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Evaluation of Sulfate Resistance of One-Part Alkali-
Activated Materials Prepared by Mechanochemistry
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In this paper, the resistance of mechanically prepared one-part
alkali-activated materials to external sulfuric acid attack was
investigated by simulating realistic erosion environments in terms
of sulfate type, concentration, and erosion mode. The macro-
scopic properties of the specimens were measured at different
ages. Microscopic analyses were performed by Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), mercury
intrusion porosimetry (MIP), and other techniques to obtain the
effect of different erosion environments on the mechanical-force
chemically prepared ome-part alkali-activated materials against
sulfate erosion. The study shows that the mechanical properties of
the specimens showed a trend of increasing and then decreasing
with the extension of erosion time. Compared with Na,SO, erosion,
the erosion damage was greatest when the sulfate containing Mg>*
was eroded in a wetting-and-drying cycle; the erosion products of
Na,SO, solution coexist in the form of calcite and gypsum, while
the erosion products of MgSO, solution mainly consist of gypsum.

Keywords: mechanochemistry; one-part alkali-activated materials; sulfate
attack.

INTRODUCTION

One-part alkali-excited cementitious material refers to an
inorganic nonmetallic material with cementitious activity
that is prepared by mixing a solid alkaline exciter with a
mineral material with volcanic ash activity according to a
certain process.! This one-part alkali-initiated gelling mate-
rial is similar to ordinary portland cement (OPC) and can be
used by adding water. Alkali-excited gelling materials have
attracted great attention from academic authors worldwide
for their excellent performance. In the 1940s, Purdon® exper-
imentally prepared a geopolymer mixture by simply mixing
slag with solid sodium hydroxide and successfully prepared a
gelling mixture. At the beginning of the twenty-first century,
Duxson and Provis* outlined various potential methods
for tuning the precursor chemistry and particle behavior
of geopolymers and proposed a one-part geopolymer that
exceeded the potential of conventional two-part (solid plus
alkaline-activator solution) hybrid designs. Peng et al.’
prepared a one-part geopolymer with excellent compressive
strength by a process of calcined bentonite and the addition
of solid alkali, which exceeded the compressive strength of
a two-part geopolymer with the same ratio and achieved a
higher softening factor of 0.93. Additionally, in terms of
environmental protection and economy, the raw material
sources of alkali-inspired cementitious materials are mostly
fly ash, slag, and other industrial waste. These substances
have a low cost, simple preparation process, less energy
consumption, and only 26 to 45% of the carbon emissions
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of OPC and are therefore recognized as green cementitious
materials.®®

In recent years, researchers have found that the treatment
of alkali-excited precursors using mechanical-force chem-
istry enables the effective release of volcanic ash activity
from the precursors, leading to the improvement of various
properties, such as the efficiency of curing toxic heavy metal
ions and thermal stabilities.’ The study by Temuujin et al.'’
showed that mechanical-force chemistry changed the phys-
ical properties of fly ash and directly affected the volcanic
ash reaction of alkali-excited materials. Also, the 28-day
compressive strength of alkali-excited fly ash net slurry spec-
imens subjected to mechanical-force chemistry increased by
80%. Kumar et al.!" proposed that mechanical activation
can enhance the reactivity of alkali-excited slag cement net
slurry, enabling it to react with water directly and harden,
and suggested that the volcanic ash reactivity of slag cement
is related to its specific surface area. Zhao et al.!> found
that mechanical activation resulted in optimized particle-
size distribution, superior pore structure of alkali-excited
fly ash mortar, and reduced aggregation of SiO, tetrahedra
and AlO, tetrahedra in the gel. These studies show that the
preparation of single-part alkali-excited gelling materials
using mechanical-force chemistry has been recognized by
a wide range of researchers and has become a research hot
spot in the field of new green building materials.

The issue of durability of concrete has been a deci-
sive factor in the service life of buildings, and the erosion
damage of concrete by sulfate is one of the reasons for the
serious reduction of durability.'>'* Previous studies'>-!’
have shown that sulfate erosion will cause the expansion of
the cementitious material and produce cracks and peeling,
which has a great negative impact on its strength and dura-
bility. Global maintenance and repair costs due to corrosion
alone exceed $150 billion annually.'®!® The environments
in which buildings are located have contributed to diver-
sity in sulfate erosion.?’?? For example, inland saline areas
contain high concentrations of mirabilite (Na,SO4-10H,0),
and sulfate erosion is dominated by salt (Na"). In contrast,
the sulfate (MgSO,) in seawater mainly causes building
erosion in coastal areas. In addition, some buildings are
partially submerged in seawater for a long period, as well
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Table 1—Chemical composition of materials, wt. %

Mineral composition SiO, Al,O4 Fe,04 MgO

CaO Na,O K,O MnO TiO, Loss

Fly ash 45.9 34 5 0.8

6.9 0.2 0.9 0.1 1.7 4.5

Slag 28.7 14 0.4 9.9

41.2 0.5 0.4 0.3 1.4 32

as wetting-and-drying circulation areas in splash zones and
tidal zones. Therefore, it is necessary to test the sulfate resis-
tance of single-component alkali-initiated gelling materials
before they are widely used in practical engineering.

To more closely simulate the authentic environments
in which the building is located, Mg?*" and Na*, which are
more widely distributed, were selected as the metal cations
of sulfate erosion solution in this paper. Realistic sulfate
erosion environments were simulated by adjusting sulfate
solution concentrations (that is, 5 and 10%) and erosion
methods (that is, wetting-and-drying cycles and full immer-
sion). At the same time, the sulfate resistance performance
was compared with that of OPC to make a comprehensive
evaluation of the sulfate resistance of single-part alkali-
excited materials prepared by mechanical-force chemistry.

RESEARCH SIGNIFICANCE

The preparation process of one-part alkali-activated mate-
rials by mechanical-force ball milling is simple, does not
require a high-temperature calcination process, consumes
less energy, and has only one-third of the carbon emissions
of OPC, which is recognized as a green cementitious mate-
rial. The investigation of the sulfuric acid resistance of the
single-component alkali-initiated material prepared by a
mechanical-force ball mill is important preparation for the
promotion of the material in practical engineering applica-
tions. It is also an effective measure to replace the use of
portland cement (PC) and reduce carbon emissions, thereby
exhibiting significant research significance.

MATERIALS AND EXPERIMENTS

Raw materials

Material preparation—TFor this study, fly ash and slag
were purchased from the same Chinese mining company.
They were used as alkali-excited precursors, where the
average particle size of raw fly ash was approximately
63.72 um, the water requirement was 80%, the 45 um sieve
margin was 15.15%, the average particle size of raw mineral
powder was approximately 15.7 pm, and the 28-day activity
index reached 98%. Table 1 and Fig. 1 display the chem-
ical composition and crystal composition, respectively.
According to Fig. 1, the main crystalline phases in fly ash
are mullite and quartz, which also contain amorphous glass
phases. Slag is mainly composed of an amorphous glass
phase and calcium oxide, and a small amount of calcite.

For the experimental control group, P.O42.5R OPC
produced by a cement factory in China was purchased,
with a density of 3150 kg/m?® and a specific surface area of
352 m?kg. The cement met the requirements of EN
197-1:2011. Table 2 presents the chemical composition of
the cement.
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Fig. 1—(a) XRD spectra of original fly ash, and (b) XRD
spectra of original slag.

Furthermore, in this study, analytical pure barium chloride
was used as a retarder and International Organization for
Standardization (ISO) standard sand as mixed sand.

Preparation of alkali-activated materials and sulfate solu-
tion—The preparation method of one-part alkali-activated
material prepared by mechanochemistry is as follows: first,
heat the slag powder and fly ash in an oven at 100 + 5°C for
2 hours to remove the moisture. Remove the slag powder and
fly ash and cool to room temperature. Place the slag powder,
fly ash, and solid activator together into a ball mill tank.
Use the ball mill to mill the mixture for 30 minutes. Finally,
store the milled powder in a sealed bag to inhibit moisture
and carbonization. The size of the steel balls in the ball mill
was 30, 20, and 10 mm in diameter, the mass ratio was 1:1:1,
and the packing density of the steel balls was 4640 kg/m®. In
this experiment, anhydrous NaOH and Na,SiO; were used as
alkali activators, where the purity of NaOH was over 96% and
the purity of Na,SiO; with Si0,:Na,O of 1.4 was over 99%.
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Table 2—Chemical compositions of cement, wt. %

Mineral
composition SiO, AlLO; CaO Fe, O3 SO; MgO f-CaO Other Ignition loss
Value 21.7 44 62.5 33 2.9 2.1 0.6 0.9 1.6
Table 3—Specimen mixture proportions
Material Fly ash, % Slag, % Portland cement, % wle Sand-glue ratio | Alkali-excitation agent, % | Retarder, %
Alkali-activated materials 75 25 — 0.4 0.5 4 1
OPC — — 100 0.4 0.5 — —

Table 4—Test design scheme

Numbering Sulfate species Sulfate concentration, % Erosion mode
MSF MgSO, 5 Full immersion
MI10F MgSO, 10 Full immersion
NS5F Na,SO, 5 Full immersion
N10F Na,SO, 10 Full immersion
M5DW MgSO, 5 Wetting-and-drying cycles
N5DW Na,SO, 5 Wetting-and-drying cycles
S-MSF MgSO, 5 Full immersion
O-MS5F MgSO, 5 Full immersion

Note: M is MgSOy; N is Na,SOy; F is full immersion; DW is wetting-and-drying cycles; S is simple mixing; O is OPC; numbers denote sulfate solution concentration. (For
example, O-MS5F denotes full-immersion erosion of specimen prepared with OPC under 5% MgSO,.)

The sulfates used in this experiment were analytically pure
anhydrous Na,SO,4 and anhydrous MgSQOy,, and the purity of
both sulfates exceeded 99%. The configuration steps are as
follows: First, weigh an appropriate amount of solid sulfate
and deionized water, as required. Then, prepare the sulfate
attack solution, according to the configuration standard of
the sulfate solution.

Experimental scheme and specimen preparation

Experimental scheme—Table 3 presents the mixture
proportions selected in this study (the percentages in the
table are quality percentages).

To facilitate accuracy, the test scheme adopted the single
control variable method to create erosion tests of various
influencing factors, as Table 4 illustrates. At the same time,
two control groups were established, which were simple
mixing mortar (simple mixing of precursor and alkali acti-
vator without mechanical grinding) and OPC mortar speci-
mens. Then, the authors compared the resistance to sulfate
attack of the various one-part alkali-activated slag-fly ash
mortar specimens prepared by mechanochemistry.

After 28 days of standard curing, the specimens were
placed in various pieces of equipment according to the
different erosion methods. The full-immersion specimens
were placed in a constant temperature and humidity curing
box, as Fig. 2(a) illustrates. For the wetting-and-drying
cycles, the samples were placed in a self-made automatic
wetting-and-drying cycle device, shown in Fig. 2(b). The
automatic wetting-and-drying cycle device was maintained
at a constant temperature (20°C) and humidity (40%).
The wetting-and-drying cycle mode is 16 hours of full
immersion and 8 hours of drying, followed by a complete
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wetting-and-drying cycle for 24 hours. The sulfate erosion
solutions were changed monthly during the experiment to
reduce errors caused by changes in concentration. When the
age of erosion reached 30, 60, and 90 days, the specimens
were analyzed for appearance, compressive and flexural
strengths, and microscopic variations. Ultimately, the mech-
anism of the effects of different erosion environments on the
one-part alkali-activated materials prepared by mechano-
chemistry against sulfate erosion was obtained.

Specimen preparation—When the mortar specimen
reaches the age of erosion (that is, 30, 60, and 90 days of
erosion), the mortar sample from 0 to 5 mm from the surface
of the specimen was removed by a cutting machine. The
removed samples were crushed into pieces and placed in
reagent bottles containing anhydrous ethanol to terminate
the volcanic ash reaction. The instruments used for each
microscopic test are as follows:

1. Fourier-transform infrared spectroscopy (FTIR):
The instrument used in this study is a Fourier-transform
infrared spectrometer produced in the United States. The
wave number range of the instrument was set from 4000 to
400 cm™" with a resolution of 12.5 px~' and a wave number
accuracy of 0.25 px~!. The KBr compression method was
used as follows: first, the oven was set to 120°C for drying
the potassium bromide powder. Then, 1 mg of sample
powder and 100 mg of potassium bromide powder were
weighed with an accuracy of 0.1 mg. Subsequently, the
mixed powder was ground in an agate mortar and a tablet
pressing mechanism was used to make a disc without cracks
and with a certain degree of translucency. Finally, the discs
were put into the machine to start the test.
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Fig. 2—(a) Full-immersion erosion in mortar specimen
curing box; and (b) drying-and-wetting erosion of mortar
specimens.

2. X-ray diffraction analysis (XRD): The instrument used
in this study is an X-ray polycrystalline diffractometer. The
20 angle range of the test instrument is —110 to 162 degrees,
and the resolution full width at half maximum (FWHM)
is 0.028 degrees. Before grinding, anhydrous ethanol was
poured into the mortar to prevent carbonization of the
mortar sample during the grinding process. After grinding,
the paste-like samples were loaded into an aluminum box.
The aluminum box was placed in a vacuum drying oven and
baked at 50°C for 24 hours. The coarse particles in the dried
powder were removed with a sieve disc of 0.08 mm aperture,
and the sieved powder was put into a sealed bag.

3. Pore structure analysis (that is, mercury intrusion poro-
simetry [MIP]): The instrumentused in this study isamercury-
pressure instrument. The aperture range of the instrument
is 0.003 to 1080 pum. A 1.5 g sample was used for the test
and was put into the expander and then vacuumed until p <
6.67 Pa. The whole test must go through two stages of low
pressure (1.03 to 25 psi) and high pressure (5 to 50,000 psi)
to obtain two sets of data, respectively, after which these two
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sets of data are processed to obtain the analytical data of the
sample pore structure.

RESULTS AND DISCUSSION
Effect of different erosion conditions on
specimen strength

Figures 3 and 4 display the changes in compressive and
flexural strength of the specimens under different erosion
conditions. It includes changes in strength and strength loss
rate, which is the loss rate of specimen strength at the next
phase compared to the strength in the previous phase. It was
found that the strength of the test specimens exhibits three
phases with increasing erosion time. In the first stage from
0 to 30 days—namely, the growth stage—the strength of
the specimens gradually increases with erosion time. In the
second stage, which is the transition period at 30 to 60 days,
specimen strength growth slows and stabilizes. Then, there
is a transition from strength growth to loss. In the third stage,
which is the declining stage between 60 to 90 days, the
strength of the specimens gradually decreases with erosion.

During the initial growth phase in the first 30 days, the
growth in strength of the specimens is mainly caused by
two aspects. First, volcanic ash-active substances in the
slag and fly ash lead to the hydration of alkali-excited mate-
rials. It can be hypothesized that silica-aluminous salts with
volcanic ash activity and C-S-H undergo volcanic ash reac-
tions to produce the denser Ca(SiOy),,%* and the accumula-
tion of Ca(Si0O,), fills the pores in the concrete. The other
factor is the erosion of sulfate, which means that gypsum
and ettringite form and accumulate in the micropore struc-
ture when the specimen is eroded by sulfate.?*?> The accu-
mulation of erosion products such as gypsum and ettringite
causes expansion, which is beneficial to the strength of the
specimen in the early stage of erosion. Figures 3 and 4 illus-
trate that the compressive strength loss rate of the NSDW
specimen is the highest in the initial stage, reaching —19.1%.
In contrast, the compressive strength loss rate of the corre-
sponding MgSO, wetting-and-drying cycle erosion specimen
MS5DW is only —8.4%. The influence of the wetting-and-
drying cycle erosion modes of two sulfates on the compres-
sive strength of the specimens is greater than full-immersion
erosion under the same conditions. Compared with sulfate
concentration, the compressive strength and flexibility
strength of the NSF specimens increases significantly under
Na,SO, erosion at low concentrations, and the loss rates are
—12.2 and —4.9%, while the N10F specimens present losses
of -3.0 and —2.2%. Conversely, the compressive and flex-
ural strengths of the M10F specimens changed significantly
under MgSOy, erosion, with loss rates of —5.5% and —13.5%,
respectively, while the loss rates of M5F specimens are
—2.0% and —7.9%, respectively. The compressive strength
loss rates of the S-MSF and O-MSF specimens in the control
group are —11.2% and —10.5%, respectively, while the flex-
ural strength loss rates are —10.7 and —10.6%.

In the second stage, the strength transition period at 30 to
60 days, the secondary hydration of alkali-activated mate-
rials decreases.?®?’ The accumulation of sulfate erosion
products reaches a certain degree, which weakens the
strength growth of the specimen. Sulfate erosion products
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Fig. 3—(a) Effect of different sulfate concentrations on compressive strength; (b) effect of different erosion methods on compres-
sive strength, and (c) effect of control group on compressive strength at different erosion times.

accumulate continuously, adhere to the inner walls of the
pores, fill the pores, and increase pore wall pressure.?® In
addition to increasing pore pressure, it also effectively
hinders the corrosion progress of the sulfate solution. At
this stage, the compactness of the specimen increases, while
the pore structure decreases. Figures 3 and 4 reveal that the
N5DW and M10F specimens present the greatest degree of
strength variation in the transition phase, which is consistent
with the first stage. The compressive and flexural strength
loss rates for NSDW increase from —19.1 and —2.2% to 1.2
and 6.2%, while the loss rates for M10F increase from —5.5
and —13.5% to 12.3 and 16.2%. In contrast to the strength
change of each specimen in the control group, the strength of
the MSF and S-MSF specimens in the alkali-activated group
complete the transition from growth to loss. However, the
strength of the O-MSF specimens still grows steadily, and
the compressive and flexural strength loss rates change from
—10.5 and —10.6% to —7.3 and —4.6%. These results display
some similarities with the findings of Ganjian and Pouya.?
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In the final 30 days, the decreasing strength stage, the
erosion products in the pores of the specimens accumu-
late continuously, and the expansion stress of the pore
walls increases continuously. At the same time, micro-
cracks appear and develop, leading to a rapid decrease in
the strength of the specimen. Under certain conditions, the
activity of the slag and fly ash is slightly lower than cement
and is characterized by early strength and rapid hardening. It
is easy for relatively large pores to form between the mortars
of the specimens, resulting in a weakening of the bonding
force. Therefore, the compressive strength increases rapidly
in the early stages, while corrosion damage is more obvious
in the later stages. By observing the strength change of each
specimen in Fig. 3 and 4, it can be observed that the strength
loss of the M10F and M5DW specimens are the largest. The
loss rates of compressive strength are 24.1 and 19.0%, while
the loss rates of flexural strength are 6.3 and 2.4%. In the
control group, the strength of the O-MS5F samples did not
change significantly, with a loss in compressive strength
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Fig. 4—(a) Effect of different sulfate concentrations on flexural strength; (b) effect of different erosion methods on flexural
strength, and (c) effect of control group on flexural strength at different erosion times.

from —7.3 to —4.6% and a loss of flexural strength between
4.9 and —-3.4%. The compressive and flexural strengths of
MS5F and S-MS5F continued to decrease, with 12.6 and 12.6%
losses in compressive strength, and 7.1 and 6.4% losses in
flexural strength.

In summary, from the perspective of sulfate species,
concentration, and erosion mode, the erosion of MgSO,
is significantly greater than Na,SO,. Besides, high-
concentration sulfate experiences greater erosion than
low-concentration sulfate, and the erosion mode of the sulfate
wetting-and-drying cycle is greater than full immersion.
Concerning the sulfate erosion resistance of the three mate-
rials, after 90 days of erosion, the sulfate-resistance ability of
the mechanically ground alkali-activated cementitious mate-
rial is stronger than the sample prepared by simple mixing
but is still less resistant than OPC. In contrast to the experi-
mental findings of this study, Karakog et al.*° and Alcamand
et al.’! concluded that although the strength of alkali-excited
materials decreases with increasing sulfate concentration
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and erosion time in the early stages of erosion, the strength
decreases to a lesser extent in the later stages of erosion.

Analysis of erosion products and erosion
mechanism

Fourier-transform infrared spectroscopy—To reduce the
error of the test results, a fragment 5 mm away from the
surface of the mortar specimens was chosen as the micro-
scopic test sample. Figure 5 presents the schematic diagram
of the experiment. Based on the change rule of chemical
composition and functional groups of erosion products, the
influence mechanism of sulfate type, sulfate concentration,
and erosion mode on sulfate erosion of the mortar specimens
was explored. Figures 6 to § display the FTIR curves of the
specimens under different erosion conditions.

Existing research’?* shows that according to different
sulfate erosion products, sulfate erosion types are divided
into the following three types: ettringite (3CaO-ALO;
3CaS04-32H,0), gypsum (CaSO,4), and thaumasite

ACI Materials Journal/March 2023



Fig. 5—Diagram of test sample sampling.
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(CaCO5-CaSi0;-CaS0O, 15H,0). According to the FTIR
curves in Fig. 6 to 8, the stretching vibration of the S-O bond
at 1080 cm™ and the bending vibration peak at 603 cm™
appear, indicating that SO,>" exists in the sample. The char-
acteristic peaks at 660 and 460 cm™! indicate that gypsum
crystals also exist in the sample,® but the stretching vibra-
tion characteristic peaks of the Al-O bond and SiOg are not
observed at 550 and 750 cm™!. Therefore, it can be prelim-
inarily speculated that the mechanochemical one-part
alkali-activated material mostly experiences gypsum-type
erosion damage under sulfate attack. Additionally, there are
obvious characteristic peaks at 876 and 1458 cm™! bands in
the sulfate attack specimens. These are caused by bending
vibration and stretching vibration of the O-C-O bond,*
indicating that carbonate is present in the sample. With
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the erosion of sulfate into the interior of the specimen, the
content of metal cations (Mg?" and Na") in the pore solution
of the specimen increases significantly. There is a certain
concentration of OH™ in the pore solution, so Mg?" and OH~
can easily combine to form Mg(OH), with lower solubility,
as Eq. (1) shows. This subsequently leads to aggregation
of the O-H bond, which is confirmed by the characteristic
peaks of O-H bonds causing stretching and bending vibra-
tions in the 3410 and 1620 cm™' bands.’

Ca(OH), + Mg?* + SO,> — CaSO, + Mg(OH), (1)

C(-A)-S-H + Mg + SO> + 2H,0 —
M(-A)-S-H + 2H,0 - CaSO, ©)

ACI Materials Journal/March 2023
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Figure 6 presents the FTIR change of sulfate species and
concentrations on the erosion products of mortar specimens.
Compared with Na,SO4 erosion, under the action of MgSO,
erosion, the FTIR curve has more characteristic peaks of
gypsum at the 603 and 660 cm™! bands. At the same concen-
tration, the gypsum content after 90 days is higher than at
30. At the same stage, the characteristic peak of gypsum
on M10F is more obvious than for M5SF, indicating that the
gypsum content increases with erosion time and concentra-
tion. With larger Mg?" concentrations in the solution, Ca?" is
removed from C-S-H and C-A-S-H and Mg?" replaces Ca*"
to form new M-S-H and M-A-S-H without bond strength.3%3°
Subsequently, the dissociated Ca*" combines with SO,* to
form expansive gypsum, such as in Eq. (2). The volume of
2H,0-CaS0O, formed with pore water increases by a factor
of 1.24. Besides, the pores of the specimens are subjected
to expansion and extrusion pressure on the pore walls due
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to an increase in the volume of erosion products, resulting
in the generation of microcracks. The width of the cracks
grows with increased concentrations and erosion time, and
the strength of the specimen also decreases rapidly. The
phenomenon of specimen edges falling off also becomes
more serious with increased concentrations. Figure 9(a)
illustrates the appearance of the specimens. Characteristic
peaks near 2925 cm™! appear on the FTIR curve, revealing
that calcite is produced by MgSO, and Na,SO, solution
erosion. The characteristic peaks of calcite produced by
sodium salt are more obvious. Compared with MgSOy, salt
erosion, sodium salt erosion also has its unique erosion
products. The characteristic peak intensities of the Na,SO,
erosion specimens at 876 cm™' and 1458 ¢cm™' bands are
more obvious, indicating that more carbonates are generated
in the Na,SO, erosion specimens. This carbonate does not
result in excessive volume expansion, and the integrity of

45



5% sulfate {

solution

solution

(a)MgSO; solution

i, e
| ln* ’ -

(b)Na,SO4 solution

Fig. 9—Appearance effect of sulfate type and concentration on appearance of specimens after 90 days of corrosion.

p B
NaySO4 | \

nas

g 1‘3'”; #7 g_;:

(a) Dry-wet cycle erosion

2% HEH
2=\

(b) Full immersion erosion

Fig. 10—Appearance effect of different erosion modes on specimens after 90 days of corrosion.

the specimen appears strong, without any obvious cracks, as
Fig. 9(b) shows. This is consistent with the research results
of Ismail et al.,’ which stated that Na* ions are useful in
maintaining the chemical stability of the pore solution of
alkali-activated mortar specimens, while Mg?" ions destroy
C-S-H condensation.

Figure 7 represents FTIR changes of the erosion products of
mortar specimens by sulfate erosion. Under MgSQO, erosion,
a weak characteristic peak at the 603 cm™ band appears in
the M5F specimen at 30 days, but a characteristic peak was
not observed in the wetting-and-drying cycle erosion spec-
imen. For specimens at the 90-day stage, characteristic peaks
appear near 660 and 460 cm™ in the two erosion modes. The
characteristic peak of the specimen under full immersion is
more obvious, indicating that gypsum is more likely to be
produced by full-immersion erosion. Under the action of
Na,SO, solution erosion, the characteristic peak intensity of
the NSDW specimen at 876 and 2925 cm™ is greater than
the N5F specimen, indicating that there is higher carbonate
content in the wetting-and-drying cycle erosion specimen,
which is in contact with the air for 8 hours when drying. The
CO; in the air dissolves very easily in the surface adsorption
water of the specimen. When the surface adsorption water
gradually evaporates, it permeates the specimen through the
liquid in the capillaries and promotes the carbonization of
the specimen to produce calcium carbonate minerals. Obser-
vations indicate that the corners of the specimens subjected
to wetting-and-drying cycle erosion appear to be detached,
and their surfaces become rough and softened. For speci-
mens subjected to full-immersion erosion, angular shedding
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is not obvious, but serious cracks occurred around the spec-
imens corroded by MgSOy solution. Figure 10 shows the
details.

Figure 8 presents the FTIR changes in erosion products of
the one-part alkali-activated fly ash-slag mortar specimens
prepared by the mechanochemical method, as well as the
control group. Compared with O-MS5F, the characteristic peak
intensity of the S-MS5F specimen at the 603 and 1100 cm™
bands is more obvious, indicating that the gypsum content
in the S-M5F specimen is higher. The stretching vibration
frequency of O-H is in the range of 3550 to 3720 cm™!, and
the characteristic peak of 3644 cm™ in the FTIR curve of the
O-MS5F corresponds to Ca(OH),. In contrast to the hydra-
tion products of traditional PC, the cohesive cementing of
alkali-activated materials is mainly achieved by C-S-H and
C-A-S-H. Thus, Ca(OH), is not produced, which is consis-
tent with the results of Komljenovi¢ et al.** The bond energy
of C-O is lower than the C-S bond and is easier to break.
Therefore, when MgSOy, erodes, it preferentially reacts with
Ca(OH),. The presence of Ca(OH), effectively protects the
stability of the C-S-H gel, while the alkali-activated mate-
rial does not contain Ca(OH),. Compared to N-A-S-H,
C-S-H and C-A-S-H are less resistant to sulfate,**? causing
a greater destructive effect. MgSO, erosion may destroy
C-S-H and C-A-S-H gel, resulting in a more damaging
effect. This is why the resistance of traditional PC to sulfate
attack is better than the other two groups of alkali-activated
materials, and the apparent compactness of traditional PC
specimens is superior. The apparent compactness of the
main part of the specimens prepared by mechanochemistry
and simple mixing is satisfactory, but cracks appeared at the
edge of the specimens, as Fig. 11 illustrates.
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Fig. 12—XRD spectra of different sulfate attack specimens.

X-ray diffraction analysis—XRD is the most powerful
method for studying inorganic crystal structures and is suit-
able for the phase analysis of crystalline materials. According
to differences in the diffraction spectrum of the crystal in the
number, angle position, relative intensity order, and shape of
the diffraction peak, the constituent elements or groups of
crystalline substances can be determined.

Figures 12 and 13 present XRD images of the sulfate
attack specimens. For the XRD of mortar specimens,
the diffraction peak intensity of quartz crystal at 25 to
28 degrees is extremely high, and this high diffraction peak
masks the weak diffraction peaks of other crystals. At the
positions of 25 to 30 degrees, a wide dispersion peak appears
in the spectra, which indicates the existence of amorphous
substances, mostly comprising N-A-S-H and C-A-S-H.
Additionally, C-S-H gel causes the peaks at 32 to 40 degrees
and 45 to 50 degrees.® In this study, the corrosion products
of sulfate attack mortar specimens were analyzed using
XRD analysis technology and compared with the results of
the corrosion products obtained by FTIR analysis to obtain
more accurate experimental results. According to the XRD
analysis, the crystals in the erosion products mainly contain
gypsum, Ca(OH),, and calcite.

Figure 12 displays XRD spectra of different sulfate
attack specimens. The product of MgSO, solution erosion
is mainly gypsum, while Na,SO4 solution erosion contains
parts of gypsum, but mostly calcite. With increased erosion
times from 30 to 90 days, the diffraction peak intensity of
gypsum crystals in the XRD specimens increases moderately
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Fig. 13—XRD spectra of control immersion specimens.

for MgSO, solution erosion. However, the types of erosion
products do not change. Comparing the erosion products of
the Na,SO, solution and the MgSO, solution, after 30 days,
only the diffraction peak of calcite crystal was found in the
XRD specimens of the Na,SO, solution erosion products. At
90 days, there are many weak diffraction peaks of gypsum
crystal in the XRD specimens, and the diffraction peak of
calcite is also enhanced. This phenomenon further illustrates
that MgSO, solution erosion produces a large amount of
gypsum and results in severe gypsum-type erosion damage.
For Na,SO, solution erosion, in the early stage of erosion,
the damage is mainly carbonized. However, in the later stage
of erosion, carbonation degradation and gypsum erosion
damage occur simultaneously. Nevertheless, sodium sulfate
solution erosion produced less gypsum-type damage than
magnesium sulfate solution erosion, which is consistent with
the FTIR analysis results.

Figure 13 shows the XRD diagram of the immersed spec-
imens from the control group. Compared with the one-part
alkali-activated specimens prepared by mechanochemistry,
the sulfate attack products all contain gypsum crystal diffrac-
tion peaks. When the erosion time is 30 days, the gypsum
crystal diffraction peak intensity of the S-MS5F specimen is
greater than the MSF specimen, while the gypsum diffraction
peak of the O-MS5F specimen is not obvious. After 90 days,
the diffraction peaks of gypsum in the control group were
enhanced, indicating an increased accumulation of gypsum
from erosion. Besides, the specimens exhibit expansion
cracking, as Fig. 11 illustrates. In the XRD specimens, the
O-MS5F sample has an obvious Ca(OH), diffraction peak,
which is produced by the hydration of traditional silicate
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cement. However, it could not be determined whether they
are erosion products or not. In Fig. 13, the intensity of the
Ca(OH), diffraction peak of the O-MS5F specimen decreases
with longer invasion times. It is possible that the decrease
in Ca(OH), content is caused by resistance to sulfate attack.
Sulfate invades the pore solution with high alkalinity, while
Mg?* and OH~ combine to form Mg(OH),. This substance
is insoluble in water, and consequently reduces the alka-
linity of the pore solution. To maintain the alkaline balance
of the pore solution, the slightly soluble Ca(OH), solid
constantly dissolves in water, resulting in a continuous
decrease of Ca(OH), and causing a softening of colloidal
sand and reduction in strength.* The hydration products of
alkali-activated cementitious materials are mainly C-S-H
and C-A-S-H, while almost no Ca(OH), and stable bonded
aluminum phases are produced.*’ Therefore, no Ca(OH),
diffraction peak was observed in the alkali-activated mate-
rial specimens.

Mercury intrusion porosimetry—The pore structure
connects the microstructure and macrostructure of the
mortar, which is an important factor affecting mechanical
properties and durability. There is a wide range of hole struc-
ture size distributions, the pore shape varies, and the system
is complex. The pore structure may be divided into gel pores
(<10 nm), transition pores (10 to 100 nm), capillary pores
(100 to 1000 nm), and large pores (>1000 nm), according to
the pore size.**4” Some scholars**# believe that the strength
and durability of concrete mainly depend on harmful pores
larger than 100 nm, while pores smaller than 100 nm have a
limited influence. In this section, MIP was used to analyze
the porosity of mortar specimens against sulfate attack. This
method measures pores with diameters of 0.005 to 1000 pm
and provides valuable information regarding the pore struc-
ture analysis of concrete, as Fig. 14 displays.

Figure 14(a) shows the pore structure parameters of mortar
specimens subjected to different types of sulfate attack.
With increased erosion time, the pore structure distribution
becomes homogenized, thus increasing the harmful pores
and decreasing the porosity of the specimen. Taking MgSO,
corrosion as an example, the porosity, gel pores, transition
pores, capillary pores, and macropores of the 90-day speci-
mens change by —24.55%, 11.75%, —49.80%, 18.61%, and
31.01%, respectively, compared with the 30-day specimens.
For the MgSO, erosion specimens, in the early stage of
erosion, new C-A-S-H and C-S-H gels are generated. This is
due to the secondary volcanic ash reaction of fly ash, which
may effectively fill the pores of specimens and increase the
compactness. At the same time, the surplus gypsum produced
by MgSO, erosion may fill the pores further. However,
with an increase in the invasion time, the pozzolanic effect
decreases, but the gypsum produced by erosion continues to
increase. Excessive gypsum accumulation is certain to exert
tremendous pressure on the pores, which increases the size
of the small pores as well as the number of harmful pores. It
also weakens erosion resistance and allows the large pores to
progress into microfractures. When the microcracks connect,
the specimen may suffer acute damage and the strength of
the specimen may decrease rapidly. In the early stage of
erosion of the Na,SO,4 specimen, the calcium carbonate
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minerals produced by Na,SO, erosion fill the pores and
make them denser, thus enhancing the strength of the spec-
imen. Furthermore, continuous accumulation of calcium
carbonate minerals generates huge extrusion pressure on the
pore walls, leading to microcracks inside the specimen and
prompting a rapid reduction in strength. Therefore, a much
more obvious reduction in strength occurs in the later stages
of sulfate invasion.

Figure 14(b) illustrates the pore structure parameters of
the control group mortar specimens. It was observed that the
pore structure of O-MS5F was not significantly different after
30 and 90 days of erosion, with harmless gel pores and tran-
sition pores accounting for 71.19% of the total pore struc-
ture at 30 days and 69.85% at 90 days. The main pore struc-
tures of S-MSF and MSF are also predominantly gel pores
and transition pores, accounting for 71.53% and 61.91% of
the total pore structure, respectively. Previous reports have
shown that the pore size of alkali slag materials is mainly
distributed between 1 and 20 nm, while the pore size of
OPC is between 10 and 100 nm.>*>! The O-M5F specimen
has small porosity, and the C-S-H gel produced by conven-
tional PC fills the pore structure and microcracks, leading
to a reduction in the proportion of large pores and cracks
with high compactness. This effectively prevents the sulfate
erosion solution from entering the interior of the specimen
and slows down the replacement reaction of Mg?" and SO,*
with Ca?* in C-S-H, thus reducing the damage caused by
sulfate erosion.

The gel pore occupancy of the alkali-excited material is
greater, and the water absorption rate is two to three times
higher than OPC,>>% which provides Mg?* and SO,> with
excellent channels for erosion, allowing them to gradu-
ally migrate to the interior of the specimen with the pore
solution. Additionally, the concentration of alkali metal
ions in the pore solution of the alkali slag material is high,
exceeding OPC by nearly 10 times.> The high alkalinity of
the pore solution provides suitable reaction conditions for
Mg*", OH", and SO4> to combine with Ca?" in C(-A)-S-H,
destroying the C(-A)-S-H gel bonds and making the pore
structure of the specimen flimsy. However, the flimsy pore
structure further contributes to the accelerated erosion rate,
and the alkali-excited material specimens suffer severe
erosion damage. Mechanical-force chemistry not only
further activates the volcanic ash activity of the precursors,
but also allows the precursors and alkali excipients to mix
sufficiently for a stable and effective volcanic ash reaction,
resulting in higher strength, less porosity, and superior resis-
tance to sulfate in MSF than in S-MS5F.

CONCLUSIONS

In this paper, the mechanochemical preparation of one-part
alkali-excited mortars for resistance to sulfate attack was
systematically studied. Based on macro and micro experi-
mental data and experimental results, the following conclu-
sions were obtained:

1. The tests in this paper show that highly concentrated
MgSO, solution damages the strength of the specimens most
severely under wetting-and-drying cyclic conditions. This
is probably because the MgSO, solution not only provides
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Fig. 14—(a) Pore structure changes under different kinds of sulfate erosion conditions; and (b) changes in pore structure of

control group under different erosion time conditions.

erosive SO42~ ions, but Mg?" ions are also involved in the
erosion process. Moreover, there are variations in the sensi-
tivity of flexural and compressive strength to different types
of sulfate erosion. The compressive strength of specimens is
more sensitive to MgSO, solution erosion, and the flexural
strength is more sensitive to Na,SO, solution erosion.

2. The mechanical-force chemical activation of gelling
material precursors promotes the fine release of precursor
particles with the promotion of volcanic ash activity
and allows full mixing of the precursors and solid alkali-
excitation agent. The adequate mixing of single-part alkali-
excited materials provides a guarantee for stable and effec-
tive volcanic ash reactions. This is reflected in both porosity
and strength, because MSF has lower porosity than S-MS5F,
while MSF has higher strength than S-MSF.

3. Under different types of sulfate erosion, the erosion
products vary. According to Fourier-transform infrared
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spectroscopy (FTIR) and X-ray diffraction (XRD) analysis,
it was observed that under Na,SO, solution erosion, the
erosion products of the specimen are mainly calcite in the
early stage and a combination of calcite and gypsum in the
later stage. For MgSO, solution erosion, the erosion prod-
ucts generated inside the specimen are gypsum, which indi-
cates gypsum-type swelling erosion damage.

4. The mechanism of resistance to sulfate attack varies
between alkali-stimulated cementitious materials and ordi-
nary portland cement (OPC). The Ca?* in C-A-S-H in alkali-
excited cementitious materials is replaced by Na* and Mg?"
ions, and free Ca?" combines with SO,* to produce gypsum.
Conventional silicate cements contain large amounts of
Ca(OH),, which provides Ca>" and slows the rate of C-S-H
gel destruction, resulting in silicate cement samples that
maintain some steady-state strength loss and pore structure
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damage at 90 days of erosion, with less damage than alkali-
excited specimens.

5. In this paper, the three aspects of sulfate type, concen-
tration, and erosion mode were studied to simulate a genuine
erosion environment. However, real environments are very
complex and factors such as load size, temperature change,
and sulfate type all have an impact on erosion. Therefore,
further investigations are required to understand the mecha-
nism of sulfate erosion from other aspects, which will help
to improve the study of the sulfate erosion of alkali-excited
materials.
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