months (Figure 4), this trend continues
for samples of water storing, while in conditions of sul-
fate storing the ratio between ettringite and monosul-
foaluminate in the sample with AI(OH); remains practi-
cally unchangeable.

By the age of 6 months (Figure 5), the signal of et-
tringite in sample with AI(OH); increases noteworthily,
indicating about renewal of ettringite formation in this
sample (“secondary” ettringite):

3Ca0- ALO, -CaSO, -12H,0+2Ca(OH), +2S0%"
+20H,0 — 3Ca0- AL 0, -3CaS0, -32H,0 +40H"

Secondary ettringite formation in samples with AI(OH);
becomes possible due to: 1) the presence of sulfate ions
coming from the environment solution, 2) Ca(OH), form-
ed during cement hydration, and 3) higher content of
AFm in comparison with other compositions.

Quantitative interpretation of *’AI-MAS NMR data
shown in the Table 1 is complicated by the fact that the
presence of iron ions in the vicinity of aluminum nuclei
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makes at least part of them “invisible” on the spectra [12].

In particular, therein lies the observed discrepancy in
quantitative ratio of the signal intensities on the spectra
of samples with and without admixtures. As can be seen,
for any exposure time including late hydration ages (6
months) the summarized intensity of signals on the ref-
erence spectra and the summarized intensity of signals on
the spectra with one of the admixtures are in a ratio of
about 1:2 (for example, in case of reference sample and
sample with AI(OH); of sulfate storing at the age of 6
months we have (28 + 25 + 12)/(70 + 44 + 13) =~ 1:2).
Meanwhile, in accordance with the literature data [8], by
the age of 6 months aluminum-containing phases of ce-
ment clinker must be completely reacted with water and
a substantial part of the aluminum ions must be con-
versed into six-coordinated form; so, in this case the ratio
said above should be 1.6:2 (the amount of four-coordi-
nated aluminum in C-S-H was not considered in calcula-
tions).

It can be assumed that aluminum ions going from the
aluminoferrite phase into hydration products (AFt and
AFm) with retaining Fe-ions in its immediate vicinity
cannot be observed on the spectra and, therefore, the
contribution of aluminum ions from admixtures and C;A
to the values of intensity will be predominant. It is esti-
mated that in Portland cement used in this study alumi-
num ions are predominantly contained in C4AF (3.2 wt%
AL O3); respectively, the contribution of C;A is 1.7 wt%
ALOj; (the content of aluminum as impurity ions in sili-
cate clinker phases was not taken into account). If we
consider aluminum ions from additives and phase C;A
only, then in the case discussed above the ratio of the
total intensity values should be 1:2, which is exactly the
same that is really observed in the spectrum.

Thus, participation of C4AF in the formation of com-
mon products with AI(OH); (for example, the formation
of ettringite with participation of Al(OH); and the fol-
lowed conversation of ettringite into AFm with participa-
tion of C4,AF) may give an uncertainty when determining
their quantitative ratio on the base of *’AI-MAS NMR. In
this regard, white cements with their negligible iron con-
tent are more suitable for model experiments. Such ap-
proach can be found in studies using *’AI-NMR, but in
practical terms, low-iron cements have a limited distribu-
tion and did not completely eliminate the problem of
quantitative interpretation of the spectra [9,12].

The analysis of the data presented in the Table 1 can
be done with using a value characterizing the ratio of the
aluminum amount in ettringite (AFt) to the total amount
of aluminum ions in coordination VI included in AFt and
AFm:

Al"! (AFt)
> Al"' (AFt+ AFm)
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where AIV'(AFt) is an intensity of aluminum signal in the

ettringite; AlY'(AFt + AFm) is the summarized intensity
of signals on the spectrum.

Obviously, this value characterizes the molar contribu-
tion of ettringite in the total amount of matter contained
in AFt and AFm (AFt/(AFt + AFm)) and is suitable be-
cause it does not depend on sample weight and on the
water content. The calculation results are presented in
Figure6.

As can be seen from Figure 6, the value of AFt/(AFt +
AFm) is 0 at the beginning of hydration and reaches a
maximum (i.e. ~1) by the 1 day of hydration, when the
gypsum and admixtures had been consumed, but AFm
phase is in the beginning of formation, so, almost all
aluminum VI is bonded in ettringite. In the following
period, this value takes means less than 1 due to the par-
tial conversion of ettringite into monosulfoaluminate
with the participation of C;A and C4AF (the contribution
of AFm increases whereas the contribution of AFt re-
duces). It should be noted that the most significant
changes in the content of ettringite occur during the first
28 days, and during the next 5 months the contribution of
ettringite continues to decrease very slowly in most
cases.

Figure 6 shows that the value AFt/(AFt + AFm) is in
accordance with the value Al,O3/SO;. The lower the
value Al,O3/SO; in cement paste, the higher the contri-
bution of ettringite in the sum of AFt + AFm (see values
AFt/(AFt + AFm) at 28-day age, i.e. at the end of the ac-
tive stage of the conversion of ettringite into calcium
monosulfoaluminate).

As already stated, for all studied compositions the
contribution of AFt phase in case of sulfate storing is
always higher than in case of water storing. This may be
due to the fact that ettringite conversion to AFm phases
in sulfate solution proceeds slower than in water.

AFt

—_— %1
AFt+ AFm

0.8
0.6

0.4

|
0 50 100 150 Age, days

Figure 6. Contribution of aluminum ions of ettringite to the
total amount of aluminum ionsin AFt and AFm: reference
samples (1, 2), samples with basic aluminum sulfate (3, 4),
sampleswith AI(OH)3 (5, 6); water (1, 3, 5) and sulfate solu-
tion (2, 4, 6) storing.
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Figure 6 shows that in the samples with Al(OH); at
1-month age an ettringite contribution reaches the least
values in comparison with other samples. At the same
time, the accumulation of calcium sulfoaluminate and
hydrated aluminates promotes formation of secondary
ettringite in sulfate solution as early as 1 month after the
start of the test. The data of the Table 1 show that in case
of the samples with AI(OH); in conditions of sulfate
storing, the sustained increase of signal intensity is ob-
served after passing the minimum by the age of 1 month.

The said above is in accordance with the proposition
[7] that the use of basic aluminum sulfate leads to the
formation of structures more resistant to the sulfate ex-
pansion than with using AI(OH);.

4. Conclusions

The sulfate resistance of hardened cement pastes with
aluminum-containing admixtures depends on Al,O;-to-
SO; ratio obtained in pastes in the presence of these ad-
mixtures. The more the aluminum taking part in the for-
mation of ettringite at early stage of hydration (this is a
possibility at low Al,O3-to-SOj; ratios), the more the sta-
bility of the composition in sulfate environment.

An addition of 3% AI(OH); to cement paste increases
the Al,O3-t0-SOj; ratio by ~1.3 times, thereby promoting
the formation of low-sulfate aluminum-containing prod-
ucts and reducing sulfate resistance of cement composi-
tions.

In contrast, basic aluminum sulfate AI(OH); 73(SO4)o.61
introduced into cement paste in an amount equivalent to
3% AIl(OH);, lowers the Al,O;-to-SO; ratio by ~1.2
times. The rate of expansion of hardened cement paste
with basic aluminum sulfate in sulfate solution is similar
to that of reference sample.
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